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Résumé 

 

Les nanomatériaux manufacturés, produits en masse pour nos besoins quotidiens et leur 

larges applications dans le domaine industriel finissent irrémédiablement dans 

l'environnement. Le transport et le comportement des nanomatériaux manufacturés dans 

les systèmes aquatiques naturels sont influencés par la chimie de l'eau ainsi que par les 

propriétés intrinsèques des particules. L'objectif de ce travail est de développer une 

compréhension « mécanistique » des processus de transformation des nanomatériaux 

manufacturés dans divers systèmes aquatiques. Deux types de matériaux ont été utilisés : 

des nanoparticules métalliques en considérant du dioxyde de cérium (CeO2) ainsi que des 

particules plastiques en considérant des billes de latex de polystyrène de taille micro et 

nano. La complexité des systèmes environnementaux a été ensuite reproduite à travers 

différents composés présents dans les systèmes aquatiques, tels que les substances 

humiques, les polysaccharides et les colloïdes inorganiques. Différentes conditions 

physico-chimiques concernant le changement de pH, le type d'électrolytes et la force 

ionique ont été reproduites. Le comportement des nanomatériaux manufacturés a été 

également testé dans les eaux naturelles du lac Léman et du Rhône. 

Les nanoparticules (NPs) de CeO2 sont les particules les plus utilisées dans les 

applications industrielles, donc potentiellement largement présentes dans 

l'environnement. La stabilité des NPs de CeO2 lors de l'interaction avec les principaux 

composés de l'eau tels que la matière organique naturelle (MON) est étudiée. Comme 

modèle de MON, l'acide fulvique (AF) est considéré. Il est apparu que les complexes 

CeO2/AF sont stables avec le temps et avec le changement de pH. La stabilité des 

complexes CeO2/AF a été également testée dans des eaux synthétiques et naturelles. Pour 

une concentration d’AF représentative des milieux les NPs de CeO2 sont stabilisées dans 

l'eau ultrapure et synthétique. Cependant, dans les eaux naturelles, les NPs et les 

complexes CeO2/AF forment des agrégats. La stabilité des NPs a également été testée avec 

de l'alginate, un polysaccharide naturel. Le coating de surface est persistant en ce qui 

concerne le changement du pH de l'eau. La concentration en alginate, le pH de la solution 

et la présence de cations divalents sont des paramètres clés définissant la stabilité et 

l'effet de la stabilité du coating d'alginate autour des NPs de CeO2, dans différentes 

conditions physico-chimiques de l'eau. L'effet d'un autre composé de l'eau – un colloïde 

inorganique (Fe2O3), important en matière d'hétéroagrégation du CeO2 dans les systèmes 
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aquatiques, est également testé. Nous avons trouvé que l'hétéroagrégation n'est induite 

que dans des conditions électrostatiques favorables (concentration en sel et pH donnés). 

Les conditions optimales de coagulation et la dose de coagulant ont été étudiées 

dans une optique d’élimination des particules microplastiques de l'eau. La neutralisation 

de charge est avancée comme le mécanisme principal de l'hétéroaggregation entre les 

particules nanoplastiques et les composés présents dans les eaux naturelles (alginate et 

Fe2O3). 

Le comportement des NPs dans les eaux naturelles par rapport aux eaux 

synthétiques de composition similaire est différent, reflétant la complexité des systèmes 

aquatiques naturels par rapport aux conditions environnementales modélisées en 

laboratoire. Néanmoins, en simplifiant les systèmes naturels, les résultats obtenus nous 

permettent de mieux comprendre les mécanismes d’interaction. 
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Abstract 

 

Engineered nanomaterials which are massively produced for our benefits and are present 

in many everyday products often end up in the environment due to the failures in 

collection, treatment and recycling. It is now well recognised that engineered 

nanomaterials constitute an important class of pollutants and that the fate and behaviour 

of engineered nanomaterials in aquatic systems are influenced by water chemistry as well 

as intrinsic particle properties. The aim of this work is to develop a mechanistic 

understanding of transformation processes of engineered nanomaterials in various 

aquatic systems. Two types of material such as metallic nanoparticles of cerium dioxide 

and plastic particles made of micro- and nanoplastic polystyrene latex beads were 

considered. The complexity of the environmental systems was reproduced by considering 

different water compounds, such as humic substances, polysaccharides and inorganic 

colloids and by using contrasting and changing water conditions including change of pH, 

type of electrolytes and ionic strength. The behaviour of engineered nanomaterials was 

also tested in natural waters from the Lake Geneva and the River Rhône. 

CeO2 nanoparticles (NPs) are widely used in industrial applications, hence 

potentially largely released to the environment. The stability of the CeO2 NPs when 

interacting with main water compounds such as natural organic matter (NOM), inorganic 

colloids (ICs) and water ionic composition was investigated in this thesis. As a model of 

NOM fulvic acids (FAs) were considered. The CeO2/FA complexes were found stable with 

time and regarding the pH change. We also investigated the behaviour of CeO2/FA 

complexes in synthetic and natural waters. Environmentally relevant concentration of 

FAs was found to stabilise CeO2 NPs in ultrapure and synthetic water. However, in natural 

waters CeO2 NPs and CeO2/FA complexes were found aggregated. The stability of another 

type of NOM coating was tested by using alginate as a surrogate of natural 

polysaccharides. The CeO2/alginate coating was found persistent regarding the change of 

water pH. The alginate concentration, solution pH and the presence of divalent cations 

were found as key parameters defining the stability and effect of alginate coating around 

CeO2 NPs in contrasting water conditions. When CeO2 NPs are mixed with natural lake 

water heteroaggregation is observed, however, increase of alginate concentration 

reduces the heteroaggregation processes. To get an insight into heteroaggregation 

processes, the effect of another water compound – an inorganic colloid (Fe2O3 ICs), which 
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could induce the heteroaggregation of CeO2 NPs in natural water, was also considered. It 

was found that the heteroaggregation is promoted only in electrostatic favourable 

conditions, i.e. in particular electrolyte concentrations and solution pH. 

Then, the stability and behaviour of polystyrene nanoplastic particles were 

investigated in complex environmental matrices. The charge neutralisation mechanism 

was found responsible for the heteroaggregation between nanoplastic particles and 

natural water compounds such as alginate and Fe2O3 ICs. In addition, the optimal 

coagulation conditions and coagulant dosage were investigated in order to remove 

polystyrene microplastic particles from water. 

The behaviour of engineered nanomaterials in natural waters compared to 

synthetic waters with similar composition was found significantly different reflecting the 

complexity of natural aquatic systems compared to artificial environmental conditions. 
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I.1 Introduction 

Nowadays engineered nanomaterials (ENMs) are widely present in different areas of our 

life in cosmetics (sunscreen and toothpaste) in food (candy), paints, sport equipment, 

clothes etc. To understand what nanomaterials are, we use the definition released by The 

European Commission which states: 

“ ‘Nanomaterial’ means a natural, incidental or manufactured material containing 

particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 

% or more of the particles in the number size distribution, one or more external 

dimensions is in the size range 1 nm - 100 nm.” (EU, 2011). 

In addition to the small size, the properties of nanomaterials are changing with 

decrease of particle size. For example, for cerium dioxide (CeO2) nanomaterials catalytic 

and redox properties are dramatically changing compared to the bulk materials (Reed et 

al., 2014). This is the reason why ENMs are used in various industrial applications such as 

agricultures and soil remediation (Khot et al., 2012; Tungittiplakorn et al., 2004), paints 

and pigments (Al-Kattan et al., 2013), food and personal care products (Weir et al., 2012), 

packaging (Silvestre et al., 2011), automotive industry (Reed et al., 2014) and many 

others. 

There are many different approaches to classify the nanomaterials, based on 

origin, for example, natural, anthropogenic and industrial. Nanomaterials could be free or 

bound to matrices. The ENMs could be categorised based on the materials they made of, 

such as organic, inorganic or mixed organic/inorganic (Stone et al., 2010). There are 

different types of ENMs such as elemental nanomaterials (for example, silver, gold 

nanoparticles, carbon nanotubes), metal oxides (such as titania, ceria, silica, zinc oxide) 

and nanoplastic materials (polystyrene nanobeads, polyethylene films, polyamide fibres 

etc.) (da Costa et al., 2016; Gottschalk et al., 2009). 

Large application of ENMs in daily used customer products leads to their release 

into the environment. It was shown that huge amount (on the level of 300·103 metric 

tons/year estimate of 2010) of ENMs end up in soil, water and landfill (da Costa et al., 

2016; Keller et al., 2013) which poses the threat to leaving organisms and human health. 

To improve the risk assessment evaluation the understanding of nanomaterial fate 

and transformation, in particular, the aggregation processes in the environment and 

further possible ways of elimination are needed.  
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I.2 Factors affecting the fate of ENMs in aquatic systems 

Aquatic systems are one of the environmental compartment where the estimated release 

of most used ENMs reaches the level of 30 000 metric tons/year in 2010 (Keller et al., 

2013). The fate and behaviour of ENM will depend on various factors including water 

chemistry and intrinsic ENM properties. The effect of these factors on ENM fate are 

presented below in more details. 

 

I.2.1 Water chemistry 

ENMs can enter the aquatic system as either individual particle or aged materials or 

aggregates. Depending on water pH, ionic composition (ion valence), water hardness, 

ionic strength, presence of natural organic matter (NOM) and inorganic colloids (ICs), the 

behaviour of ENMs can drastically change and lead to various transformations (Fig. I.1). 

NOM is one of the important water component that defines the stability of ENMs 

in aquatic system. NOM is a general name to denote all types of organic constituents in 

water, such as humic substances, polysaccharides, peptidoglycanes, hemicellulose, pectic 

compounds such as microbial cell walls and extracellular products, sugars etc (Buffle et 

al., 1998). For example, humic substances represent an assembly of organic 

macromolecules with heterogeneous functional groups such as hydroxyl (-OH), methyl (-

CH3), carboxyl (-COOH), and are present in the aquatic environment in the form of fulvic 

acids (FAs), humic acids (HAs) and humin. NOM plays also an important role in reducing 

the aggregation rates, stabilisation and dispersion of colloidal particles and engineered 

nanomaterials (Liu et al., 2012). For example, the adsorption of NOM on CeO2 

nanoparticles (NPs) was found to reduce the aggregation by increasing the electrostatic 

repulsions between particles (Quik et al., 2010). The coating of magnetic γFe2O3 NPs by 

HAs was found to stabilise these NPs due to the repulsive electrostatic and steric-

electrostatic interactions (Ghosh et al., 2011). Even more, adsorption of HAs led to the 

disagglomeration of already formed TiO2 nanoparticle agglomerates (Loosli et al., 2013). 

Another major type of natural water compounds which has an effect on the 

stability of ENMs is inorganic colloids (ICs) (Buffle, 2006). The most common ICs are clays, 

aluminosilicates and iron oxihydroxides (Eyrolle and Charmasson, 2004, 2001; Filella, 

2007). ICs are compact compounds with high size polydispersity, different mineralogy, 

and varied concentration in natural water from a few to hundreds mg/L (Eyrolle and 

Charmasson, 2004). In Rhône river water, ICs are mainly present as clay minerals, calcite, 
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quartz, muscovite and iron oxide and their concentration changed from 3 to 40 mg/L 

(sampling of Rhône water near Arles) (Slomberg et al., 2016). Another study indicates the 

proportions of Fe and Al observed in the colloidal phase in the Rhône river water reached 

42% and 35%, respectively (Eyrolle and Charmasson, 2004). The size, including 

aggregation state, as well as surface chemistry of natural ICs define the availability of IC 

surface and possible interactions with ENMs (Slomberg et al., 2016). 

 

 

Fig. I.1. Schematic representation of physicochemical processes and parameters 

influencing ENM fate and behaviour in aquatic systems. 

 

Ionic strength and electrolyte ion valency are other parameters that influence the 

stability of ENMs in aquatic system. Ionic strength takes into account the charge and the 

number of ions which are present in solution. Electrolytes modify the thickness of the 

double-layer and affect the electrostatic interactions, hence influencing ENM behaviour. 

The aggregation kinetics of CeO2 NPs was investigated as a function of ionic strength at 

pH 5.7 (Zhang et al., 2012). Authors found that the critical coagulation concentration 

(CCC) in KCl was equal to 40 mM. Divalent ions, such as Ca2+ and Mg2+, were found more 

effective for destabilisation and aggregation. The CCC for CeO2 NPs (at pH 5.6) was 

approximately equal to 9.5 mM for CaCl2 (Li et al., 2011). The fast aggregation was 

explained by an increase of the inverse of the Debye length which resulted in a decrease 

of repulsive electrostatic energy. 
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I.2.2 ENM intrinsic properties 

Intrinsic properties of ENM such as size, aggregation state, shape and surface charge, are 

interconnected and play a key role in the environmental identity of ENMs. 

The aggregation state of ENMs is directly related to the particle size as well as to 

the particle reactivity. The aggregation state also affects the behaviour of NPs in the 

environment and determines their toxicity (Rodea-Palomares et al., 2011; Röhder et al., 

2014; Safi et al., 2010; von Moos and Slaveykova, 2013). It is known that smaller particles 

are more reactive due to the higher proportion of active centres on the surface compared 

to the bulk materials (Andreescu et al., 2014), and more toxic for the organisms (Cong et 

al., 2011; Fabrega et al., 2011; Moos et al., 2014). The aggregation state can be affected by 

the environmental conditions. Even if ENMs enter the aquatic environment in 

agglomerated state the presence of organic substances at natural concentration can lead 

to important surface changes and redispersion. TiO2 NPs that where in contact at 

environmentally relevant concentration of HAs were disagglomerated and changed their 

surface charge towards further stabilisation (Loosli et al., 2014, 2013). Zinc oxide NPs 

were also partially disagglomerated due to the coating with Suwanee River HAs (Mohd 

Omar et al., 2014). 

In aqueous solution particles acquire a surface charge, most commonly, due to the 

presence of surface chemical groups which can be ionised in the presence of water. Such 

acidic or basic surface groups can release or gain protons (H+) depending on the pH of the 

solution (Gregory, 2005). As an example, the surface of metal oxide nanoparticle can be 

considered (Fig. I.2). At low pH value surface charge of oxide is positive and at high pH is 

negative, passing by the point of zero charge (PZC).  

Surface deprotonation can be described by the following chemical equilibria 

(Oriekhova and Stoll, 2016a): 

 

M-OH2+ + OH– → M-OH + H2O   (I.1) 

M-OH + OH– ↔ M-O– + H2O    (I.2) 

 

There are two situations when the surface charge on metal oxide NPs is equal to 

zero. First, in absence of both positive and negative charges referring to the PZC. The 

second situation, when there is an equal amount of positive and negative charges, is called 

the isoelectric point (IEP) (Jolivet et al., 2000). It is referring to the situation when positive 
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and negative charges compensate each other and very often is related to the specific 

adsorption of positive or negative species. These two concepts are crucial to control the 

stability of ENMs in aquatic systems as well as for the development of the ENM elimination 

processes and interpretation of aggregation results. 

 

 

Fig. I.2. Schematic representation of ENM ionisation processes on the surface of metal 

oxide nanoparticles in aqueous solution (Adapted from (Oriekhova and Stoll, 2016b)). 

 

I.3 CeO2 nanoparticles  

Cerium(IV) oxide (CeO2) NPs belong to the ENMs and are produced at a large scale on the 

level of 1 000 tonnes/year (Piccinno et al., 2012). They have been included in the priority 

list of ENMs for risk evaluation by the Organization for Economic Cooperation and 

Development (OECD) (Liu et al., 2015). CeO2 NPs are known for their exceptional catalytic 

properties due to the capacity to form a single oxygen-vacancy in the reduction of Ce4+ to 

Ce3+(Calvache-Muñoz et al., 2017). The formation of the vacancy happened to the 

response to the changes of the physicochemical parameters such as temperature, partial 

oxygen pressure, doping with other ions, application of an electric field and surface stress 

(Sun et al., 2012). Due to this specific property CeO2 NPs are used in several applications 

including catalytic converters, UV blocking and polishing agent, diesel fuel additive, 

electrochemical devices (such as solid oxide fuel cells, gas separation membranes, gas 

sensors) and even in everyday products (such as part of a component of the interior 

coating of self-cleaning ovens, compact fluorescent light etc.) (El-Toni et al., 2006; Sajith 

et al., 2010). Small size of NPs (below 15 nm) and higher proportion of the Ce3+ ions in the 

structure of CeO2 NPs leads to higher red-ox activity as well as oxidative stress (Baalousha 

et al., 2016; Tella et al., 2014). The growing consumption of CeO2 containing products 

leads to the release of these NPs to the environment via industrial discharges or surface 
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runoff from soils or wastewater treatment effluents (Gottschalk and Nowack, 2011; Keller 

et al., 2013). 

 

I.4 Micro and nanoplastics 

Another group of ENMs that recently became an emerging concern is nanoplastics. 

Production of plastic materials worldwide reaches the level of 322 million tonnes/year 

(Plastics – the Facts 2016). The estimated amount of plastic waste consists of 10% (by 

mass) of municipal waste (Barnes et al., 2009). Despite the plastic recycling, part of plastic 

litter still end up in the marine and fresh water environments (Faure et al., 2015; 

Thompson, 2006). It is not easy to detect nanoplastic particle in natural water samples 

because of the lack of the sampling and detection methods for such small particles. 

However, there is a first study confirming the presence of nanoplastic in water samples 

from the North Atlantic subtropical gyre (Ter Halle et al., 2017). The notion of nanoplastic 

is tightly related to the microplastic notion as the degradation of bigger fragments of 

plastic litter, including microplastics, lead to the formation of nanoplastics (Gigault et al., 

2016; Lambert and Wagner, 2016). There is no yet an agreement about classification of 

plastics based on size. Most commonly, mesoplastic is defined as particles larger than 5 

mm, microplastic particles are from 1 µm to 5 mm and nanoplastic below 1 µm (da Costa 

et al., 2016). Another way to group the plastics is dividing them into two categories based 

on material aging i.e. primary and secondary plastics (Syberg et al., 2015). Particles 

specifically produced as micro- or nanosized particles called primary plastics are mainly 

used in industry as abrasive agents or in cosmetics as facial cleaners. Whereas, secondary 

plastic is a result of a fragmentation and degradation processes from larger fragments of 

plastic litter to micro- or nanosized fragments (Gigault et al., 2016). There are different 

pathways of plastic pollution to the environment such as the direct rejection of the plastic 

litter, from the waste water treatment plant which include the washing liquid of synthetic 

clothes and cosmetics, urban runoffs, and the use of sewage sludge (which contains plastic 

pollution) as a fertilizer (Browne et al., 2011; Fendall and Sewell, 2009; Leslie et al., 2013). 

This is the reason why plastic pollution represent a significant environmental concern. 

Moreover, micro- and nanoplastics can release toxic chemical additives and adsorb, 

accumulate and transport pollutants in aquatic systems (Lee et al., 2014; Teuten et al., 

2009); they are also more easily ingested by the organisms and accumulated throughout 

the food chain (Wagner et al., 2014; Wright et al., 2013).  
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I.5 Elimination of ENMs from aquatic systems 

Water treatment plants (drinking and wastewater) use coagulation and flocculation 

processes to remove the suspended matter which can be both of natural and 

anthropogenic origin (Gregory, 1973; Neal et al., 2011; Westerhoff et al., 2011). During 

these processes suspended particles form large aggregates that can be easily removed by 

flocculation or filtration. The addition of coagulant allows to destabilize suspended 

colloidal particles and increase the collision efficiency between them (Gregory, 2005; 

Larue et al., 2003). Different type of coagulants and flocculants are used to enhance the 

coagulation. For example, inorganic and organic electrolytes and polyelectrolytes are 

used, such as the salts of iron(III), aluminum, polyaluminum chloride, 

acryloyloxyethyltrimethyl ammonium chloride and polyacrylamide polymers (Lin et al., 

2013; Pinheiro et al., 2013). However, the optimal coagulation condition (dosage) is not 

easy to achieve as they are highly dependent on the particle concentration, charge and 

size but also on pH and solution composition which vary with time. 

The removal of TiO2 NPs from artificial ground and surface waters using three 

different types of coagulant was studied (Honda et al., 2014). Authors showed that using 

FeSO4 and Al2(SO4)3 it is possible to reach the removal level of 90%, whereas less than 60 

% is obtained with FeCl3 in surface water. Overall, the removal efficiency is highly 

dependent on operating conditions, NP concentration and coagulant dosage. Special 

attention should also be paid to the presence of NOM which alters the operating 

parameters, and hence affects the removal rate. The increase of coagulant dosage can lead 

to the decrease of the coagulation efficiency due to electrostatic stabilisation (Gao et al., 

2007; Zou et al., 2011). The particle surface charge is playing a crucial role in stabilisation 

processes. Kobayashi et al., (2013) showed that the coagulation of sulphate latex beads in 

the presence of imogolite nanotubes is strongly charge dependent. When latex beads and 

nanotubes are oppositely charged, coagulation occurred only at the IEP and the efficiency 

of coagulation is dependent on electrokinetic potential and nanotube dosage. Hence, until 

now it is not clear how ENMs, including nanoparticles and micro- and nanoplastics, will 

be transformed through the treatment processes and which mechanisms are underlying 

these transformations. 
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I.6 Thesis objectives and outline 

The main objective of this thesis is to develop a mechanistic understanding of 

transformation processes of engineered nanomaterials in various aquatic environments. 

For this purpose we used different types of ENMs such as cerium (IV) dioxide, micro-, and 

nanoplastic particles. Most of the current researches have concentrated on simplified 

systems and detailed mechanistic understanding is missing. In this thesis the complexity 

of environmental systems and variety of ENMs was addressed in the next ways: i) first, 

the complexity of natural colloids was taken into account by using a three component 

approach i.e. by considering humic substances, polysaccharides and inorganic colloids; ii) 

secondly, the complexity of water composition was also taken into account by testing 

contrasting water conditions including change of pH, electrolyte valency, water hardness 

and ionic strength; iii) finally, two different types of materials were tested i.e. metal oxide 

nanoparticles and plastic materials including aged materials. Moreover, the importance 

of coagulant dosage in order to eliminate microplastic particles in various conditions 

during coagulation processes was also investigated. 

This introduction chapter which describes general trends in behaviour of ENMs in 

the environment is followed by Chapter II, where the theoretical and experimental 

approaches used to achieve thesis goals are presented. The “multidisciplinary” approach 

was used to combine methods from nanotechnology (nanoparticle tracking analysis, 

methods to disperse NPs in water systems), colloidal and physical chemistry 

(electrophoretic and dynamic light scattering measurements, microscopy methods), 

speciation calculations and environmental systems (fresh and synthetic waters, 

surrogates of NOM and IC) in order to reach the aims of this thesis. Chapter II is followed 

by five research chapters where main results of the research are present. The schematic 

representation of the experimental workflow is presented in Fig. I.3. In Chapters III – VI 

CeO2 NPs are used to study their environmental behaviour. In Chapters III the effect of 

different environmental factors, such as the presence of NOM (fulvic acid), the effect of 

ionic strength, change of pH, dilution effect are investigated.  

Chapter IV describes the behaviour of pristine and fulvic acid coated CeO2 NPs in 

various environmental scenarios, i.e. natural and synthetic waters with varied 

concentration of NOM. 
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Fig. I.3. Schematic representation of the organisation of the research chapters presented 

in the thesis. 

 

In Chapter V alginate is considered as a surrogate of NOM. CeO2 NPs were coated 

with alginate and the effect of changing conditions, such as changing pH, ionic strength, 

alginate concentration, on the stability of coating formed was assessed.  

In Chapter VI the heteroaggregation of CeO2 NPs in the presence of both inorganic 

colloids and organic matter is investigated. As a surrogate of NOM we used alginate in this 

chapter. The binary system, pristine CeO2 NPs and Fe2O3, was considered first and then 

the effect of water ionic composition was studied using synthetic and natural waters. The 

effect of component concentration was assessed. The kinetic of heteroaggregation was 

studied to obtain quantitative parameters to describe the processes and to deduce the 

mechanisms of heteroaggregation.  

Chapter VII describes the heteroaggregation between polystyrene nanoplastics 

and inorganic colloids (Fe2O3.) The effect of alginate polysaccharide chains on the 

heteroaggregation is also investigated here. In order to get an insight into the 

heteroaggregation of nanoplastics and the effect of naturally present organic matter and 

inorganic colloids natural water from river Rhône is used.  

To eliminate plastic particles from aquatic systems polystyrene microplastic 

particles are considered. The destabilisation processes are studied using iron (III) 
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chloride as a coagulant. The results obtained in this chapter allowed the discussion of the 

main destabilisation mechanisms. 

The final Chapter VIII outlines the obtained results and gives the perspective for 

the future research. 
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II.1 Theoretical approach 

Particles in water exhibit various interactions. Stability of particles is defined by the forces 

which underlay the interactions. If attractive forces dominate, particles are destabilised, 

they will attach to each other and aggregate. To the contrary, when the repulsive forces 

dominate particles are stable (Gregory, 2005). There are different types of interaction 

between two colloidal particles in suspension such as van der Waals, electrical double 

layer, hydration effects, hydrophobic, steric interaction of adsorbed layers, polymer 

bridging. Quantitative theory that describes stability of colloidal suspensions and takes 

into account the van der Waals and electrical double layer interactions is called DLVO 

theory and was developed by Derjaguin, Landau, Verwey and Overbeek (Derjaguin and 

Landau, 1941; Overbeek and Verwey, 1948). Other mentioned interactions were not 

taken into account in DLVO theory and are called non-DLVO interactions. 

 

II.1.1 DLVO theory 

The DLVO theory describes the total interaction energy between particles (VT) as the sum 

of van der Waals attractions (VvdW) and electrical double layer repulsions (VDL) (equation 

II.1) (Elimelech et al., 1998): 

 

VT = VvdW + VDL     (II.1) 

 
The van der Waals forces depend on the electrical, magnetic and geometrical 

properties of the interacting particles and are composed of Keesom, Debye and London 

forces, in which properties of interacting particles in specific medium are described by 

the Hamaker constant. The electrostatic double layer repulsion forces are related to the 

properties of the electrical double layer around the particles and depend on the type of 

particles used (effect of surface charge and density), the pH and the ionic strength of the 

medium (Elimelech et al., 1998, Petosa et al., 2010).  

 

II.1.1.1 Homo- and heteroaggregation 

Homoaggregation refers to the interaction between identical particles (Fig. II.1). For 

example, homoaggregation between hematite or fullerene C60 nanoparticles in increasing 

electrolyte concentrations (Chen et al., 2006; Chen and Elimelech, 2007). Whereas, 

heteroaggregation refers to the interactions between different particles. For example, 
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titanium dioxide nanoparticle with silicon dioxide particles (Praetorius et al., 2014). 

There are various possible scenarios. Interactions between particles with the same or 

different size, with the same surface charge or oppositely charged or between charged 

and uncharged particles (Chen et al., 2016; Israelachvili, 2011). Heteroaggregation 

processes are time dependent and are characterised, first by formation of dimers, then 

trimers and finally larger aggregates (Fig. II.1). 

 

 

Fig. II.1. Schematic representation of the formation of homo- and heteroaggregates. 

 

II.1.1.2 Smoluchowski approach 

The aggregation process between two spherical particles was quantitatively 

described by von Smoluchowski (Smoluchowski, 1918). The rate of change of 

concentration of aggregates with size m formed by particles i and j (m= i+ j ) is given by: 

 

𝑑𝑛𝑚

𝑑𝑡
=

1

2
∑ 𝑘𝑖𝑗𝑛𝑖𝑛𝑗

𝑚−1
𝑖=𝑚−𝑗=1 − 𝑛𝑚 ∑ 𝑘𝑖𝑚𝑛𝑖

∞
𝑚=1     (II.2) 

 

were ni is the number of aggregates of size i, nj is the number of aggregates of size j, k ij is 

the second-order kinetic rate constant.  

Thus, the concentration of m-aggregate number is resulting from the formation 

and from the disappearance of aggregates with size m. 

 

II.1.1.3 Kinetic aggregation rate 

The kinetic rate constant is composed from two contributions (equation I.3) according to 

 

𝑘𝑖𝑗 = 𝑘𝑖𝑗
𝑐𝑜𝑙𝑙 ∙ 𝛼𝑖𝑗       (II.3) 
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were 𝑘𝑖𝑗
𝑐𝑜𝑙𝑙 is the collision rate constant and αij is the attachment efficiency. 

The collision rate constant depends on the physical factors such as temperature, 

particle size and density, hydrodynamic of flux. The attachment efficiency depends on 

chemical forces and defines the sticking probability, i.e. the probability that collision 

results in the formation of permanent bound. 

The attachment efficiency can be defined as the inverse of the stability ratio (W) 

and depends on the balance between repulsive and attractive forces. To calculate the 

attachment efficiency the following equation can be used: 

 
max

1 k

W k
    (II.4) 

were 𝑘 is the aggregation rate of the studied system at any specific moment and 𝑘𝑚𝑎𝑥  is 

the aggregation rate when all the collision between particles are efficient, i.e. results in 

the formation of permanent bonds. 

When α = 0 the repulsive forces are dominant, no aggregation is observed. When α 

= 1 the attractive forces dominate and each collision is efficient and results in the 

formation of aggregates. This aggregation is also called diffusion limited aggregation 

(DLA) or fast aggregation and is controlled by the particle diffusion in medium. When α is 

between 0 and 1 we observe a reaction limited aggregation (RLA) which is controlled by 

the chemical reactivity of the particles. Such regime is also called slow regime since 

collision between particles are not efficient. The aggregation time when the transition 

between two regimes is observed allows us to determine the critical coagulation 

concentration (CCC), i.e. the electrolyte concentration required to reach the DLA regime. 

The aggregation rate can be determined experimentally using the time resolved 

dynamic light scattering method (Metreveli et al., 2015; Zhang et al., 2012). The slope of 

the increase of the z-average hydrodynamic diameter versus time (dDh/dt) can be fitted 

by a linear function in order to obtain the aggregation rate of a system in specific 

conditions. The attachment efficiency is then calculated by normalising the slopes 

obtained in different conditions (for example, at low ionic strength) by the slope obtained 

under DLA. The attachment efficiency calculated using the speed of the formation of the 

aggregates by measuring z-average hydrodynamic diameters is a global attachment 

efficiency, meaning representing the global behaviour of aggregating system. 
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II.1.2 Modelling of coagulant species 

Iron(III) chloride (FeCl3) was used as a coagulant in Paper IV Chapter VII to destabilise 

microplastic particles in suspension. For data interpretation, iron speciation 

determination consists an important issue. For that purpose, the MINTEQA2 software 

(developed by Allison Geoscience Consultants Inc. and HydroGeologic Inc.) was used to 

perform the modelling of iron(III) species. MINTEQA2 applies the thermodynamic and 

mass balance equations to solve geochemical equilibria and calculate the ion 

speciation/solubility. The calculation is divided in three stages: i) the computation of the 

activities of cationic and anionic species and neutral ion pairs, ii) the computation of the 

solubility of solids and minerals and iii) the calculation of the mass of solid that 

precipitates or dissolves by mass transfer submodel. (Ball et al., 1980; Felmy et al., 1984; 

Peterson et al., 1987).  

To compute the activity coefficients the Davies equation is used (II.5) and the other 

parameters which are used during modelling are presented in Table II.1. 

 

















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I

I
zzf 15.0

1
5.0log 21 ,   (II.5) 

 

where f± is the mean modal activity coefficient of an electrolyte which dissociates into ions 

with charge z1 and z2 and I represents the ionic strength. 

 

Table II.1. Parameters used for iron species modelling in MINTEQA2 software 

Parameter Value 

Temperature, °K 298 

Concentration of FeCl3, mg/L 2 

pH 1 – 12 

Ionic strength, mol/L 3.6·10–5 – 6.2·10–2 * 

*pH dependent, calculated. 

 

After salt dissolution hydrolysis occurred consequently. Many species, such as 

Fe3+, Fe(OH)2+, Fe(OH)2+, Fe(OH)3 and Fe(OH)4– can coexist in solution at the same time. 

The results of the modelling is presented in fig. II.2.  
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Fig. II.2. Speciation of iron(III) as a function of pH for a FeCl3 solution at 2 mg/L. Fe3+ and 

Fe(OH)2+ are mainly present in solution at pH less than 3. In the pH range from 4 to 6 the 

highest relative concentration is obtained for Fe(OH)2+ and at pH greater than 7 Fe(OH)4– 

and insoluble Fe(OH)3 are present. 

 

The concentration of these species depends on pH and can be described by 

equations of hydrolysis equilibrium (equations (II.6) – (II.10)) (Barnum, 1983; Cornell 

and Schwertmann, 2003; Stefánsson, 2007): 

 

Fe3+ + H2O = Fe(OH)2+ + H+  log K = – 2.19   (II.6) 

Fe3+ + 2H2O = Fe(OH)2+ + 2H+  log K = – 5.67   (II.7) 

Fe3+ + 3H2O = Fe(OH)3 + 3H+  log K = – 11.9   (II.8) 

Fe3+ + 4H2O = Fe(OH)4– + 4H+  log K = – 21.6   (II.9) 

2Fe3+ + 2H2O = Fe2(OH)24+ + 2H+ log K = – 2.95   (II.10) 

 

Therefore, Fe3+ and Fe(OH)2+ are mainly present in solution at pH less than 3. In the 

pH range from 4 to 6 the highest relative concentration is obtained for Fe(OH)2+ and at pH 

greater than 7 Fe(OH)4− and insoluble Fe(OH)3 are present. 
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II.2 Experimental approach 

II.2.1 Materials 

II.2.1.1 CeO2 NPs 

CeO2 NPs (code name NM-212) uncoated particles, as a powder were provided from JRC 

(Joint Research Centre) nanomaterial repository (Ispra, Italy). These NPs are 

representative test materials coming from a single batch in order to insure the 

reproducibility of results between different laboratories. The nominal particle diameter 

is equal to 28 ± 10 nm with a specific surface area of 27.2 ± 0.9 m2/g (Singh et al., 2014). 

The suspension of NPs was prepared according to the dispersion protocol provided in 

Annex 1.2. Briefly, a 1 g/L stock suspension at pH 3.0 ± 0.1 was prepared and then 

sonicated with ultrasonic probe (Sonics Vibra cell, Blanc Labo S.A., Switzerland). The 

dilution of stock suspension by ultrapure water (Milli Q water, Millipore, Switzerland, 

with R > 18MOhm, TOC < 2ppb) was made to obtain the desirable particle concentration. 

pH was adjusted by adding appropriate amount of diluted HCl and NaOH (Merck, 

Germany). 

The hydrodynamic diameters measured using two methods NTA and DLS are in 

good agreement and are equal to 177 ± 83 nm by NTA and 185 ± 75 nm by DLS (Fig. II.3).  
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Fig. II.3. Size distribution of CeO2 NPs using two methods NTA (a) and DLS (b). Z-average 

diameter and hydrodynamic diameter were equal to 177 ± 83 nm (NTA) and 185 ± 75 nm 

(DLS). A good agreement was found between these two methods indicating that 

individual CeO2 NPs are forming aggregates. Experimental conditions: [CeO2] = 10 mg/L 

(NTA), [CeO2] = 50 mg/L (DLS), pH 3.0 ± 0.1. 

 

Indicating that pristine CeO2 NPs are forming homoaggregates when dispersed in 

ultrapure water. In SEM image (Fig. II.4) we can also distinguish individual particles from 
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homoaggregates and estimated size of pristine particles is in a good agreement with data 

provided by manufacturer. 

 

 

 

Fig. II.4. (a) SEM and (b) TEM image of pristine CeO2 NPs in ultrapure water. [CeO2] = 

10 mg/L. 

 

II.2.1.2 Nanoplastics and microplastics 

As a plastic material we used polystyrene (PS) particles since this type of plastic is used 

in many applications for example in packaging, building and construction, electrical and 

electronics industries, and paints. The demand on polystyrene in Europe, including 

expanded polystyrene, reaches the level of 3.4·106 tonnes per year (Plastics-the Facts, 

2016), thus, making this plastic materials extensively present in the environment. In 

addition, PS plastics are difficult to recycle and are highly resistant to biodegradation 

(Chaukura et al., 2016; Kaplan et al., 1979). 
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PS particles which we use in this study are available as dispersions and serve as 

model particles to assess the behaviour of PS nanoplastics in the environment. Latex 

polystyrene nanospheres were provided from Molecular Probes® (Life Technologies 

Corporation, USA) with a mean diameter equal to 20 ± 0.3 nm, density equal to 1.055 

g/cm3 (20°C) and specific surface area of 2.8·106 cm2/g (provided by the manufacturer). 

Using SEM image analysis (Fig. II.5B) estimated size of the pristine nanoplastics was found 

between 25 and 63 nm. 
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Fig. II.5. (A) Zeta potential and z-average hydrodynamic diameter of PS nanoplastic 

particles at different pH in ultrapure water. Zeta potential is decreasing with increase of 

pH. Z-average hydrodynamic diameter is found constant with a mean value equal to 53.1 

± 4.3 nm. Experimental conditions: [PS] = 50 mg/L, initial pH 3. (B) SEM image of pristine 

nanoplastics in ultrapure water: [PS] = 5 mg/L, the diameter of PS particles is found 

between 25 and 63 nm. 

 

These PS nanoplastics are positively charged in a large pH domain (Fig. II.5A) with 

a surface charge density equal to 3.0 μC/cm2, due to the presence of amidine groups. In 

aquatic systems, positive charges of nanoplastics favours the interaction with negatively 

charged natural colloids. A 400 mg/L stock suspension of nanoplastics at pH 3.0 was 

prepared by diluting original suspension with ultrapure water (R > 18 MΩ cm, Millipore, 

Switzerland) for which pH was previously adjusted to 3.  

On the other hand, we used microplastic particles which are also made of 

polystyrene. In that case we used negatively charged microplastics. Their negative charge 

is due to the presence of sulphate functional groups on the surface. IDC Latex particles 

(Life Technologies Corporation, USA) have a diameter 0.99 ± 0.03 µm (TEM measurement, 

provided by manufacturer), initial concentration 78 g/L, density 1.055 g/cm3 (20°C), 

specific surface area 5.7·104 cm/g and were free from surfactants. A stock suspension of 
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1 g/L microplastic was prepared and then diluted to the appropriate concentration with 

Milli Q water (R > 18 MΩ·cm). The suspension pH was adjusted by adding small amount 

of diluted HCl and NaOH (Merck, Germany). Negative values of zeta potential through full 

pH range (Fig. II.6) confirms presence of negatively charged functional groups. 

Microplastic hydrodynamic diameter was found in good agreement with data provided 

by manufacturer and was found equal to 1098 ± 224 nm (Fig. II.4 Inset). 
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Fig. II.6. Zeta potential of sulphate polystyrene microplastic particles as a function of pH. 

Zeta potential is found negative in all pHs. Size distribution (inset) of particles using DLS 

method. Z-average hydrodynamic diameter is found equal to 1000 nm.  

 

II.2.1.3 NOM 

To evaluate the effect of NOM on the stability of ENMs released to natural water two types 

of materials have been considered, humic substances and polysaccharides. 

As a surrogate of humic substance, the Suwannee River Fulvic acids (Standard II, 

2S101F) were used and supplied by International Humic Substance Society (USA). FAs are 

mixtures of different types of organic acids and are more reactive compared to HAs due 

to the high concentration of hydroxyl (-OH) and carboxyl (-COOH) groups. Three 

structural models of FA molecules are presented in Fig. II.7 (Leenheer et al., 1995). FAs 

have low molecular weights and are soluble in a large pH range (Pettit, 2004). A 1 g/L 

suspension was first prepared from powder and then diluted to 100 mg/L by ultrapure 



Theoretical and experimental approaches 

 

30 
 

water. This suspension was our stock suspension from which we made our further 

dilutions.  

 

 

Fig. II.7. Structural models of Suwannee River fulvic acid molecules (Leenheer et al., 

1995). 

 

To characterize FAs a 50 mg/L suspension with addition of 0.001 M NaCl as 

background electrolyte was prepared at pH 3.0 ± 0.1. The titration was performed with 

diluted 0.01 M NaOH solution. FA surface charge was found negative through all pH range 

(Fig. II.8). All solutions were maintained in a dark place with temperature between 0 and 

4 °C. 
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Fig. II.8. (A) FA zeta potential and z-average hydrodynamic diameter variation as a 

function of pH. Surface charges of FAs are negative at all pHs. Z-average hydrodynamic 

diameter varies from 200 to 400 nm. (B) FA size distribution is determined using NTA 

method. Average hydrodynamic diameter was found equal to 194 ± 89 nm. We observed 

the presence of polydisperse particles. 

 

As a surrogate of natural polysaccharide we used alginate (A2158, Sigma Aldrich, 

Switzerland). The molecular weight of low viscosity alginate is equal to 50 kDa.(LeRoux 

et al., 1999). Alginate is a natural anionic polymer usually extracted from brown algae 
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such as Laminaria hyperborea, Laminaria digitata, Laminaria japonica, Ascophyllum 

nodosum, and Macrocystis pyrifera. 

Alginate is a mixture of linear copolymers blocks of β-d-mannuronate (M) and α-l-

guluronate (G) residues (Lee and Mooney, 2012). The carboxyl groups of mannuronic acid 

has a pKa =3.38 and of guloronic acid pKa =3.65 and can be protonated by inorganic acid. 

When the pH of solution is below the pKa alginate tends to form a hydrogel (Rehm, 2009). 

The blocks of copolymers are composed of the individual or mixed residues (Fig. II.9A). 

We prepared a 100 mg/L stock solution in ultrapure water which was used for further 

dilution. To characterise alginate titration of 50 mg/L alginate solution was done. The 

variation of z-average diameters and zeta potential versus pH was recorded and 

presented in Fig. II.9B. To adjust the pH, diluted sodium hydroxide and hydrochloride acid 

0.01 M (NaOH and HCl, Titrisol®113, Merck, Switzerland) were used. For suspension 

homogenisation, gentle agitation was applied during all the experiments with a magnet 

vortex and a rotational speed equal to 200 rpm. 
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Fig. II.9. (A) Alginate structure composed from consecutive blocks of G, M and mixed MGM 

residues (Lee and Mooney, 2012). (B) Variation of alginate zeta potential and z-average 

hydrodynamic diameters as a function of pH. Zeta potential is negative in all pHs. Z-

average diameters vary from 150 to 250 nm. Experimental conditions: [Alginate] = 50 

mg/L. 

 

II.2.1.4 ICs 

As an analogue of inorganic colloids from river Rhône, iron (III) oxide (α-Fe2O3, 99%) 

(Nanoamor, Inc., USA) as a powder was used. The main characteristics of Fe2O3 are given 

in Table II.2. First, a 1 g/L suspension was prepared at pH 10. Such pH allows a better 

resuspension and higher stability of dispersed particles. Then, to obtain homogenised 
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suspension and well dispersed particles, sonication with an ultrasonic probe (CV18, 

Sonics Vibra cell, Blanc Labo S.A., Switzerland) during 15 min was performed. To prepare 

a 100 mg/L stock suspension, dilution with ultrapure water, for which pH was also 

previously adjusted to 10, was done. To characterise Fe2O3 particles we used SEM imaging 

(Fig. II.10A) and we measured z-average hydrodynamic diameter and zeta-potential as a 

function of pH (Fig. II.10B). Fe2O3 particles were found to have needle shapes. Zeta 

potential changed from negative to positive passing through a PZC at pH 5.8 ± 0.1. At 

environmentally relevant pH (pH 8.0 ± 0.2) Fe2O3 had a negative surface charge. Below 

the pH 5.0 and above the pH 8.0 nanoparticles are stable with z-average diameters less 

than 100 nm.  

 

Table II.2. Characterisation analysis of Fe2O3 provided by manufacturer 

Parameters Value 

Appearance Red powder 

pH value 6.7 

Crystal α 

Original particle size, nm 30-50nm 

Surface area, m2/g 28 

Purity, % 99.2 
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Fig. II.10. (A) SEM image of pristine Fe2O3 ICs in ultrapure water. (B) Fe2O3 IC zeta 

potential and z-average hydrodynamic diameter variation as a function of pH. 

Experimental conditions: [Fe2O3] = 10 mg/L. At environmental pH = 8.0 ± 0.2 Fe2O3 ICs 

are negatively charged. 
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II.2.2 Experimental technique 

II.2.2.1 Dynamic light scattering (DLS) method and laser Doppler electrophoresis 

technique 

Zeta potential ζ and z-average hydrodynamic diameter of particles were measured using 

a Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK). Schematic 

representation of the instrument is shown in Fig. II.11. A sample, containing particles of 

interest, is irradiated by the laser. The light scattered by particles is detected and then 

digital signal is processed in a correlator. Particles in a sample undergo Brownian motion, 

i.e. random movement due to the interaction with surrounded molecules. When particles 

are irradiated by the laser scattered light is changed. The fluctuation of the scattered light 

is fitted by one autocorrelation function to obtain the corresponding diffusion coefficient. 

Based on the diffusion coefficient and the properties of dispersion medium, we can define 

the hydrodynamic diameter using Stokes-Einstein equation (II.11) (Elimelech et al., 1998; 

Gregory, 2005). 

 

 

Fig. II.11. A schematic representation of DLS method using a Malvern Zetasizer Nano ZS 

instrument (Image from Malvern Instruments Ltd). 

 

D

kT
dH

3
 ,      (II.11) 

 

were dH is hydrodynamic diameter of particles, D is the translational diffusion coefficient, 

k is the Boltzmann’s constant, η is medium viscosity and T is the absolute temperature. 
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Charged particles suspended in a liquid will attract oppositely charged ions. Some 

of them are strongly bound, forming the so called Stern layer, others are loosely bound, 

forming a diffuse layer (Fig. II.12). When an electrical field is applied some of the ions will 

move together with particle and some of them not. The boundary defining the limit is 

called the slipping plane. The potential at the slipping plane is called the zeta potential. 

Malvern Zetasizer Nano ZS instrument uses laser Doppler electrophoresis technique to 

measure the particle velocity, when an electrical field is applied. A measuring cell has 

electrodes to which a potential is applied. Particles move towards the oppositely charged 

electrode, their velocity is measured and analysed to obtain electrophoretic mobility. 

Knowing the electrophoretic mobility and medium properties, the Henry equation (II.12) 

is used to calculate zeta potential. 

 

)(
3

2
afUE 




,     (II.12) 

 

where ɛ corresponds to the relative permittivity ɛr (or dielectric constant) multiplied by 

the permittivity of free space, ɛ0; η is the viscosity of the liquid; Κ is the Debye-Hükel 

parameter; a is the particle radius.  

 

 

Fig. II.12. Schematic representation of double layer. The zeta potential is measured on 

the boundary of slipping plane (Image from Malvern Instruments Ltd). 
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To calculate f(Κa) two approximations can be used depending on the particle size 

and sample ionic strength (Elimelech et al., 1998). The Smoluchowski approximation is 

used when the thickness of double layer is thin compared to particles size and the ionic 

strength is at least 10-3 M then f(Κa) is equal to 3/2. Whereas, the Hückel approximation 

is used when the double layer is large compared to particle size and ionic strength is 

below  10-3 M then f(Κa) is equal to 1. Using Smoluchowski approximation and inserting 

values for permittivity and viscosity of water at 298 °K, we obtain the relation between 

zeta potential and electrophoretic mobility (II.13): 

 

EU8.12 ,      (II.13) 

where ζ-potential is expressed in mV and electrophoretic mobility UE in µms–1/Vcm–1. 

 

The advantages of DLS method are fast measurements (2-5 min per sample), easy 

sample handling, good reproducibility. Parameters (particle z-average hydrodynamic 

diameter and particle size distributions) are obtained in the same time and measurements 

are made in a broad range of sizes and concentrations of particle (1 – 1000 nm and 108 - 

1012 particles/mL). However, the main drawback of the technique is an inaccurate 

determination of a particle size for a polydisperse sample. It happens because the results 

are biased toward bigger size particles due to the intensity of scattered light is 

proportional to the sixth power of particle radius (I ~ d6) (Boyd et al., 2011; Hanus and 

Ploehn, 1999). 

 

II.2.2.2 Nanoparticle tracking analysis method 

Visualization and distribution of particles by size were investigated using nanoparticle 

tracking analysis (NTA) technique with a NanoSight LM14 instrument (NanoSight Ltd, 

UK). 

The instrument uses a laser light source to illuminate nanoscale particles. The 

particles appear individually as point-scatterers moving under Brownian motion, the 

dispersed light is being captured by a high sensitivity camera, via the microscope (Fig. 

II.13). Particles are individually tracked and visualised on the screen of the control 

computer. NTA instrument captures a video of particles moving under Brownian motion 

and automatically locates and follows the centre of each particle. The device determines 

the average distance moved by each particle in x and y direction. The measurement is 
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done simultaneously for all particles. This value allows to obtain the diffusion coefficient 

and using the Stokes-Einstein equation (II.11) to calculate the sphere-equivalent, 

hydrodynamic diameter (Carr and Malloy, 2006; Hole et al., 2013). 

 

 

Fig. II.13. A schematic illustration of the nanoparticle visualisation using the NTA 

instrument. The main steps of particle tracking and analysis consist in capturing the video, 

tracking of individual particles moving under Brownian motion and analysis of the data 

(Image from NanoSight Ltd). 

 

In order to visualize as many particles as possible and to reduce the noise to 

minimum level the camera settings should be appropriately adjusted during the video 

recording. The capture time is also to be adjusted according to the polydispersity of the 

sample. Higher sample polydispersity need longer capture times (from 90 to 160 sec).  

There are many advantages of NTA technique such as an accurate measurement of 

the particle size for both monodisperse and polydisperse samples, a high peak resolution, 

the measurement of hydrodynamic diameter dh directly and the size number distribution. 

The results obtained are based on particle by particle analysis and the possibility to 

visualize the sample. However, the results of measurements are highly dependent of the 

processing parameters and experimental protocol. The technique can be applied in a 

limited size and concentration range (size: 30 – 1000 nm and concentration: 107 – 109 

particles/mL). The measurement and sample preparation are time consuming and labour 

intensive (Gallego-Urrea et al., 2010; Hole et al., 2013). 
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II.2.2.3 Electron microscopy methods 

In order to obtain images of individual particles and aggregates and to visualise the 

morphology of particles, scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) were used. The schematic representation of the types of electrons 

detected by the techniques and schematic view of the both instrument are presented in 

Fig. II.14. 

 

 

Fig. II.14. Schematic illustration of the working principle of electron microscopy methods 

(SEM and TEM). 

 

SEM method provides the topographical information and chemical composition of 

the sample. A basic SEM consists of an electron gun that produces the electron beams with 

energy from 0.2 to 40 keV (Egerton, 2006). Electromagnetic optics is used to guide the 

beam and focus it. The detectors collect the electrons that come from the sample. When 

the electron beam interacts with the sample, different signals are emitted from different 

parts of the interaction volume. Typically, SEM detects secondary emitted electrons. The 

energy of the detected electron, its intensity and location of emission is used to put 

together the image. Other information that can be obtained using SEM is X-ray energy 

which depends on the elemental composition of the sample (Egerton, 2006). In our work 

we used a JEOL JSM-7001FA SEM operated with a following parameters: voltage 15 kV, 

probe current 1 nA. 

In TEM, an electron beam penetrates a thin specimen and transmitted electrons 

are used to obtain the morphological information about the sample. The TEM is able to 

display the magnified images and to produce the electron-diffraction patterns in order to 

obtain crystallographic information.  
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TEM consists of the three main parts: the illumination system with the source of 

the electrons and lenses; the specimen stage, which contains the sample; and the imaging 

system with lenses. Electron beam can generate energy from 100 to 400 keV (Williams et 

al., 1998). The imaging lenses of a TEM produce a magnified image or an electron-

diffraction pattern of the specimen on a viewing screen or camera system. The spatial 

resolution of the image is largely dependent on the quality and design of these lenses. 

Hitachi A7650 TEM was used in our work with a large aperture (100µm apparent 

diameter) operating under a 80 keV accelerating voltage. 

The advantages of microscopic techniques are the possibility of a direct 

measurement of particle morphology and size, imaging of surface coating and 

modification. There are some drawbacks of the technique such as it is a time consuming 

analysis (image acquisition and analysis). During sample preparation the formation of 

artefacts is possible because of the drying process (aggregation). The equipment is 

expensive and the analysis is a subject of personal bias because the operator might 

overlook some particles. The operator should perform a particle-by-particle analysis in 

order to determine the particle edge in a consistent and reproducible manner. 
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III.1 Introduction 

Cerium dioxide (CeO2) NPs have found variety of industrial applications such as UV 

blocking and polishing agent, diesel fuel additive, component of catalytic converters etc. 

(El-Toni et al., 2006; Sajith et al., 2010). There are many pathways NPs enter into the 

environment via industrial discharges, surface runoff from soils, and wastewater 

treatment effluents (Gottschalk et al., 2009; Mitrano et al., 2014). The stability and 

reactivity of NPs is dependent on many factors such as particle characteristics but also the 

properties of water such as pH, ionic strength, presence of natural colloids and organic 

compounds (Grillo et al., 2015; Petosa et al., 2010). Natural organic matter (NOM) is one 

of the major water component controlling the fate of NPs released to aquatic systems. 

Depending on nature and NOM concentration, NPs can be stabilised, aggregated or even 

dispersed (Liu et al., 2012; Loosli et al., 2013). Therefore, in natural environmental 

condition, NPs will exist as NPs-NOM complexes. However, aging of such complexes in 

changing conditions is still a matter of debates, in particular, regarding the NOM corona 

stability including adsorption processes. 

Another factor that influence the stability of NPs in aquatic system is the solution 

ionic strength. The type and valence of electrolyte play a key role in the modification of 

surface charge, hence influencing NP behaviour. There are different mechanisms 

responsible for particle aggregation. In the presence of monovalent ions, such as Na+ or 

K+, charge screening is mainly responsible for NPs aggregation. Whereas, in the presence 

of divalent ions, such as Ca2+ and Mg2+, specific adsorption and charge neutralisation is 

main mechanisms leading to aggregation (Loosli et al., 2015; Zhang et al., 2012). On the 

other hand, there is a lack of information about the effect of trivalent electrolyte on NP 

stability. Therefore, we investigated the effect of mono, di and trivalent electrolyte on the 

aggregation of NPs-NOM complexes. 

In this chapter, we investigated the effect of changing of some environmental 

factors such as changing pH, presence of electrolytes, fulvic acid concentration on the 

stability of pristine CeO2 NPs and coated with fulvic acid. The stability of coated particles 

upon the dilution and with time was also evaluated. In particular, the effect of FA 

concentration was investigated in three pH domains which correspond to three 

electrostatic scenarios: at pH = 3.0 ± 0.1 < pHPZC, at pH = 7.0 ± 0.1 close to pHPZC and at pH 

= 10.0 ± 0.1 > pHPZC. 
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III.2 Main results 

First, the characterisation of pristine CeO2 NPs and FAs was done using DLS and NTA 

methods to obtain particle size distribution and hydrodynamic diameters. Then 

electrophoretic measurements were performed to follow the particle surface charge. The 

suspension of CeO2 NPs was prepared in ultrapure water at pH 3.0 ± 0.1 the measurement 

of zeta potential was performed as a function of pH up to pH 10. We found that below pH 

4.5 NPs are highly positively charged and stable with hydrodynamic diameters equal to 

185 ± 75 nm (by DLS) and 177 ± 83 nm (by NTA). With increase of pH we observed charge 

inversion and above pH 8 NPs exhibited negative charges. The point of zero charge (PZC) 

was found at pH equal to 6.8 ± 0.1. FAs were negative in full pH range with zeta potential 

varying from –10 to –25 mV. Average hydrodynamic diameter measured by NTA method 

was equal to 194 ± 89 nm. According to the results, three pH domains and different 

interaction scenarios between CeO2 NPs and FA were defined: 

- below pH < pHPZC where CeO2 NPs are strongly positively charged and FAs are negatively 

charged;  

- pH around pHPZC where CeO2 surface charge is around 0 and FAs are negatively charged; 

- and above the pHPZC where both NPs and NOM are negatively charged. 

 

III.2.1 Effect of FAs and electrolyte concentration on CeO2 NP stability 

The pH < pHPZC represents favorable conditions for the interaction between positively 

charged CeO2 NPs and negatively charged FA molecules, thus forming strong CeO2/FA 

complexes. To achieve the IEP, where the highest level of agglomeration occurs and 

agglomerate reach the size up to 2700 nm, 0.25 mg/L FAs is needed (Fig. III.1). Further 

increase of FAs concentration leads to the charge inversion and zeta potential 

stabilisation. Agglomerates of CeO2 NPs are partially disagglomerated with z-average 

hydrodynamic diameter down to 1700 nm. 

We also studied the interaction between CeO2 NPs and FAs at pH 7.0 ± 0.1 and pH 

10.0 ± 0.1. In the first case, we observed partial disagglomeration in the presence of high 

concentration of FAs. Z-average particle diameter was found to decrease to 1500 nm. The 

surface charge of particle became negative with zeta potential values equal to –35 mV, 

hence indicating adsorption of FAs. In the second case, partial adsorption of FA molecules 

was found to induce a limited decrease of z-average diameter from 720 ± 28 to 600 ± 45 

nm. 
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Fig. III.1. Zeta potential and z-average hydrodynamic diameter of CeO2 NPs in the 

presence of different concentrations of FAs at pH < pHPZC. A good agreement is found 

between zeta potential variation and the aggregation-stabilisation of the CeO2 suspension. 

[CeO2] = 50 mg/L. 

 

The influence of monovalent electrolyte (NaCl) on the stability of CeO2 NPs was 

investigated at pH < pHPZC. In this pH condition NPs are stable with positive surface 

charges. In the presence of NaCl (Fig. A1.1 in Annex) zeta potential decreases rapidly at 

low electrolyte concentrations, less than 0.1 M, and reaches plateau at higher electrolyte 

concentrations (> 0.1 M). Increase of NaCl concentrations leads to the decrease of zeta 

potential from +55 to +25 mV, due to the decrease of the thickness of diffuse layer. 

Particles can come closer to each other then, van der Waals attraction is sufficient to 

outweigh the double layer repulsion, hence leading to particle destabilisation. 

Consequently, z-average hydrodynamic diameters are increasing with increase of salt 

concentration from base line value less than 200 nm to 2500 nm (Fig. III.2). 

The attachment efficiencies between uncoated CeO2 NPs in increasing NaCl 

concentrations was then calculated. Two aggregation regimes: diffusion limited and 

reaction limited were found. When the aggregation is diffusion limited attachment 

efficiency approaches to the value 1. The CCC was determined and equal to 0.11 ± 0.02 M 

(Fig. III.3). Hence, this value gives the minimal concentration of NaCl that is necessary to 

destabilise 50 mg/L uncoated CeO2 NPs.  
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Fig. III.2. Z-average hydrodynamic diameter variation of uncoated CeO2 NPs as a function 

of salt concentration. Kinetics of aggregation is enhanced by increasing the ionic strength 

of the CeO2 dispersion. Experimental condition: [CeO2] = 50 mg/L, pH < pHPZC. Z-average 

hydrodynamic diameters increase with time and with increase of NaCl concentrations. 
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Fig. III.3. Attachment efficiency of CeO2 NPs as a function of NaCl concentration. Critical 

coagulation concentration (CCC) is found equal to 0.11 ± 0.01 M. Experimental condition: 

[CeO2] = 50 mg/L, pH < pHPZC. 

 

III.2.2 Stability of FAs-CeO2 NPs complexes 

To evaluate the effect of natural water environment on the stability of CeO2/FA complexes 

different environmental factors such as time, pH, dilution effect and the presence of 

mono- , di- and trivalent electrolytes were considered. 
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pH effect 

We have chosen the most favourable condition to form electrostatic complexes i.e. pH 3.0 

± 0.1 and excess of FAs by considering solution concentrations equal to 50 mg/L CeO2 and 

2 mg/L FAs. The formed complexes have been stable during 7 weeks with z-average 

hydrodynamic diameters equal to 220 ± 40 nm and zeta potential to –25 ± 7 mV. The 

stability of CeO2/FA complexes was also studied in changing pH condition (Fig. III.4).  
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Fig. III.4. Variation of zeta potential and z-average hydrodynamic diameter (insert) of 

CeO2 NPs coated with FAs as a function of pH. Zeta potential decrease with increase of pH. 

Stability of z-average hydrodynamic diameter is observed in the full pH range. 

 

The zeta potential was found negative in full pH range, to decrease and then reach 

a plateau, whereas z-average diameter was stable and equal to 220 ± 40 nm. Such 

variations are related to the modification of the acid-base properties of CeO2 NPs in 

presence of FAs. The adsorption of FAs induces the CeO2 charge inversion, so that zeta 

potential is negative. Increase of pH leads to the neutralisation of the charges on the CeO2 

surface by hydroxyl ions, decrease and stabilisation of zeta potential. 
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Effect of mono and divalent electrolytes 

To evaluate the effect of ionic strength on the stability of CeO2/FA complexes two 

electrolytes (sodium chloride and calcium chloride) were used. First, the suspension of 

CeO2/FAs was prepared and pH was set to an environmentally relevant value (8.0 ± 0.1). 

Then we sequentially increased the salt concentration from 0.5 to 0.75 M for NaCl and 

from 0.25 to 50 mM for CaCl2 (Fig. A.1.2). The attachment efficiencies of coated CeO2 

calculated from the growth of the z-average hydrodynamic diameters as a function of 

electrolyte concentrations are presented in Fig. III.5. The CCC values for two salts have 

been determined and correspond to 0.39 ± 0.02 M for NaCl and 2.9 ± 0.3 mM for CaCl2. 

The difference of CCC values, more than 100 times, can be explained by the Schulze-Hardy 

rule, indicating that the CCC is proportional to the ion charge (CCC ~ 1/z6, where z is ion 

valency) (Gregory, 2005). Divalent ions have a stronger screening effect and a higher 

affinity to the highly negative surface of CeO2/FA complexes compared to monovalent 

ions. Thus, less concentrated CaCl2 solution than NaCl is needed to destabilise coated 

particles, due to the higher positive charge and specific adsorption of Ca2+ ions on the NPs 

surface. The zeta potential values of coated CeO2 NPs before addition of electrolyte are 

around –51.1 ± 0.6 mV (Annex 1, Fig. A1.3a). The addition of small amount of divalent salt 

leads to a high response and a change of zeta potential of about 30 units to the value –21 

± 0.7 mV comparing to NaCl when the addition of higher concentration changes zeta 

potential only on the 14 units (ζ = –37.3 ± 1.0 mV) (Fig. A1.3).  

The increase of concentrations of both electrolytes leads to the gradual increase of 

zeta potential values (zeta potential becomes less negative) from –37.3 ± 1.0 to –16.8 ± 

6.0 mV for NaCl and from – 21.9 ± 0.7 to –15.4 ± 0.8 mV for CaCl2.The enhancement of 

aggregation by Ca2+ ions is explained by bridging effect through formation of 

intermolecular complexes between coated NPs and divalent ions (Li and Chen, 2012). The 

CCC ratio of NaCl of uncoated and coated CeO2 NPs was also assessed and found equal to 

3.5. More concentrated solution of NaCl was necessary in order to aggregate NPs as FAs 

create a stabilising coating around particles. Such conclusion is also confirmed by the 

values of zeta potential. For coated particles zeta potential is more negative and is equal 

to –51.1 ± 0.6 mV compared to uncoated particle (ζ = –21.1 ± 0.8 mV).  
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Fig. III.5. Attachment efficiency between coated CeO2 NPs as a function of electrolyte 

concentration: a) NaCl, CCC (NaCl) = 0.39 M; b) CaCl2, CCC (CaCl2) = 2.9 mM. Experimental 

condition: [CeO2] = 50 mg/L, [FAs] = 2 mg/L, pH = 8.0 ± 0.1.  

 

Effect of trivalent electrolytes 

The results of aggregation kinetic experiments of CeO2/FA complexes in the presence of 

iron and aluminium chloride are presented in Annex 1, Fig. A1.4 and Fig. A1.5. Significant 

aggregation occurred for concentrations above 1·10–4 M for FeCl3 and 3·10–5 M for AlCl3. 

Our results indicate that trivalent electrolytes are more efficient to destabilised CeO2/FA 
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complexes compared to mono- and divalent due to their higher charge and better ability 

to specifically adsorb on the NP surface. 

Dilution effect 

CeO2/FA complexes in environmental aquatic condition will undergo significant 

transformation including dilution. To test the effect of dilution on the stability of already 

formed complexes series of suspensions with dilution factor equal to 20 were prepared. 

The compound concentrations are provided in Table III.1. Two pHs were tested: 3.0 ± 0.1 

and 8.0 ± 0.1. Zeta potentials and z-average hydrodynamic diameters are presented in Fig. 

III.6.  

 

Table III.1. Compound concentrations for dilution experiments 

Compound Concentration, mg/L 

Dilution factor 1 2 4 10 20 

CeO2 MNMs 100 50 25 10 5 

FAs 4 2 1 0.4 0.2 

 

At pH 3.0 as well as at pH 8.0 no significant difference in sizes and surface charge 

properties are observed up to a dilution factor equal to 20. Zeta potential is stable and is 

equal to –29.7 ± 1.7 mV at pH 3.0 and –44.6 ± 1.6 mV at pH 8.0. The higher value of zeta 

potential at higher pH corresponds to the more negative charge of FAs at pH 8.0 compared 

to pH 3.0. Values of z-average diameter do not exceed 325 nm at pH 3.0 and 300 nm at pH 

8.0. Our results indicate that dilution has no effect on the coating stability at low and 

neutral pH. 

We demonstrated that due to the adsorption of negatively charged FAs on the 

positively charged CeO2 NPs strong electrostatic complexes are formed at pH < pHPZC. 

Once formed such CeO2/FA complexes are stable with time and in changing 

environmental conditions (upon pH change and dilution). 
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Fig. III.6. (a) Zeta potential and (b) z-average hydrodynamic diameter of CeO2/FA 

complexes in pH and concentration changing conditions. Dilution factor corresponds to 

the following concentration values: C1 – CeO2 MNMs concentration is equal 100 mg/L, 

FAs concentration is 4 mg/L; C2 – [CeO2] = 50 mg/L, [FAs] = 2 mg/L; C4 – [CeO2] = 25 

mg/L, [FAs] = 1 mg/L; C10 – [CeO2] = 10 mg/L, [FAs] = 0.4 mg/L; C20 – [CeO2] = 5 mg/L, 

[FAs] = 0.2 mg/L. 
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Effects of pH and fulvic acids concentration on the stability of fulvic
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Environmental amounts of FAs are
sufficient to stabilize CeO2 NPs
suspensions.

� When pH < pHPZC strong electrostatic
complexes are formed between FAs
and CeO2 NPs.

� Stable complexes are obtained with
time and in pH changing conditions.

� Fulvic acids adsorption is changing
the CeO2 acid-base properties.

� Irreversible aggregates are formed
with successive addition of FAs
passing the IEP.
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a b s t r a c t

The behavior of cerium (IV) oxide nanoparticles has been first investigated at different pH conditions.
The point of zero charge was determined as well as the stability domains using dynamic light scattering,
nanoparticle tracking analysis and scanning electron microscopy. A baseline hydrodynamic diameter of
180 nm was obtained indicating that individual CeO2 nanoparticles are forming small aggregates. Then
we analyzed the particle behavior at variable concentrations of fulvic acids for three different pH-
electrostatic scenarios corresponding to positive, neutral and negative CeO2 surface charges. The pres-
ence of fulvic acids was found to play a key role on the CeO2 stability via the formation of electrostatic
complexes. It was shown that a small amount of fulvic acids (2 mg L�1), representative of environmental
fresh water concentrations, is sufficient to stabilize CeO2 nanoparticles (50 mg L�1). When electrostatic
complexes are formed between negatively charged FAs and positively charged CeO2 NPs the stability of
such complexes is obtained with time (up to 7 weeks) as well as in pH changing conditions. Based on zeta
potential variations we also found that the fulvic acids are changing the CeO2 acid-base surface prop-
erties. Obtained results presented here constitute an important outcome in the domain of risk assess-
ment, transformation and removal of engineered nanomaterials released into the environment.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their specific physicochemical properties, in comparison
to bulk materials, engineered nanoparticles are widely incorporated
into a large number of consumer products (Kessler, 2011). In
particular, cerium(IV) oxide (CeO2) nanoparticles (NPs) are currently
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used in several applications: as a component of catalytic converters,
as UV blocking or polishing agent or as diesel fuel additive (El-Toni
et al., 2006; Sajith et al., 2010). The growing consumption of prod-
ucts containing CeO2 NPs will constantly increase their presence in
the environment via industrial discharges or surface runoff from
soils or wastewater treatment effluents (Gottschalk and Nowack,
2011; Labille et al., 2010; Mitrano et al., 2014). When NPs enter in
aquatic systems they interact with natural colloids and microor-
ganisms and undergo different transformations. Nanoparticle sta-
bility, reactivity, bioavailability is strongly influenced by the
physicochemical characteristic of aquatic media such as pH, ionic
strength, presence of natural colloids and organic compounds
(Clavier et al., 2015; Grillo et al., 2015; Motellier et al., 2013; Petosa
et al., 2013).

One of the important components that define the fate of engi-
neered NPs in the environment is natural organic matter (NOM).
Generally, NOM consists of a mixture of humic substances, poly-
saccharides, algal and bacterial residues, viruses, polyacrylic, alginic
acids, DNA etc. (Wilkinson et al., 1999). From 20 to 50% NOM is
represented by humic substances (Frimmel and Abbt-Braun, 1999)
that are an assembly of organic macromolecules with heteroge-
neous functional groups such as hydroxyl (eOH), methyl (eCH3),
carboxyl (eCOOH), and is present in the aquatic environment in the
form of fulvic acids (FAs), humic acids (HAs) and humin. Humic
substances are very reactive, especially with water pollutants such
as metals, forming strong complexes with Fe(III), Al(III), Cu(II),
Mn(II) and other metals that leads to the transformation of original
materials (Neubauer et al., 2013; Rosa et al., 2007; Von
Wandruszka, 2000). NOM plays also an important role in
reducing the aggregation rates, stabilization and dispersion of
colloidal particles and engineered nanomaterials (Liu et al., 2012).
For example, CeO2 nanoparticle aggregation was found to be
reduced by the increase of the electrostatic repulsions in presence
of adsorbed NOM (Quik et al., 2010). Particle zeta potential
decreased from �15 to �55 mV and up to 88% of initially added
CeO2 NPs remained suspended in deionized water. In another
example, magnetic gFe2O3 NPs were coated with HAs ensuring the
colloidal stability due to the repulsive electrostatic and ster-
iceelectrostatic interactions (Ghosh et al., 2011). Li and Chen (2012)
also showed that even relatively low concentration of HAs (1 ppm)
had a stabilizing effect on CeO2 NPs even in presence of high con-
centration of monovalent electrolyte. The same authors showed
that behavior of CeO2 NPs in presence of divalent electrolyte was
related to the concentration of both humic substances and salt.
They determined the critical coagulation concentration (CCC) of KCl
and CaCl2 in the presence and absence of HAs. CCC was found to
increase at high HAs concentration, hence confirming the stabiliz-
ing effect of HAs. Keller et al. (2010) showed that organic substances
present in natural freshwater adsorb onto the surface of NPs
resulting in a barrier to aggregation. The same authors demon-
strated that in mesocosm freshwater, ceria, titanium and zinc oxide
NPs remained stable with size around 300 nm over time (500 min).
They also found that whenmetal oxide surface is coated with NOM,
the particle charge is defined by the charge of NOM. Such NOM-
metal oxide complexes were found negatively charged and the
attachment efficiency between them was so small that even an
increase in particle concentration had no effect on the aggregation
rate.

One of the important factors that affects the behavior of NPs in
the environment and determines its toxicity is the aggregation
state (Rodea-Palomares et al., 2011; R€ohder et al., 2014; Safi et al.,
2010; von Moos and Slaveykova, 2013). It is known that particle
size plays a key role in their reactivity and that smaller particles are
more toxic for organisms (Cong et al., 2011; Fabrega et al., 2011;
Moos et al., 2014). It should be noted that even if NPs enter the

environment in agglomerated state the presence of organic sub-
stances at natural concentration can lead to important surface
changes and redispersion. Loosli et al. (2014, 2013) showed that
environmentally relevant concentration of HAs can lead to the
disagglomeration of TiO2 NPs and change of surface charge towards
its further stabilization. Mohd Omar et al. (2014) also demonstrated
that Suwanee River HAs were able to promote partial disaggrega-
tion of zinc oxide NPs due to NOM coating.

Research on CeO2 NPs fate in an aquatic environment hasmainly
focus on toxicological studies (Molina et al., 2014; Rodea-Palomares
et al., 2011; R€ohder et al., 2014) and interaction with organic mat-
ters at short time scale (Grillo et al., 2015; Quik et al., 2010). Little
attention has been given to the stability of CeO2-NOM complexes
with time (weeks and months) and upon modification of the
physicochemical conditions of the dispersion media. Owing to the
CeO2 NPs unique properties investigation of their stability, surface
transformation and ageing in more and more realistic synthetic or
naturals waters has therefore to be developed to increase our un-
derstanding of the nanoparticle fate when released in natural
aquatic systems.

In this context, the aim of our study is to investigate the stability
and ageing of CeO2 NPs in the presence of NOM, particularly fulvic
acids, in a systematic way as a function of time and upon pH fluc-
tuations. First, CeO2 NPs are characterized; size distribution, zeta-
potential and the point of zero charge (PZC) of the nanoparticles
are defined. Then, environmentally relevant ranges of FAs con-
centration are chosen in order to investigate the effect of NOM on
particle behavior. We focused on three different scenarios 1)
interaction between positively charged NPs and negatively charged
FAs, 2) uncharged CeO2 NPs interactingwith negatively charged FAs
and 3) interaction between negatively charged NPs and negatively
charged FAs. Then, the stability of FAseCeO2 nanoparticle com-
plexes is investigated over time and versus pH changes by
considering size and surface charge variations.

2. Materials and methods

2.1. Materials

Uncoated CeO2 NPs as a powder were kindly provided from the
JRC Nanomaterials repository NanoMILE project (code name of
particles NM-212). The primary particle size is equal to
28.4 ± 10.4 nm and specific surface area 27.8 ± 1.5 m2 g�1 (XRD and
BET methods from Singh et al., 2014). The suspension of nano-
particles was prepared according to the dispersion protocol pro-
vided in the supporting information (SI, S1). First, a 1 g L�1 stock
suspension at pH 3.0 ± 0.1 was prepared. The sonication of this
suspension was done once after first preparation with sonication
probe. For the successive experiments dilution was made and a
suspension of 50 mg L�1 was prepared with ultrapure water (Milli
Q water, Millipore, Switzerland, with R > 18MOhm, TOC < 2 ppb).
Such concentration was used to optimize the signal during the
dynamic light scattering and electrophoretic measurements. So-
dium chloride was used as background electrolyte with concen-
tration 0.001 M to obtain stable signal during electrophoretic
measurements. pH was adjusted by adding appropriate amount of
diluted HCl and NaOH (Merck, Germany).

The Suwannee River Fulvic acids (Standard II, 2S101F) were
purchased from International Humic Substance Society, USA. First,
a 1 g L�1 solutionwas prepared and then diluted to 100mg L�1. This
solution was our stock solution from which we made our further
dilutions. FAs surface charge was negative in all range of pH (SI, S2).
All solutions were maintained in a dark place with temperature
between 0 and 4 �C.
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2.2. Particle characterization

Uncoated and FAs coated CeO2 NPs were imaged with a JEOL
JSM-7001FA scanning electron microscope (SEM). For each samples
10 mL of NPs suspensionwas placed on one aluminum stub covered
with 5 � 5 mm silica wafer Agar Scientific (G3390) and wrapped
with 3e5 nm of gold coating.

Zeta potential and z-average hydrodynamic diameter were
measured using laser Doppler technique and dynamic light scat-
tering method accordingly using a Malvern Zetasizer Nano ZS
(Malvern Instruments Ltd, UK). The autocorrelation function
accumulated ten runs for each samples for five parallel measure-
ments with time delay of 5 s. First, electrophoretic mobility was
measured and then Smoluchowsky approximation (Gregory, 2005)
was used to calculate zeta potential. Particle size distribution was
investigated using the nanoparticle tracking analysis (NTA) tech-
nique with a NanoSight LM14 instrument (NanoSight Ltd, UK). The
NTA LM14 consists of a nanoparticle viewing unit with an inte-
grated blue laser illumination (wave length of 405 nm), CMOS high
sensitivity camera and integrated temperature control unit. All
measurements were performed in triplicates.

2.3. Experimental procedures

For the experiments dealing with NPs and FAs complexes two
different suspensions of CeO2 NPs and FAs were prepared. First,
50 mg L�1 CeO2 suspensions at pH 3.0, 7.0 and 10.0 ± 0.1 were
prepared. Then a 100 mg L�1 stock solution of FAs was successively
added to achieve appropriate final concentrations. The time inter-
val between each FAs addition was 15 min. The agitation was done
during all experiment with magnet vortex with rotational speed
equal to 200 rpm.

The stability of FAseCeO2 complexes was investigated over a
long period of time, up to 7 weeks. Final concentrations corre-
sponded to 50 mg L�1 for CeO2 NPs and 2 mg L�1 for FAs and final
suspension pH was equal to 3.0 ± 0.1. The control of suspension pH
was made during all experiments and measurements were made
every week.

For experiments of stability versus pH a 50mg L�1 suspension of
CeO2 NPs with 2 mg L�1 FAs was prepared at pH 3.0 ± 0.1. After 2 h
of equilibration we sequentially increased the suspension pH from
3.0 to 10.0. The equilibration time between each measurement was
15 min.

3. Results and discussion

3.1. Characterization of cerium oxide nanoparticles

We combined different techniques to characterize CeO2 NPs and
to provide full information on particles size distribution,
morphology and surface charge.

First, size distribution and z-average diameter of CeO2 NPs at pH
3.0 ± 0.1 using two methods NTA and DLS (SI, S3) were measured.
We chose this pH as it corresponds to a stable domain regarding
aggregation and where NPs exhibit highly positive surface charges
(zeta potential was equal to þ51.3 ± 1.3 mV). Z-average diameter
and hydrodynamic diameter were found equal to 185 ± 75 nm
(DLS) and 177 ± 83 nm (NTA). The results were found in good
agreement between them and with literature data (Singh et al.,
2014). Such baseline hydrodynamic diameters suggest that indi-
vidual nanoparticles are forming aggregates when diluted in ul-
trapure water. In addition, the same suspension at pH 3.0 ± 0.1 was
investigated using SEM. Images presented in Fig. 1b illustrate the
formation of dimers, trimers and larger aggregates in ultrapure
water. Particle size varies from 30 nm for individual particles to

200e300 nm for aggregates. Our data correlates with TEM images
obtained by Singh et al. (2014) of CeO2 NPs which were found
aggregated and showed irregular shapes and non-homogeneous
primary particle size variation.

One important parameter that characterizes the stability
domain of nanoparticles is the PZC. To define the pHPZC we per-
formed electrophoretic mobility and size distribution measure-
ments in a range of pH from 3 to 10. The titration procedure was
made in presence of 0.001 M NaCl as background electrolyte.
Titration was performed from acid to basic environment by addi-
tion of 0.01 M NaOH. The equilibration time between each modi-
fication of pH was 15 min. The agitation was done during all
experiment with magnet vortex with rotational speed equal to
200 rpm. As shown in Fig. 1a, when pH < 4.5 ± 0.1 the surface of
CeO2 NPs is found strongly positively charged. NPs are stable in this
domain which is also confirmed by the size distribution with z-
average hydrodynamic diameters less than 200 nm. Further
increasing the pH leads to the decrease of surface charge until the
PZC is reached and then to charge inversion. The surface of CeO2
NPs is found strongly negatively charged at pH > 8.0 ± 0.1. In the
PZC region nanoparticle aggregation occurred and z-average hy-
drodynamic diameters are found in the range between 800 and
1500 nm. As illustrated in Fig. 1a further pH increase does not result
in a significant decrease of the z-average diameters (disaggrega-
tion). We found the value of pHPZC equal to 6.8 ± 0.1. This result is
close to the theoretical value of pHPZC ¼ 7 (Jolivet et al., 2000) and
to the experimental result obtained by Buettner et al. (2010), in
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Fig. 1. (a) Zeta potential and z-average hydrodynamic diameter variation as a function
of pH increase. In acid environment CeO2 NPs are positively charged whereas in basic
environment they are negatively charged. The pHPZC is found equal to 6.8 ± 0.1. Below
pH 4.5 ± 0.1 nanoparticles are stable with z-average diameters less than 200 nm
[CeO2] ¼ 50 mg L�1, [NaCl] ¼ 0.001 M. (b) SEM images of CeO2 NPs in ultrapure water
at pH 3.0 ± 0.1. We observe individual particles with diameters of 30 nm and aggre-
gates with sizes from 200 to 300 nm on SEM images. The size of individual particles
corresponds to the value provided by the manufacturer (NM-212 JRC repository).
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purewater with pHPZC¼ 6.5. In this study it was shown that the PZC
was a function of particle synthesis conditions and varied from 5.8
to 7.6 depending on the concentration of methanol that was used
for the synthesis. In the literature there is no consistency according
to the PZC of cerium oxide NPs. Quik et al. (2010) reported the PZC
of CeO2 NPs in deionized water was equal to 8.0 and a similar value
was found by Limbach et al. (2008). Differences can be explained by
the presence of various components/groups on the surface of
nanoparticles and in the composition variation of cerium oxides
(redox state) as particles are usually obtained from different sour-
ces (Baalousha et al., 2010; Zhang et al., 2004).

3.2. Effect of FAs on CeO2 NPs stability

We investigated the influence of different concentrations of FAs
on nanoparticle surface charge and size in three different pH do-
mains corresponding to three electrostatic scenario: at
pH ¼ 3.0 ± 0.1 < pHPZC, at pH ¼ 7.0 ± 0.1 close to pHPZC and at
pH ¼ 10.0 ± 0.1 > pHPZC.

pH < pHPZC. In this pH domain CeO2 NPs are initially strongly
positively charged. With increase of FAs concentration, surface
charge of particles changed from positive to negative values
(Fig. 2a). This pH domain represents favorable conditions for
adsorption of FAs molecules as they are negatively charged in all
range of pH (SI, S2). FAs and positively charged CeO2 are thus
forming electrostatic complexes. FAs concentration of 0.25 mg L�1

is needed to reach an isoelectric point (IEP). Then by further
increasing the FAs concentration charge inversion is obtained.
When FAs concentration is equal to 2 mg L�1 the value of zeta

potential is equal to�28.6 ± 0.7 mV. Below IEP, CeO2 NPs are stable
and their z-average hydrodynamic diameter is equal to the baseline
value found in part 3.1. At the IEP the surface charges of particles are
neutralized and results in aggregationwith an increase of z-average
hydrodynamic diameters up to 2700 nm. Further increase of FAs
concentration leads to stabilization (and partial disaggregation)
with z-average particle diameter around 1700 nm. To get insight
into the aggregate structure using SEMwe investigated mixtures of
CeO2 NPs and FAs with final concentrations equal to 50 and
2 mg L�1 accordingly (Fig. 2b). Aggregates were found embedded
into a matrix made of NOM. An organic coating around NPs was
observed if comparison is made with SEM pictures of the nano-
particles in ultrapure water (Fig. 1b).

pH ≈ pHPZC. We performed experiments at pH 7.0 ± 0.1. At this
pH the surface charge of CeO2 NPs is close to zero (Fig. 3a) and
results in particle aggregation with a z-average diameter equal to
824 ± 86 nm. Successive addition of FAs leads to the fast decrease of
zeta potential due to the adsorption of negatively charged FAs
molecules. The value of zeta potential is rapidly stabilized
around �35 mV after the first addition of FAs. Z-average particle
diameter is first growing up (at low FAs concentration) and then
decreases to 1500 nm hence indicating that the adsorption of FAs
leads to the stabilization (and partial disaggregation) of already
formed aggregates. Electrostatic and steric repulsion forces are not
here strong enough to disagglomerate aggregates to their initial
baseline size or towards the dispersion of individual NPs.

pH > pHPZC. We performed the experiments at pH 10.0 ± 0.1. At
this pH both NPs and FAs exhibit a negative surface charge. CeO2
initial zeta potential is equal to �33.2 ± 0.8 mV (Fig. 3b). The
presence of FAs is not changing significantly the values of CeO2 zeta
potential that are around�36 mV in all range of FAs concentrations
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Fig. 2. (a) Zeta potential and z-average hydrodynamic diameter of CeO2 NPs in the
presence of different concentrations of FAs at pH < pHPZC. 0.25 mg L�1 FAs is needed to
change the nanoparticle charge from positive to negative and to stabilize the sus-
pension. A good agreement is found between zeta potential variation and the
aggregation-stabilization of the CeO2 suspension [CeO2] ¼ 50 mg L�1 (b) SEM images
of CeO2 NPs with FAs 2 mg L�1 at pH 3.0 ± 0.1. A significant coating is observed when
comparison is made with images obtained in ultrapure water.
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Fig. 3. Zeta potential and z-average hydrodynamic diameter of CeO2 NPs in the
presence of different concentration of FAs. (a) pH ¼ 7.0 ± 0.1 close to pHPZC, (b)
pH ¼ 10.0 ± 0.1 > pHPZC. In presence of FAs, CeO2 zeta potentials are found significantly
negative. At the pHPZC, 0.25 mg L�1 of FAs is found sufficient to stabilize the CeO2

aggregates.
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up to 2 mg L�1. We found a small decrease of z-average particle
diameter in presence of FAs from 720 ± 28 to 600 ± 45 nm. Such
changes can be related to the limited adsorption of NOM on the
particle surface, due to the presence of hydrophobic interactions
(Palomino et al., 2013).

3.3. Stability of FAseCeO2 NPs complexes

Considering the results obtained in part 3.2 we decided to check
the stability of FAs e CeO2 NPs complexes over time and by
changing the pH. Electrostatic complexes were formed by consid-
ering a 50 mg L�1 CeO2 suspension with a final FAs concentration
equal to 2 mg L�1 at pH 3.0 ± 0.1. In such condition negatively
charged complexes are formed with a z-average hydrodynamic
diameter equal to 220 ± 40 nm and zeta potential�25 ± 7mV. If we
compare this value with average hydrodynamic diameter in Fig. 1a,
we can conclude that the way how the aggregates were formed
plays a crucial role in final particle size. When the particles pass
through IEP the formation of aggregates is irreversible process due
to the importance of particleeparticle van der Waals and particle-
FAs-particle hydrophobic interactions which are increasing the
aggregate cohesive energy. Addition of supplementary amount of
FAs does not lead to the disaggregation, regarding the change of
surface charge. Nevertheless, direct addition of the same amount of
FAs is enough to create a coating around nanoparticles due to the
electrostatic interaction between oppositely charged NPs and FAs
that leads to their stabilization.

3.3.1. Stability with time
Stability data are shown in Fig. 4. We measured zeta potentials

and z-average hydrodynamic diameters during 7 weeks of four

independently prepared suspensions. We showed that FAs
adsorption, surface charge inversion and stabilization of NPs are
fast processes. Both z-average particle diameters and zeta potential
values are found stable with time. The values of nanoparticle zeta
potential were found equal to �25 ± 7 mV. Z-average hydrody-
namic diameter was also stable up to 7 weeks and was in the range
220 ± 40 nm i.e. slightly higher than the baseline value obtained in
the absence of FAs. Our results then suggest, and as a first
approximation, that the adsorbed FAs layer thickness is close to
35 nm i.e. small in comparison with the aggregate sizes.

3.3.2. Stability with pH change
As shown in section 3.1, pH variation is expected to change the

nanoparticle surface properties from positive charges at low pH to
negative charges at high pH. Zeta potential and z-average diameter
variations of coated CeO2 NPs as a function of pH are presented in
Fig. 5a. First, it should be noted that the zeta potential is negative in
all pH range and is decreasing from �24.0 ± 0.9 to �49.7 ± 2.5 mV.
Two different domains are obtained. In the first domain, the values
of zeta potential rapidly decrease with increase of pH
from �24.0 ± 0.9 to �45.2 ± 0.9 mV until the pH corresponding to
the PZC. Then, above the pHPZC the increase of pH does not
significantly influence zeta potential that is now in the range
from �45.2 ± 0.9 to �49.7 ± 2.5 mV. Meanwhile, we observed a
constant z-average hydrodynamic diameter that was equal to
220 ± 40 nm in all pH range. Such variations can be explained by
the electrostatic properties of the FAseCeO2 complexes and in
particularly by the modification of the acid-base properties of CeO2
NPs in presence of FAs. At pH 3 nanoparticles are positively charged.
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Fig. 4. Stability of CeO2 NPs coated with FAs at 2 mg L�1 with time. Zeta potential (a)
was stable over time with a value equal to �25 ± 7 mV as well as z-average diameter
(b) which was stable and equal to 220 ± 40 nm. Different symbols correspond to four
independent experiments in the same experimental conditions.

2 3 4 5 6 7 8 9 10 11 12
-55

-50

-45

-40

-35

-30

-25

-20

-15

pH
PZC

2 3 4 5 6 7 8 9 10 11 12

150

200

250

300

pH

z-
av

er
ag

e 
hy

dr
od

yn
am

ic
 d

ia
m

et
er

 (n
m

)

pH

a)

ζ-
po

te
nt

ia
l (

m
V

)
Fig. 5. (a) Variation of zeta potential and z-average hydrodynamic diameter (insert) of
CeO2 NPs coated with FAs as a function of pH. Zeta potential is found to decrease
rapidly until the pHPZC due to the deprotonation process of the CeO2 NPs. Then a
plateau value is obtained indicating that the presence of negatively charged FAs limits
the presence of negative charges at the nanoparticle surface. Stability of z-average
hydrodynamic diameter is observed in the full pH range. (b) Schematic representation
of CeO2 surface charge variation as a function of pH. At pH 3.0 ± 0.1 FAseCeO2 NPs
complexes are negatively charged. With pH inverse the CeO2 surface charge is
deprotonated until pHPZC. By increasing pH, the emergence of negative surface charge
at CeO2 surface is limited by the presence of negatively charged FAs.
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Consequently, addition of negatively charged FAs leads to the rapid
adsorption of FAs on the nanoparticle surface (Fig. 5b). A 2 mg L�1

FAs concentration induces a rapid and significant charge inversion
of CeO2 NPs. After formation of FAseCeO2 complexes zeta potential
is negative and the particle hydrodynamic diameter increased from
baseline value 185 nm to 220 nm. Then increase of pH leads to the
decrease of the value of zeta potential due to the neutralization of
the positively charged surface sites of CeO2 NPs by hydroxyl ions
(Jolivet et al., 2000) according to the equation (1):

M� OHþ
2 þ OH�/M� OHþ H2O (1)

The neutralization of CeO2 surface charge occurs at a pH value
which is close to the pHPZC as shown in Fig. 5a. Then by increasing
further the pH, since zeta potential is stable, the second deproto-
nation step (2):

M � OH þ OH� 4 M � O� þ H2O (2)

is found more difficult to achieve. Further surface deprotonation
above pHPZC is not significant enough because of the increase of
repulsive electrostatic interactions due to the presence of nega-
tively charged FAs at the nanoparticle surface. The particle size did
not change during the pH modification and equal to 220 nm owing
to the high cohesive energy between FAs and NPs. To destabilize
formed complexes the desorption of FAs molecules should be done,
but this process is not energetically favorable. This is an important
point indicating that FAs adsorption at the nanoparticle surface can
significantly change their surface acid-base properties.

4. Conclusion

The behavior of CeO2 NPs in presence of FAs was investigated
using three complementary techniques (DLS, NTA and SEM), two
main parameters (average diameter and zeta potential) were
analyzed and we focused on influence of pH and FAs concentration.
The first important outcome here is to show that the way how the
FAseCeO2 NPs complexes were formed influence the size and
further behavior of particles. When the FAs concentration is grad-
ually increased we demonstrated the formation of large aggregates,
contrarily direct addition of low FAs concentrations, representative
of environmental freshwater conditions, is found sufficient to sta-
bilize relatively highly concentrated CeO2 NPs suspensions against
aggregation. In addition, when pH < pHPZC strong electrostatic
complexes are formed between FAs and CeO2 NPs and charge
inversion is observed.

The second important outcome indicates that the FAseCeO2
complexes, once formed, are stable with time up to 7 weeks but
also regarding important pH variations. We believe this constitutes
an important result since, from environmental risk assessment
point of view, stabilization of CeO2 NPs with time and in changing
pH conditions could significantly enhance their mobility and resi-
dence time throughout aquatic systems and water treatment
processes.
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IV.1 Introduction 

To understand the fate of CeO2 NPs in natural environment the systematic study of the NP 

behaviour in relevant natural water conditions should be performed. When NPs are 

released to natural aquatic system many processes occur such as aggregation, coating, 

sedimentation, dispersion and dissolution which are dependent on the particle as well as 

water properties. The concentration of divalent ions, water pH and concentration of 

dissolved organic carbon are defined (Ottofuelling et al., 2011) as main parameters which 

influence TiO2 NPs aggregation in synthetic and natural waters. NOM from naturally water 

reach in organic matter is more effective in stabilising NPs compared to NOM surrogate 

such as Suwannee River. Keller et al. (2010) studied the behaviour of TiO2, ZnO and CeO2 

NPs in eight different types of water from seawater to river and groundwater. They 

showed that the electrophoretic mobility in various water is independent of pH but 

strongly influenced by NOM and ionic strength. The adsorption of NOM onto the NP 

surface reduced their aggregation, stabilising them under many environmental 

conditions. The presence of inorganic colloids is another factor that can influence the 

stability of NPs in natural water (Labille et al., 2015; Praetorius et al., 2014). It was shown 

by Labille et al. (2015) that the aggregation of TiO2 NPs in the presence of smectite clays 

is mainly driven by heteroaggregation whereas the homoaggregation between NPs is 

negligible. 

In this chapter, we investigate the stability of pristine CeO2 NPs and FA coated CeO2 

NPs at different FA concentrations in ultrapure water considering several scenarios. The 

effect of pH variation on CeO2/FA complexes is studied. The behaviour of pristine and FAs-

coated CeO2 NPs when added in solutions at environmental pH is also investigated. Then 

the stability of CeO2 NPs in synthetic waters without and in the presence of variable FA 

concentrations has been studied. Finally, the comparison of results is made with Lake 

Geneva water. The mechanisms responsible for the CeO2 aggregation are discussed. 

 

IV.2 Main results 

To investigate the role of FAs on CeO2 NP stability we studied uncoated and coated NPs in 

changing pH conditions. First, we prepared three suspensions, pristine CeO2 and coated 

CeO2 with 0.5 and 2 mg/L FAs, at pH 3. Then we increase the pH. Even at low pH in the 

presence of FAs a charge reversal is obtained, zeta potential is equal to –6.2 ± 0.6 and –

22.0 ± 0.7 mV for 0.5 and 2 mg/L, respectively. With increase of pH, zeta potential of 
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pristine particles decreases and then charge inversion is observed, whereas for coated 

particles zeta potential became even more negative. Coated with 2 mg/L FAs CeO2 is 

stable in full pH range with constant diameters which are equal to 210.8 ± 9.6 nm. In the 

absence and at low FA concentration the aggregation is observed due to the dominance of 

the attractive van der Waals forces over the electrostatic repulsive forces. 

A synthetic water, which reproduces the chemical composition of Lake Geneva 

water, was considered to mimic the ionic composition. CeO2 NPs were introduced to this 

synthetic water as well as in filtered Lake Geneva water to investigate the stability of NPs 

in environmental conditions. Zeta potential and z-average hydrodynamic diameter 

measured in the different water samples are presented in Fig. IV.1. S1 corresponds to CeO2 

in synthetic water, S2 and S3 to CeO2 in synthetic water in the presence of FAs (0.5 and 2 

mg/L), respectively, and S4 corresponds to CeO2 in filtered Lake Geneva water. In all 

water samples zeta potential was negative and varied in the range from –13.3 ± 0.6 mV to 

–23.4 ± 0.8 mV (Fig. IV.1a). The presence of 2 mg/L FAs is found to stabilise CeO2 NPs 

despite the effect of ionic strength, z-average diameter is equal to 224 ± 8 nm. In the 

presence of 0.5 mg/L FAs, suspension is found less stable with the size of aggregate up to 

2000 nm. CeO2 is mostly aggregated in pure synthetic water (S1) with z-average diameter 

up to 4000 nm due to the effect of mono and divalent electrolytes. 

In Lake Geneva water (S4) CeO2 NPs are also found aggregated in contrast to the 

sample S3 which is expected to fully represent the chemical composition of natural Lake 

Geneva water. Such results indicate that the presence of inorganic colloids as well as the 

heterogeneity of dissolved organic matter in natural water have different properties, 

reactivity and more important effects on the stability of CeO2 NPs compared to solutions 

containing Suwanee River FAs. Our results are also supported by SEM images (Fig. IV.2) 

of CeO2 NPs in filtered Lake Geneva water indicating the formation of large 

heteroaggregates in which CeO2 are embedded in a complex matrix made of dissolved 

organic matter, natural salts and inorganic colloids. 
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Fig. IV.1. (a) Zeta potential and (b) z-average hydrodynamic diameter of CeO2 NPs as a 

function of time in different water samples: S1 – synthetic water; S2 – synthetic water 

with 0.5 mg L–1 FAs; S3 – synthetic water with 2 mg L–1 FAs; S4 – Lake Geneva water. A 

good agreement is obtained between zeta potential values and hydrodynamic diameters. 
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Fig. IV.2. SEM images of CeO2 NPs in natural Lake Geneva water. NPs are found 

aggregated and embedded in a complex matrix made of dissolved organic matter, 

natural salts and inorganic colloids. 
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• Fulvic acids coating is stable in pH
changing conditions.

• Stability of CeO2 in synthetic and ultra-
pure waters is improved by fulvic acids.

• In Lake Geneva water CeO2 aggregation
is observed.

• Competitive processes are controlling
CeO2 surface properties and stability.
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Understanding the behavior of engineered nanoparticles in natural water and impact of water composition in
changing conditions is of high importance to predict their fate once released into the environment. In this
studywe investigated the stability of uncoated and Suwannee River fulvic acids coatedCeO2manufactured nano-
particles in various environmental conditions. The effect of pH changes on the nanoparticle and coating stability
was first studied in ultrapure water as well as the variation of zeta potentials and sizes with time in presence of
fulvic acids at environmental pH. Then the stability of CeO2 in synthetic and natural Lake Geneva waters was in-
vestigated as a function of fulvic acids concentration. Our results indicate that the adsorption of environmentally
relevant concentrations of Suwannee River fulvic acids promotes CeO2 stabilization in ultrapure water as well as
synthetic water and that the coating stability is high upon pH variations. On the other hand in natural Lake Ge-
neva water CeO2 NPs are found in all cases aggregated due to the effect of heterogeneous organic and inorganic
compounds.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Ceriumdioxide (CeO2) nanoparticles arewidely used in different ap-
plications such as additives to diesel fuels, components of interior coat-
ing of self-cleaning ovens and in many electrochemical devices (Garcia
et al., 2005; Reed et al., 2014). The presence of such nanoparticles in a
large number of commercial products is expected to result in their
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release into the environment through effluents fromwaste water treat-
ment plants, aerosol deposition, industrial spillage and possible local
pollution events (Gottschalk and Nowack, 2011; Neal et al., 2011). The
fate and behavior of manufactured nanoparticles (NPs) in the environ-
ment depend on many physical and chemical processes such as aggre-
gation (homo-aggregation and hetero-aggregation), coating,
sedimentation, dispersion and dissolution, but also on the intrinsic
nanoparticle properties (size, shape and surface charge) and the chem-
istry of surrounding medium (pH, ionic strength) (Ghosh et al., 2014;
Labille et al., 2014; Sani-Kast et al., 2015). In addition, when NPs enter
in aquatic systems they interactwith different components, such as nat-
ural organic matter (NOM), dissolved ions, and inorganic particles.
NOM, in particular humic substances, are expected to adsorb and form
a coating on the NPs surface (Schaumann et al., 2015; Yang et al.,
2009). Such a coating can result in NPs stabilization or disaggregation
as shown by Baalousha (2009) and Loosli et al. (2014). On the other
hand, the presence of mono- and divalent electrolytes preferentially re-
sults to fast aggregation via cation bridging and surface charge screen-
ing processes (Loosli et al., 2015). Humic substances represent a major
part of NOM in natural water and are present in the form of fulvic
acids (FAs), humic acids (HAs) and humin (Frimmel, 1998; Frimmel
and Abbt-Braun, 1999). FAs are mixtures of different types of organic
acids and aremore reactive compared toHAs due to the high concentra-
tion of hydroxyl (–OH) and carboxyl (–COOH) groups. FAs have low
molecular weights and are soluble in a large pH range (Pettit, 2004).
FAs have different effects than HAs on colloid surfaces (Harbour et al.,
2007) and nanoparticles (Domingos et al., 2009; Oriekhova and Stoll,
2016).

The stability of NPs regarding aggregation and importance of natural
organic matter in natural and synthetic waters has been investigated in
the literature by considering many different situations. Ottofuelling
et al., (2011) investigated colloidal stability of commercial TiO2 NPs in
different types of synthetic and natural waters. The authors identified
the key parameters having the strongest influence on the NPs aggrega-
tion behavior. These parameters are the concentration of divalent ions,
the water pH and the concentration of dissolved organic carbon. In ad-
dition, they found that NOM surrogate (Suwannee River natural organic
matter) was less effective in stabilizing NPs in comparison with natural
water which is rich in organic matter. To explain the stabilization effect
of NOM on the NPs behavior it is important to consider the different
possible mechanisms of NPs aggregation. Keller et al. (2010) studied
the behavior of three different metal oxide nanoparticles (TiO2, ZnO
and CeO2) in eight different aqueous media from seawater to river
and groundwater. They showed that NOM and ionic strength are dom-
inant factors in particle electrophoretic mobilities and that the adsorp-
tion of NOM onto the NPs surface significantly reduced their
aggregation, stabilizing them under many environmental conditions.
Metreveli et al. (2015) studied the disaggregation processes of citrate
coated AgNPs in a Rhine Riverwatermatrix. It was shown that the pres-
ence of Suwannee River humic acid induces electrosteric stabilization of
particles at low Ca2+ concentrations and cation-bridging flocculation at
high Ca2+ concentrations. The environmental fate of silver nanoparti-
cles in seawater mesocosms was also studied by Cleveland et al.
(2012). It was shown that silver NPs were rapidly removed from
water column by adsorption to the sediment and biomass, dissolution
and formation of chloro-complexes. Quik et al. (2010) also considered
the adsorptionof NOMon theNPs surface as themainmechanism tode-
crease the sedimentation of CeO2 NPs in algae medium. However, the
authors didn't mention the type of humic substances they used and
they performed the experiments at fixed pH and only in algae medium.
In later research (Quik et al., 2014) they focusedmore on the estimation
of hetero-aggregation rates in order to use these data for parametriza-
tion during modeling. They demonstrated that in natural river water
(from river Rhine) natural colloids play a dominant role in hetero-
aggregation of CeO2 NPs. Studying the aggregation processes of TiO2

NPs with natural colloids, by considering smectite clays, Labille et al.

(2015) demonstrated that the fate of released NPs in natural water is
mainly driven by hetero-aggregation with natural colloids whereas
the homo-aggregation of NPs is negligible.

Despite of the existing studies on NPs behavior in different types of
natural waters (river, ground and seawater) the stability and properties
of the complexes they can form with NOM is still not well understood.
Therefore, a better knowledge of NPs stability (including agglomeration,
disagglomeration, surface coating, and pH change effects) both in syn-
thetic and natural waters is still necessary in order to predict the fate
of NPs in the environment. In the present work, we investigate and
compare the behavior of CeO2 NPs by considering several complemen-
tary scenarios. The first one is related to the influence of pH variation
on the stability of uncoated and FAs-coated CeO2 NPs, coating stability,
and behavior of CeO2 NPs when added in solutions at environmental
pH and containing FAs. This study was performed in ultrapure water
so as to better isolate key parameters and for comparisonwith synthetic
waters. Then the stability of CeO2 NPs has been investigated in various
synthetic waters at variable FAs concentration. Finally comparison was
made by considering Lake Geneva water as a dispersion medium for
the CeO2 NPs.

2. Materials and methods

2.1. CeO2 NPs

CeO2 NPs were provided as a powder from JRC nanomaterial repos-
itory (Ispra, Italy) and as a part of NanoMILE projectwith the code name
NM-212, corresponding to uncoated particles with primary particle di-
ameter equal to 28 ± 10 nm and a specific surface area equal to
27.2±0.9m2 g−1 (Singh et al., 2014). Concerning the dispersion proto-
col, the powder was weighed and dispersed in ultrapure water, previ-
ously adjusted pH to 3.0, to obtain a 1 g L−1 CeO2 stable stock
suspension. Sonication during 15 min was done using an ultrasonic
probe (Sonics Vibra cell, probe model CV18, Blanc Labo S.A.,
Switzerland). We applied the following parameters: ultrasonic proces-
sors – 130 W; resonance frequency of probe – 20 kHz; amplitude –
75%. Aliquots of the stock suspension were used to prepare diluted sus-
pensions for further experiments. A 50 mg L−1 CeO2 suspension was
used in all experiments unless indicated. Such a concentration was
used to optimize the signal during the dynamic light scattering and elec-
trophoretic measurements. A detailed protocol how to prepare the sus-
pension from powder is provided in Oriekhova and Stoll (2016).

To adjust the suspension pHs, diluted sodium hydroxide and hydro-
chloride acid 0.01 M solutions (NaOH and HCl, Titrisol®113, Merck,
Switzerland) were used. All stock solutions were stored in a dark
place at 4 °C.

2.2. Fulvic acids (FAs)

Suwannee River Fulvic acid Standard II, 2S101F (International
Humic Substance Society, USA) was used as a surrogate of NOM. The
corresponding powder was diluted in ultrapure water to obtain stock
solutions of 1 g L−1, and, a 100mg L−1 solutionwas prepared for further
dilution. To induce theNOMcoating around CeO2 NPs, 0.5 and 2mg L−1

FAs solutions were used. A 0.5 mg L−1 FAs solution was used owing to
the fact that this concentration is close to the isoelectric point conditions
(Oriekhova and Stoll, 2016). A 2 mg L−1 FAs concentration was used as
it corresponds to i) an excess of NOM and ii) the reported concentration
of dissolved organic carbon in Lake Geneva water (Table 1).

2.3. Synthetic water

Tomimic the composition of Lake Geneva water (Table 1) we devel-
oped a method to prepare the synthetic fresh water solutions based on
thework of Hammes et al. (2013) and Smith et al. (2002). The following
electrolytes were used; CaCl2·6H2O, MgCl2·6H2O, Mg(NO3)2·6H2O,
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CaSO4·2H2O, CaCO3, NaHCO3, KHCO3. All chemicals were reagent grade
or better (Fluka, Acros Organics and Sigma-Aldrich, Switzerland). The
protocol and the corresponding concentrations of electrolytes are pro-
vided in supporting information (SI1). The presence of organic carbon
was imitated by addition of FAs.

2.4. Lake Geneva water

Lake Geneva water was sampled in Versoix (GE, Switzerland). Be-
fore performing the experiments, water was filtered with a pore size
equal to 0.45 μm, analyzed and stored in a dark place at constant tem-
perature (4 °C) no longer than three weeks. The major ion composition
and physicochemical parameters were measured and are provided in
supporting information (SI2).

2.5. SEM imaging and X-ray energy dispersive spectrometry

A JEOL JSM-7001FA scanning electron microscope (SEM) was used
to obtain images of CeO2 NPs in synthetic and natural waters. For each
sample, 10 μL of the NPs dispersion were placed on one aluminum
stub covered with a 5 × 5 mm silica wafer Agar Scientific (G3390) and
wrapped with 3–5 nm of gold or platinum coating. Energy dispersive
spectrometry (EDS) was performed on samples of natural Lake Geneva
water with CeO2 NPs. The spectra were relatively qualitative due to the
high scanning volume in comparison to the size of natural colloids, CeO2

NPs concentration and presence of the silica wafer which gave the
higher responses. The instrument was set with following parameters:
voltage 15 kV, probe current 1 nA.

2.6. Dynamic light scattering methods (DLS)

Particle size distribution and z-average hydrodynamic diameters of
uncoated and FAs coated NPs, as well as NPs in synthetic and natural
waters, were measured with a Malvern Zetasizer Nano ZS (Malvern In-
struments Ltd, UK). The autocorrelation function accumulated at least
ten runs for each samples for five parallel measurements with time
delay of 5 s. The Stokes-Einstein equation (1) was applied to calculate
the hydrodynamic diameter dH from the translational diffusion coeffi-
cient D according to,

dH ¼ kT
3πηD

: ð1Þ

The polydispersity index for stabilized particles (coated and un-
coated) was not found greater than 0.3 and for aggregated particles
was found less than 0.6. To obtain the zeta potential, the electrophoretic
mobility was measured using the Doppler technique with the Malvern
Zetasizer Nano ZS and then the Smoluchowski equation (Gregory,

2005) was used:

UE ¼ εξ
η
: ð2Þ

To characterize the uncoated CeO2 NPs, 100mL of the 50mgL−1 sus-
pension were prepared at pH 3.0 ± 0.1 with 0.001 M NaCl as a back-
ground electrolyte. The pH was increased from pH 3.0 to 10.0 using
0.01 M NaOH. Z-average hydrodynamic diameter and zeta potential
were systematically measured 15 min after pH adjustment. The control
of pH was done during all experiments with a Hach Lange HQ40d por-
tablemeter and a pH probe PHC101 (Hach Lange, Switzerland). Suspen-
sion homogenization was achieved in all experiments by using a
magnet vortexwith rotational speed equal to 200 rpm. The same proce-
dure was used for coated CeO2 NPs. 50 mg L−1 CeO2 NPs suspensions
with 0.5 and 2 mg L−1 FAs were prepared at pH 3.0 so as to obtain
NOM-coated NPs. DLS measurements were performed after each in-
crease of pH.

To follow theNPs stability with time and at varied FAs concentration
three independent CeO2 suspensions were prepared in ultrapure water
with 0.5 and 2mg L−1 FAs. Z-average hydrodynamic diameters and zeta
potentials were measured immediately after preparation and every
30 min during 2 h and after each 6 h during 24 h. The same procedure
was used in the case of synthetic and filtered Lake Geneva waters.

3. Results and discussion

To get an insight into the role of NOMonCeO2 NPs stability aswell as
NOM coating stability we studied first a simplified system by consider-
ing uncoated and coatedNPs in changing pH conditions. Then the role of
organic coating was investigated in synthetic waters and comparison
was made with Lake Geneva water.

3.1. Influence of pH variation on uncoated and coated CeO2 NPs

Zeta potential variation as a function of pH for uncoated and coated
CeO2 NPs is first investigated (Fig. 1a). Coated CeO2 are prepared at low
pH bymixing positively charged CeO2 NPs with negatively charged FAs.
In the absence of FAs (uncoated) CeO2 dispersed in ultrapurewaterwith
a background electrolyte 0.001 M NaCl at pH 3.0 ± 0.1 have a positive
surface charge with a zeta potential value equal to +51.3 ± 1.3 mV
and z-average hydrodynamic diameter equal to 173.4 ± 5.6 nm. On
the other hand, CeO2 NPs coated with FAs at 0.5 and 2 mg L−1 in the
same pH conditions exhibit negative surface charges, with a zeta poten-
tial equal to−6.2 ± 0.6 and−22.0± 0.7mV, respectively. Here, in the
presence of FAs, charge reversal is obtained at low pH denoting the
strong affinity between positively charged CeO2 and negatively charged
FAs thus resulting in the formation of strong FAs-CeO2 complexes. In-
crease of pH for uncoated particles leads to charge inversion with a
point of zero charge (PZC) equal to 6.8 ± 0.1 as shown in Fig. 1a. On
the other hand coated NPs zeta potential values remain negative in
the full pH range and a continuous decrease of the zeta potential is ob-
served until the PZC of the CeO2 NPs.

As indicated in Fig. 1b, z-average hydrodynamic diameters for un-
coated NPs increase up to 2000 nm with change of pH from acid to
basic conditions. When pH reaches the PZC region NPs are aggregated
irreversibly since no significant decrease of the z-average hydrody-
namic diameter is observed with charge reversal. For coated NPs with
2 mg L−1 FAs, the diameters are found constant and equal to 210.8 ±
9.6 nm in the full pH range (Fig. 1b). This denotes the strong stabilizing
effect of FAs coating (both steric and electrostatic) regardless pH chang-
ing conditions. However, when the concentration of FAs is not high
enough to saturate NPs surface (FAs concentration equal to
0.5mgL−1) suspension behavior ismore complex. At pH3.0 zeta poten-
tial is equal to−6.2 ± 0.6 mV. This value generally corresponds to un-
stable conditions if reference to DLVO theory (Elimelech et al., 1998) or

Table 1
Concentration of major elements in Lake Geneva water (Rapin and Klein, 2011;
Strawczynski, 2011).

Name of element Unit Value

Dissolved organic carbon mg C L−1 0.95
Nitrate, NO3

2− mg N L−1 0.61
Sodium Na+ mg L−1 6.42
Potassium K+ mg L−1 1.57
Calcium Ca2+ mg L−1 45.3
Magnesium Mg2+ mg L−1 6.16
Chloride Cl− mg L−1 9.13
Sulfate SO4

2− mg L−1 47.71
Alkalinity mg L−1 of CaCO3 92
Suspended particulate matter mg L−1 1
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experimental results (Li and Sun, 2011; Palomino et al., 2013) is made.
NPs aggregation can occur due to the predominance of van der Waals
(vdW) forces over the electrostatic repulsive forces. The aggregate
mean hydrodynamic diameters are then equal to 1405 ± 240 nm and
they decrease to 763 ± 53 nmwith the increase of pH. This disaggrega-
tion process is expected to be related to the increase of the electrostatic
forces within the aggregates due to the increase of electrostatic charge
of the FAs.

These results indicate the strong size stabilizing effect of NOMwhen
surface coating is completely achieved even in pH changing conditions.

3.2. Time stability of CeO2 NPs in presence of NOM at environmental pH

To understand the effect of FAs concentration on NPs stability at en-
vironmental pH we investigated the variation of zeta potentials and z-
average hydrodynamic diameters with time in three different condi-
tions (Fig. 2).

First, positively charged NPs from the stock suspension were dis-
persed in ultrapure water at pH 8.0. In Fig. 2a we observe a continuous
decrease of particle surface charge with time followed by charge inver-
sion. At low pH NPs surface is here positively charged due to the pres-
ence of [M–OH2]+ groups (Jolivet et al., 2000). Then the increase of
pH leads to deprotonation and formation of negatively charged [M–
O]− groups on the NPs surface (Fig. 3a). It should be noted that the sta-
bilization of surface charge does not occurred immediately but 60 min
after the mixing. Then the zeta potential became stable and equal to
−32.4 ± 0.9 mV (Fig. 2a, squares). Meanwhile large aggregates are

rapidly formed with z-average diameters equal to 1457 ± 241 nm due
to the fact that the NPs surface charge rapidly decreases through the
point of zero charge resulting in a decrease of the electro repulsive
forces. It should be noted that pH was maintained stable at pH 8.1 ±
0.2 by addition of appropriate amounts of diluted NaOH and that no sig-
nificant pH variation was observed after pH stabilization.

Then in a second time, positively charged CeO2 NPs were added to a
suspension containing 0.5 and 2 mg L−1 FAs at pH 8.0. In contrast with
previous result NPs surface chargewas found to change almost immedi-
ately and became stable during full time of experiment. The mean
values of zeta potential during 60 min were found equal to −46.7 ±
1.0 and −47.7 ± 1.5 mV for 0.5 and 2 mg L−1, respectively. As shown
in Fig. 3b at pH 3.0 [M–OH2]+ groups are prevailing on the NPs surface
resulting in a positive surface charge.When positive NPs are introduced
to ultrapure water that contains highly negatively charged FAs, the ad-
sorption of the organic molecules occurs immediately due to the elec-
trostatic attractive interactions, hence changing the surface charge
properties of NPs from positive to negative (Fig. 3b). Moreover, FAs
coating is found to preventNPs from aggregation, since z-average diam-
eters are equal to 200.5 ± 7.7 nm and 204.2 ± 11.0 nmwhen FAs con-
centration is equal to 0.5 and 2mg L−1, respectively (Fig. 2b, circles and
up triangles).

Results of section 3.1 and 3.2 clearly indicate thatwhen two routes of
NOM-CeO2 NPs complexes formation are considered (forming first the
FAs-CeO2 complexes at low pH then adjusting pH to 8, versus mixing
FAs and CeO2 at fixed pH = 8) final NOM-CeO2 NPs properties can be
very different in particular regarding the aggregate formation.

Fig. 1. (a) Zeta potential and (b) z-average hydrodynamic diameters as a function of pH of
CeO2 NPs uncoated and coated with FAs. Experimental condition: [CeO2] = 50 mg L−1,
[NaCl] = 0.001 M, starting pH = 3.0 ± 0.1, [FAs] = 0.5 mg L−1 and [FAs] = 2 mg L−1.
For uncoated CeO2 NPs charge inversion is observed with an increase of pH. For CeO2

NPs coated with FAs zeta potential is negative and is decreasing with increasing pH.

Fig. 2. (a) Zeta potential and (b) z-average hydrodynamic diameter of uncoated and
coated with 0.5 and 2 mg L−1 FAs CeO2 NPs as a function of time. Experimental
condition: [CeO2] = 50 mg L−1, pH = 8.1 ± 0.2, [FAs] = 0.5 mg L−1 and [FAs] =
2 mg L−1. In the presence of FAs NPs are stabilized in contrast with NPs in in the
absence of FAs.
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3.3. Behavior of CeO2 NPs in synthetic and natural waters

To get an insight into the behavior of CeO2 NPs in conditions more
representative of environmental systems two types of samples are
now considered: synthetic water which is expected to reproduce the
chemical composition of Lake Geneva water and filtered water from
Lake Geneva. Positively charged NPs from the stock suspension were
added to these samples to obtain a final concentration equal to
50mg L−1. Zeta potential and z-average hydrodynamic diameter varia-
tions as a function of time in the different water samples are presented
in Fig. 4. S1 corresponds to CeO2 in synthetic water, S2 and S3 to CeO2 in
synthetic water with two different FAs concentrations equal to 0.5 and
2 mg L−1 respectively. S4 corresponds to CeO2 in filtered Lake Geneva
water. In all cases the NPs surface charge is found to rapidly change
from positive +51.3 ± 1.3 mV to negative values in a range from
−13.3 ± 0.6 mV to−23.4 ± 0.8 mV (Fig. 4a). However significant dif-
ferences exist as a function of water composition. In particular the pres-
ence and concentration of FAs play a key role in surface charge
properties. CeO2 NPs added to the synthetic water with 2 mg L−1 FAs
exhibit themost negative surface charge (−23.4±0.8mV). By decreas-
ing FAs concentration to 0.5mg L−1, zeta potential is found less negative
(−21.1 ± 0.5 mV). In synthetic as well as Lake Geneva water surface
charge is also found negative but less negative than in the previous
cases. For synthetic water this can be explained mainly by the absence
of the negatively charged FAs but also by the adsorption of divalent cat-
ions on the NPs negative surface as shown in Fig. 5a. It should be noted
here that charge reversal is found less important i) in LakeGenevawater
if comparison is made with synthetic water at 2 mg L−1 FAs and ii) in
synthetic water with FAs than in ultrapure water with FAs due to the
complexation of cations with FAs (Fig. 5b).

Concerning size variations, at 2 mg L−1, FAs z-average hydrody-
namic diameters are stable during 2 h and equal to 223.7 ± 8.4 nm.
This value also corresponds to the diameter value of FAs-CeO2 com-
plexes formed in ultrapure water at pH 8 (Fig. 2b). The reason of such
stability is the steric stabilization and the presence of repulsive forces

between particles due to the FAs coating (Fig. 5b). With less concen-
trated FAs (0.5 mg L−1), NPs suspension is found less stable regarding
the negative particle surface charge (−21.1 ± 0.5 mV). As a result we
can observe an increase of aggregate size during 120 min with maxi-
mum around 2000 nm (Fig. 4b, circles). Aggregation is more pro-
nounced when CeO2 NPs are added in synthetic water S1. Particle zeta
potential is negative and equal to−15.6± 1.0 mV and NPs are forming
large aggregates with an increase of size up to 4000 nm (Fig. 4b,
squares) after 120 min. In almost all cases, a good agreement is found
between the zeta potential measurements and the z-average diameters
i.e. the increase of the aggregation ratewith the decrease of the absolute
value of the zeta potential.

In Lake Geneva water NPs are also found aggregated (Fig. 4b, down
triangles) in contrast to the sample S3 with synthetic water and
2 mg L−1 FAs (Fig.4b, up triangles) which is expected here to be the
more representative synthetic suspension regarding natural Lake Ge-
neva water. CeO2 NPs in Lake Geneva water sample exhibit negative
surface charges with a zeta potential equal to −13.3 ± 0.6 mV
(Fig. 4a) which is close to the zeta potential mean value −16.2 ±
0.3 mV which was found by Graham et al. (2014) for natural colloids
from the Vidy Bay, Lake Geneva. Such data indicate that the impact of
dissolved organic matter is probably not so important than in synthetic
water for several reasons. First, because of the presence and competitive
effects with heterogeneous colloidal-sized fractions with sizes here less
than 0.45 μm (Fig. 5c) which are composed of inorganic colloids such as
aluminum oxides, aluminosilicates, iron oxy-hydroxide andmanganese
oxy-hydroxides (Baalousha et al., 2006; Graham et al., 2014). Indeed,
the importance of hetero-aggregation of TiO2 NPs in the presence of
clays such as montmorillonite has already been reported in the

Fig. 3. Schematic representation of the NPs surface modifications: (a) in pH variable
conditions and (b) in presence of FAs at pH 8. In presence of FAs at pH 8 surface charge
modification is induced by the fast adsorption of FAs.

Fig. 4. (a) Zeta potential and (b) z-average hydrodynamic diameter of CeO2 NPs as a
function of time in different water samples: S1 – synthetic water; S2 – synthetic water
with 0.5 mg L−1 FAs; S3 – synthetic water with 2 mg L−1 FAs; S4 – Lake Geneva water.
A good agreement is obtained between zeta potential values and aggregation rates.
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literature (Labille et al., 2015; Zhou et al., 2012). Second, because of the
heterogeneity of dissolved organic matter in natural water which is a
mixture of humic substances, fibrillar polysaccharides and peptidogly-
cans (Wilkinson et al., 1999) having different physicochemical proper-
ties and reactivities.

These results are supported by SEM images of CeO2 NPs in synthetic
water without and in presence of FAs (Fig. 6a and b). It is shown that
coated with FAs (Fig. 6b) NPs are forming only small aggregates with
sizes around 200–250 nm in contrast to the large aggregates obtained
in absence of FAs (Fig. 6a). These results indicate that FAs will prevent
aggregation of CeO2 NPs in synthetic water when a concentration ratio
of FAs/CeO2 NPs equal to 1/25 is considered (2 mg L−1 FAs and
50 mg L−1 CeO2). We believe also that the same effect will be
reproduced considering environmental concentrations of NPs which
are expected to be on the level of ng L−1 and μg L−1 (Gottschalk et al.,
2013). In such case FAs will be in excess regarding NPs concentrations
hence resulting to stable dispersions and possible aggregate re-
dispersion (Loosli et al., 2013). The SEM image of CeO2 NPs in filtered
Lake Geneva water (Fig. 7) also confirmed the formation of large
hetero-aggregates in which NPs are embedded in a complex matrix
made of natural salts (crystals with regular rhombic shape) and inor-
ganic colloids (white particles with larger sizes). The EDS analysis of
SEM sample (Fig.7b) and the results of element analysis (SI, Table S5)
are indicating the presence of Na+, Ca2+, and Mg2+ electrolytes. How-
ever, regarding the low concentration of natural colloids (1 mg L−1,
Table 1) compared to other components (including 50 times difference
with the concentration of CeO2 NPs), no indication of elements such as
Al, Fe or Mn was found. Such results can be explained also by filtration
of the sample with 0.45 μm filter to avoid the presence of large colloids
and low EDS resolution compared to SEM imaging which analyses the

volume of sample including surrounding area (such as platinum coat-
ing, silica wafer, and CeO2 NPs).

4. Conclusions

The stability and aggregation of uncoated and coated CeO2 NPs in
different environmental conditions were studied. Size distribution and
electrophoretic measurements were used to obtain z-average hydrody-
namic diameter and particle surface charge. A good agreement was
found between the aggregation rate and zeta potential measurements
made on the different suspensions. We also investigated the influence
of environmental pH and FAs coating on CeO2 stability and conclude
thatwhen the NPs are coatedwith FAs, strong complexes are formed re-
garding important pHvariations.Wedemonstrated that at pH8 inultra-
pure water even small amounts of FAs are enough to prevent NPs
aggregation. In synthetic water environmentally relevant concentration
of FAs were found to stabilize CeO2 NPs and the stabilizing effect was
found to increase with the FAs concentration. In contrast, in natural
water, CeO2NPswere found aggregated. Thiswas attributed to the pres-
ence of heterogeneous aquagenic compounds, such as inorganic parti-
cles and NOM having different properties, hence promoting hetero-
aggregation rather than stabilization. Our result indicates that not only
the concentration of electrolyte, but also the type and valency of ions,
via specific adsorption processes and complexation with FAs, plays im-
portant role in nanoparticle destabilization and aggregation. We dem-
onstrated here that the behavior of CeO2 NPs can be significantly
different if comparison is made between synthetic waters and natural
waters even if the ionic composition and total organic carbon concen-
tration are identical. As a result the complexity of such systems, CeO2

Fig. 5. Schematic representation of the possible competition mechanisms when NPs are released in various water samples: (a) synthetic water; (b) synthetic water with FAs; (c) natural
Lake Geneva water.
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NPs in synthetic water with NOM, is far away from reflecting the com-
plexity of natural aquatic systems.
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V.1 Introduction 

CeO2 manufactured nanoparticles (MNPs) released to aquatic systems will be coated by 

natural substances, thereby modifying their surface properties. Stability over time and 

potential transformations of such coatings due to changing environmental conditions 

such as dilution, change of water pH, ionic strength and presence of various natural 

compounds is a key question for the evaluation of the CeO2 MNMs fate and ecotoxicity. 

One of the main aquagenic components that will control the fate and coating of MNMs in 

the environment is natural organic matter (NOM). NOM in aquatic systems is ubiquitous 

and mainly composed of humic substances and biopolymers (polysaccharides). In 

freshwaters, polysaccharide content can reach from 10 to 30 % of the total amount of 

NOM (Buffle et al., 1998). The concentration of NOM in natural waters will depend on the 

water source and season. For example, in Lake Geneva, Switzerland the typical 

concentration of dissolved carbon is approximately 1 mg C/L (Strawczynski, 2012, 2008). 

Alginate is a polysaccharide which is commonly used as a relevant model and surrogate 

for natural polysaccharides (Augst et al., 2006). Disaggregation or stabilisation due to 

alginate coating can occur to MNPs released in aquatic systems (Loosli et al., 2015, 2013). 

Surface coating is expected to dominate the MNP surface properties (Kavok et al., 2017; 

Lima-Tenório et al., 2016) and often makes the surface potential of MNPs more negative 

in aquatic systems leading to a decrease in aggregation rate. However, coating property 

and stability with time is influenced by external factors such as pH, light radiation, 

competitive adsorption processes between water compounds and different natural 

organic matter fractions (Auffan et al., 2014; Tella Marie et al., 2014) implying the 

modification of MNP properties.  

There is still not clear understanding of several key questions about aging and 

stability of naturally coated MNPs in aquatic systems. Particularly, the effect of pH on the 

coating properties as well as the role of surface charge change and its implication in the 

mechanism of aggregation in complex environmental matrices. 

In this chapter, we used alginate as a model of natural polysaccharide to form an 

organic coating around CeO2 MNPs and we studied alginate adsorption on CeO2 in 

changing alginate concentration. Two different electrostatic scenarios at pH > pHPZC and 

pH < pHPZC were considered. The stability of alginate coating in changing pH conditions 

and in synthetic and natural waters was also investigated. We used SEM and TEM analysis 

to gain an insight into the homo- and heteroaggregate structures in various 
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environmental and coating conditions. DLS and Doppler electrophoresis techniques were 

also used to measure surface charge and z-average diameter changes. 

 

V.2 Main results 

To investigate the alginate ability to modify the surface properties of pristine CeO2 MNPs, 

two different surface charge scenarios were considered. First, when pH < pHPZC, CeO2 

MNPs and alginate are oppositely charged, i.e. the conditions are favorable for interaction. 

Increase of alginate concentration is found to change CeO2 surface charge from positive 

to negative values. The isoelectric point (IEP) is achieved at 0.65 ± 0.05 mg/L alginate 

concentration and the aggregate z-average hydrodynamic diameters increases up to 922 

± 217 nm. Above 1 mg/L alginate, CeO2 MNPs are found stabilised with zeta potential 

values close to –20 mV and a decrease of the z-average diameter is observed down to 183 

± 8 nm (at 2 mg/L alginate). Second, when pH > pHPZC both CeO2 and alginate have the 

same surface charge (negatively charged) and thus no significant effect of alginate is 

observed. 

The stability of alginate coating around CeO2 MNPs was investigated in pH range 

from 3.0 to 10 ± 0.2. The surface charge of CeO2/alginate complexes is found negative in 

the entire pH range (Fig. V.1a), however, two different regions are observed. From pH 3.0 

up to 6.8 a significant decrease of the zeta potential values from –24.0 ± 0.4 mV to –45.0 

± 3.0 mV was found. This pH corresponds to the pHPZC of CeO2 MNPs. Above this pH, a zeta 

potential plateau is obtained with a mean value equal to –45.0 ± 1.1 mV. Decrease of the 

zeta potential is attributed to the progressive neutralisation of the CeO2 positive surface 

charges with increase of pH until the moment when all surface charges are switched off 

at pH 6.8. Z-average diameters are stable below pH 6.8 with a mean value equal to 188 ± 

6 nm and above pH 6.8 the hydrodynamic diameters are slightly increased to 207 ± 9 nm. 

The change in size of coated particles can be explained by the modification of alginate 

coating. The structural properties of alginate could be modified by changes of pH. Below 

pH 6.8 CeO2 MNPs and alginate form compact complexes due to the strong electrostatic 

interactions (Fig. V.1b). At higher pH (⩾ 8) alginate adopts more extended conformations 

which leads to the increase of alginate coating thickness. 

To investigate the impact of natural water compounds such as natural dissolved 

organic matter and inorganic colloids as well as ionic composition on the stability of 
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pristine CeO2 MNPs and CeO2 in the presence of alginate, filtered water from Lake Geneva 

was considered. Pristine CeO2 MNPs are found to form rapidly heteroaggregates with z-

average hydrodynamic diameters up to 2250 nm and negative surface charges (Fig. V.2). 

Heteroaggregation occurred due to the specific adsorption of divalent cations (Ca2+ and 

Mg2+) as well as complexation processes with naturally present dissolved compounds. 

The addition of high concentration (2 mg/L) alginate in lake water is found to promote 

stabilisation via the coating formation around CeO2 MNPs with mean z-average diameter 

value equal to 286 ± 17 nm during 120 min. At smaller alginate concentrations (0.25 and 

0.5 mg/L), heteroaggregation is observed and z-average diameter increases up to 1443 ± 

159 nm after 120 min. 
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Fig. V.1. (a) Zeta potentials and z-average hydrodynamic diameters of a 50 mg/L CeO2 
MNPs coated with a 2 mg/L alginate in different pH conditions. CeO2/Alginate complexes 
are negatively charged in the full pH range. (b) schematic representation of alginate 
conformational changes at the MNP surface. At neutral and alkaline pH alginate has more 
extended structure compared to its structure in acid pH. 
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To get insight into the morphology of the aggregates in lake water TEM analysis 

was performed (Fig. V.2c). In this figure we can distinguish the presence of a large 

fibrillar network of NOM and CeO2 MNP aggregates. 
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Fig. V.2. Time variation of (a) zeta potentials, (b) z-average hydrodynamic diameters as a 
function of alginate concentrations in Lake Geneva water. Important changes of zeta 
potentials are observed if comparison is made with ultrapure water towards less negative 
values which promote aggregation. (c) TEM micrography of CeO2 MNPs in Lake Geneva 
water showing the presence of a large fibrillar network and CeO2 MNP aggregates. 
 

We demonstrated that concentration of alginate and pH play a crucial role in the 

stability of coating around CeO2 MNPs and its environmental identity. The stabilisation of 

CeO2 MNPs is achieved by the formation of coating with alginate at concentration above 1 

mg/L. The heteroaggregation of CeO2 is observed in lake water. The importance of 

heteroaggregation is controlled by the alginate concentration. Our results also 
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demonstrated that when alginate coating is formed, coating is persistent in pH changing 

conditions.  
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A B S T R A C T

The use of cerium dioxide manufactured nanoparticles (CeO2 MNPs) at a large scale in the industry, automotive
and everyday products is resulting in a continuous emission and release of CeO2 MNPs to the aquatic en-
vironments. In such complex systems, MNPs interact with water components, including biopolymers, resulting in
MNP coating which give a new environmental identity to the MNPs and greatly influence their fate, transport
and biological impact. MNP surface properties, aggregation, media composition such as ionic composition and
pH, strongly influence the importance of natural organic matter coating and coating stability with time. In our
study, we are using alginate, a relevant surrogate of natural organic polysaccharides, to coat CeO2 MNPs under
different conditions from ultrapure water to synthetic and natural waters. First, the most favourable conditions
of alginate coating are defined and then the stability of this coating in changing pH condition is investigated.
Then alginate coating impact, at variable alginate concentration, is studied in synthetic and natural waters and
comparison is made with ultrapure water. The possible interaction mechanisms between alginate, CeO2, dis-
solved ions (in particular divalent cations) and natural inorganic compounds are discussed. Our finding de-
monstrates that alginate concentration, solution pH and presence of divalent cations are key parameters defining
the stability and effect of alginate coating and that once formed the biopolymer coating is found irreversible with
time and when changing the solution chemistry.

1. Introduction

The wide application of manufactured nanoparticles (MNPs) has

increased the risk of their emission, release and environmental ex-
posure [1–3]. Cerium dioxide (CeO2) is one example of MNPs that are
commercially used at a large scale in nano automotive products as
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catalytic converters and diesel fuel additives to produce synthetic gas
and reduce exhaust emissions, as polishing agents in chemical and
mechanical polishing, planarization processes to produce transparent
surfaces and as a component of compact fluorescent light tubes and
interior coatings of self-cleaning ovens [4]. CeO2 MNPs have found
therefore wide applications owing to their physicochemical properties
but pose a threat for the environment, for example, due to their active
redox property [5–7]. Studies also demonstrate that CeO2 MNPs have
long persistence time after biological treatment in waste water treat-
ment plants, accumulate in sludge [8,9] which results to the release of
these MNPs with effluents into natural waters. After release, stability of
MNPs generally depends on both nanoparticle and water properties
[10,11]. One major natural water component which is expected to
control the fate of MNPs is natural organic matter (NOM) [12,13]. NOM
in aquatic systems is ubiquitous and mainly composed of humic sub-
stances and biopolymers (polysaccharides). In freshwaters, poly-
saccharide content can reach from 10 to 30% of the total amount of
NOM [14] .

Alginate is a polysaccharide which is commonly used as a relevant
model and surrogate of natural polysaccharides [15]. Alginate is pro-
duced by some bacteria or brown algae and can be part of the algae cell
walls [16]. Alginate has been used for various purposes [17,18] in-
cluding applications for the improvement of water treatment processes
[19,20] and for the sorption and elimination of pollutants such as heavy
metals [21,22]. Alginate can have various effects on MNPs released in
aquatic systems such as disaggregation or stabilization due to alginate
coating [23,24]. Surface coating is expected to dominate the MNP
surface properties [25,26] and often makes the surface potential of
MNPs more negative in aquatic systems leading to a decrease in ag-
gregation rate. However, coating property and stability with time is
influenced by external factors such as pH, light radiation, competitive
adsorption processes between water compounds and different natural
organic matter fractions [27,28] implying the modification of MNP
properties.

Aggregation of pristine and citrate coated CeO2 nanoparticles was
investigated in Volvic® water and in a mesocosm [27]. After one week
81% of the cerium from pristine nanoparticles was found in the sedi-
ment. However, for coated particles the concentration of cerium in the
sediments was found to increase gradually and reach a maximum after
four weeks. Such behavior was attributed to the degradation of the
citrate coating because of dilution effects and light radiation. The au-
thors assumed that in mesocosm experiments both homoaggregation
and heteroaggregation were occurring due to surface charge changes
and presence of natural colloids. It was shown that citrate coating of
cerium dioxide nanocomposite was degraded during a long term aging
under artificial daylight inducing surface changes and molecular re-
organization of initial nanocomposite [28] and that the coating prop-
erties could change with time and have an impact on the final MNP
properties, behavior in the environment [29,30] and therefore on living
organisms [5,30,31].

Despite such findings, several key questions about aging and sta-
bility of natural organic coating around MNPs in aquatic systems are
still not clear and need to be elucidated. In particular, the effect of pH
on the coating properties is not well understood as well as the role of
surface charge change and its implication in the mechanism of ag-
gregation in complex environmental matrix. In addition, detailed me-
chanistic investigations in realistic environmental conditions such as in
natural waters or at least in synthetic waters are also needed.

In the work presented here, we used alginate as a model of natural
polysaccharide to form an organic coating around CeO2 MNPs and al-
ginate adsorption on CeO2 in changing alginate concentration condition
was studied. Two different electrostatic scenarios at pH > pHPZC and
pH < pHPZC to investigate the effect of particle surface charge on the
coating were considered. Then after formation of CeO2/alginate com-
plexes the stability of alginate coating in changing pH conditions was
investigated. The effect of alginate coating in synthetic and natural

waters and the possible interaction mechanisms were also investigated
by considering surface charge and z-average changes. SEM and TEM
analysis were used to gain an insight into the homo- and hetero-
aggregate structures in various environmental and coating conditions.

2. Materials and methods

2.1. Methods

2.1.1. Zeta potential and size distribution analysis
Z-average hydrodynamic diameters of pristine (uncoated) CeO2

MNPs and mixtures of CeO2 in presence of alginate as well as MNPs in
synthetic and natural waters were measured with a Malvern Zetasizer
Nano ZS (Malvern Instruments Ltd, UK). The autocorrelation function
accumulated at least ten runs for each samples for five parallel mea-
surements with time delay of 5 s. The hydrodynamic diameter dH was
calculated from the transitional diffusion coefficient D using the Stokes-
Einstein equation. The polydispersity index was found less than 0.6 in
all our measurements. To obtain information on the surface charge and
changes via the zeta potential, the electrophoretic mobility was mea-
sured using the Doppler technique with the Malvern Zetasizer Nano ZS
and the Smoluchowski approximation model was applied [32].

2.1.2. SEM image analysis
A JSM-7001FA (JEOL) scanning electron microscope (SEM) was

used to obtain images of pristine CeO2 MNPs and mixtures of CeO2 with
alginate. For each samples, 10 μL of the MNPs dispersion were placed
on one aluminum stub covered with a 5 × 5 mm silica wafer Agar
Scientific (G3390) and wrapped with 3–5 nm of Pt/Pd coating.

2.1.3. TEM image analysis
A Hitachi A7650 Transmission electron microscope (TEM) was used

for imaging the texture, size, distribution, and morphology of the CeO2

MNPs and also to precise the agglomeration-dispersion trends between
non-coated and coated MNPs in ultrapure, synthetic and lake waters.
The TEM configuration allows both high contrast (low Z element can be
imaged) and high resolution (better than 5 Å). Thus, a condenser 2 with
a large aperture (100 μm apparent diameter), associated with a dia-
phragm objective (20 μm apparent diameter) under an 80 keV accel-
erating voltage have been used. The samples were prepared directly
onto the copper grid covered by an amorphous carbon thin film with a
thickness around 50 nm (Delta MICROSCOPIES, France). Direct sample
deposition of a 2 μm3 volume droplet using a dedicated syringe
(Mettler-Toledo SAS, France) followed by several washing steps by ul-
trapure water, to minimize the formation of artefacts, especially for
organic colloids or NOM associated with nanometric metallic trace
elements [33].

2.1.4. pH measurement
The control of pH, by direct immersion of electrode in the solution,

was done during all experiments with a Hach Lange HQ40d portable
meter and one pH probe PHC101 (Hach Lange, Switzerland).

2.2. Materials

Uncoated CeO2 MNPs as a powder (NM-212, JRC nanomaterial re-
pository, Ispra, Italy) with a nominal particle diameter 28 ± 10 nm and
a specific surface area equal to 27.2 ± 0.9 m2/g [34] was used. The
powder was weighed and diluted in ultrapure water (R > 18 MΩ cm,
Millipore, Switzerland) and the pH was adjusted to 3.0 to obtain a 1 g/L
CeO2 stable stock suspension. After sonication, aliquots of the stock
suspension were used to prepare diluted suspensions for further ex-
periments. A 50 mg/L CeO2 suspension was used in all experiments
unless indicated. Such a concentration was considered to optimize the
signal during the dynamic light scattering and electrophoretic mea-
surements. A detailed protocol for suspension preparation is provided
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in [35].
A 100 mg/L stock solution of alginate (A2158, Sigma Aldrich,

Switzerland) was prepared in ultrapure water and used for further di-
lution. The titration of one 50 mg/L alginate solution was done to
characterize alginate (SI3, Fig.S1). To adjust the pH sodium hydroxide
and hydrochloride acid 0.01 M (NaOH and HCl, Titrisol®113, Merck,
Switzerland) were used. For suspension homogenization, gentle agita-
tion was applied during all the experiments with a magnet vortex and a
rotational speed equal to 200 rpm.

To mimic the ionic composition of Lake Geneva water we developed
a method to prepare synthetic fresh water solutions based on the works
of Hammes et al. and Smith et al. [36,37]. The protocol and the cor-
responding concentrations of electrolytes are provided in the sup-
porting information (SI1). The following electrolytes were used;
CaCl2·6H2O, MgCl2·6H2O, Mg(NO3)2·6H2O, CaSO4·2H2O, CaCO3,
NaHCO3, KHCO3, and all chemicals were reagent grade or better (Fluka,
Acros Organics and Sigma-Aldrich, Switzerland).

Samples of natural water from Lake Geneva were collected in
Versoix (Geneva, Switzerland). Before performing the experiments,
water was filtered with a pore size equal to 0.45 μm, analyzed and
stored in a dark place. The major ion composition and physicochemical
analysis are provided in supporting information (SI2).

All stock solutions were stored in a dark place at 4 °C.

2.3. Protocols

To investigate the formation of alginate coating on MNPs a series of
independent CeO2 suspensions were prepared at 50 mg/L and variable
concentrations of alginate at two pH conditions i.e. pH < pHPZC and
pH > pHPZC were considered. The concentration of alginate varied in
the range from 0.05 to 2 mg/L. Z-average hydrodynamic diameters
were measured directly after suspension preparation during 1 h with
30 s time interval and then the measurement of zeta potential was done.

To study the coating stability around CeO2 MNPs in changing pH
conditions the titration was performed in a pH range from 3 to 10. First,
the 50 mg/L CeO2 suspension with 2 mg/L alginate at pH 3.0 ± 0.2 was
prepared then the pH was increased up to 10. The measurements of
hydrodynamic diameters and zeta potentials were done every 15 min
after pH adjustment.

To investigate the behavior of CeO2 MNPs in synthetic water, first
we adjusted the concentration of alginate and pH value and then we
added the CeO2 MNPs. The appropriate amount of alginate was added
to synthetic water to obtain concentration equal to 0.25, 0.5, 1 and
2 mg/L. The pH was adjusted to 8.0 ± 0.2. The last step was the ad-
dition of an aliquot of CeO2 stock suspension to obtain a final con-
centration equal to 50 mg/L. The measurements of z-average diameters
and zeta potential were started immediately after MNPs addition and
every 30 min during 2 h. An identical procedure was used for the ex-
periments with natural Lake Geneva water.

To investigate the coating properties, CeO2 MNPs were previously
coated with appropriate concentrations of alginate (0.25 and 2 mg/L),
two representative conditions, and then the corresponding suspension
was added to the synthetic and filtered lake water. The measurements
of z-average diameter and zeta potential were done as a function of
time.

3. Results and discussion

3.1. Influence of alginate concentration on the coating formation

To get an insight on the alginate ability to modify the surface
properties of pristine CeO2 MNPs two complementary experiments were
conducted, based on different surface charge scenarios and by mod-
ifying the pH.

3.1.1. pH≤ pHPZC

CeO2 MNPs in this pH region are initially positively charged (SI4,
Fig. S2), contrarily to the alginate which is negatively charged in all pH
range (SI3, Fig. S1). Therefore, increase of alginate concentration is
found to change CeO2 surface charge from positive to negative values
due to the strong electrostatic interaction between alginate and CeO2.
Isoelectric point (IEP) is achieved when the concentration of alginate is
equal to 0.65 ± 0.05 mg/L and the aggregate z-average hydrodynamic
diameters increases up to 922 ± 217 nm (Fig. 1). For an alginate con-
centration above 1 mg/L, CeO2 MNPs are found stabilized with zeta
potential values close to −20 mV and a decrease of the z-average
diameter is observed down to 183 ± 8 nm (for an alginate concentra-
tion equal to 2 mg/L).

SEM images of pristine CeO2 MNPs and in presence of alginate
(1.5 mg/L) are presented in Fig. 2. In the two cases, MNPs are found
polydisperse in sizes. Some individual particles as well as aggregates are
present and sizes varied from 30 nm to 200 nm. These data are in good
agreement with the obtained z-average hydrodynamic diameter values.
On the surface of the wafer, we also distinguish the presence of a net-
work of alginate strings in which homoaggregates of CeO2 are em-
bedded.

3.1.2. pH≥ pHPZC

Zeta potentials and z-average hydrodynamic diameters of CeO2

MNPs at pH 8, by increasing alginate concentration conditions, are
presented in Fig. 3a. At this pH, both CeO2 and alginate have the same
surface charge, and are negatively charged. Therefore, no significant
effect of alginate is observed. Our results indicate that in presence of
electrostatic repulsions no coating is observed. Indeed, when the algi-
nate concentration is increasing no changes in the values of zeta po-
tential and average diameter are observed. They are stable and equal to
−41.7 ± 2.2 mV and 228 ± 15 nm respectively. The TEM micrograph
(Fig. 3b) also confirms that pristine CeO2 MNPs with initial size be-
tween 10–20 nm form homoaggregates with a number of initial crystals
from 10 to 100 nm and with sizes up to 200 nm.

3.2. Stability of alginate coating in changing pH conditions

To get an insight on the stability of alginate coating in changing pH
conditions, a 50 mg/L CeO2 MNP suspension with 2 mg/L alginate is
prepared first at pH 3.0 ± 0.2. Then the pH is gradually increased up to
10.0 ± 0.2. In such conditions, the surface charge of CeO2/alginate
complexes is found negative in the entire pH range (Fig. 4a) but sig-
nificant surface charge modifications are nevertheless observed. In-
crease of pH up to 6.8 leads to the decrease of the values of zeta po-
tential from −24.0 ± 0.4 mV to −45.0 ± 3.0 mV. This pH

Fig. 1. Zeta potential and z-average hydrodynamic diameter of CeO2 MNPs at different
alginate concentrations at pH < pHPZC (pH = 3.0 ± 0.2) in ultrapure water. The strong
affinity between the positively charged CeO2 MNPs and negatively charged alginate is
mainly due to electrostatic interactions. The IEP is achieved at 0.65 ± 0.05 mg/L of al-
ginate for a 50 mg/L CeO2 MNP dispersion.
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corresponds to the pHPZC of CeO2 MNPs (SI Fig.S3). Above this pH, a
zeta potential plateau is obtained with a mean value equal to
−45.0 ± 1.1 mV. Decrease of the zeta potential is attributed to the
CeO2 acid base properties and therefore progressive neutralization of
the MNP positive surface charges with increase of pH until the moment
when all surface charges are switched off at pH 6.8.

On the other hand, z-average diameters exhibit a more complex
behavior. First, diameters are stable below pH 6.8 with a mean value
equal to 188 ± 6 nm. Then above pH 6.8 the hydrodynamic diameter
values are slightly increased to 207 ± 9 nm. Such a variation can be
attributed to the change of conformation of the alginate molecules on
MNP surface. Indeed, alginate is a flexible polysaccharide with fibrillar
conformation that can be easily modified with pH changes. At en-
vironmental pH alginate is most likely represented as an extended coil
[14]. When positively charged MNPs are mixed with negatively
charged alginate compact complexes are formed due to the strong
electrostatic interactions at acid pH (Fig. 4b). With the increase of pH
alginate is then expected to adopt more extended conformations even if
adsorbed at the MNP surface. Such a conformational change leads to an
increase of alginate coating thickness. Despite this change, coating is
stable through the full pH ranges.

3.3. Stability of pristine CeO2 MNPs in synthetic and natural waters and
influence of alginate

To study the stability of CeO2 MNPs in environmental conditions we
considered two scenarios: release of pristine CeO2 in synthetic water
that mimic the ionic composition of Lake Geneva water and release of
pristine CeO2 MNPs in filtered Lake Geneva water. The first scenario
addresses only the impact of ion composition whereas the second one
investigates a more complex system in which additional natural water
compounds such as natural dissolved organic matter and inorganic
colloids with size less than 0.45 μm are present. The presence of algi-
nate at variable concentrations is also investigated regarding the MNP
stability. Based on the obtained results mechanisms responsible for
MNP aggregation and stabilization are proposed.

Fig. 2. SEM images of (a) pristine CeO2 MNPs (10 mg/L) in ultrapure water at pH 3.0; (b)
CeO2 MNPs (1 mg/L) in presence of alginate (1.5 mg/L) at pH 3.0. Limited aggregation is
observed in two cases due to electrostatic repulsion (a) and alginate coating (b).

Fig. 3. Zeta potentials and z-average hydrodynamic diameters (a) CeO2 MNPs for dif-
ferent alginate concentrations at pH > pHPZC (pH = 8.0 ± 0.2) in ultrapure water. No
significant changes are observed in presence of alginate in this electrostatic scenario (both
alginate and pristine CeO2 MNPs are negatively charged). (b) TEM micrography of pris-
tine CeO2 MNPs in ultrapure water (pH = 8.0 ± 0.2). Cubic crystalline form CeO2 MNPs,
pristine particles (10–20 nm) are homoaggregated.

Fig. 4. (a) Zeta potentials and z-average hydrodynamic diameters of a 50 mg/L CeO2

MNPs coated with a 2 mg/L alginate in different pH conditions. CeO2/Alginate complexes
are negatively charged in the full pH range. (b) schematic representation of alginate
conformational changes at the MNP surface. At neutral and alkaline pH alginate has more
extended structure compared to its structure in acid pH.
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3.3.1. Synthetic water
Zeta potentials and z-average diameters were analyzed as a function

of time. We considered a range of alginate concentration from 0 to
2 mg/L. As shown in Fig. 5a surface charge is found negative in all cases
and stable with time and the mean values of zeta potential are de-
pending on the alginate concentration. Zeta potential of pristine MNPs
in synthetic water is equal to −15.6 ± 1.0 mV at pH 8.0 ± 0.2. Then
the gradual increase of alginate concentration leads to the gradual zeta
potential decrease (more negative). For the higher alginate concentra-
tions, 1 and 2 mg/L, the values of zeta potential are identical and equal
to −23.5 ± 0.8 mV, thus indicating a surface saturation effect.

Pristine CeO2 MNPs, when released to synthetic water, i.e. not
preliminary coated with alginate, are not stable and significant homo-
aggregation is observed with z-average hydrodynamic diameters up to
3500 nm (Fig. 5b) after 120 min. Such behavior is due to: i) a decrease
of the surface charge due to the specific adsorption of divalent cations
such as Ca2+ and Mg2+, and ii) screening effect because of the increase
of the ionic strength compared to ultrapure water (Fig. 5c) [38,39]. On
the other hand, the presence of alginate in the synthetic water solutions
is found to promote stabilization via the coating formation around

MNPs. The impact of this coating mainly depends on the alginate
concentration. At moderate alginate concentrations, 0.25 and 0.5 mg/L,
we still observe homoaggregation. However, the aggregate size is
smaller and the rate of aggregation is reduced if compared to the ab-
sence of alginate case. Alginate molecules are expected to interact here
with ions present in solution and adsorb on MNPs via electrostatic in-
teractions creating bridges between particles, hence resulting in the
formation of aggregates. At high alginate concentration, 1 and 2 mg/L,
the amount of alginate is high enough to saturate the particle surface
promoting the stability of CeO2 MNPs via steric and electrostatic re-
pulsions as shown in Fig. 5c. Consequently, mean value of z-average
diameters are found stable and equal to 220 ± 10 nm with time.

3.3.2. Natural lake Geneva water
The stability of pristine CeO2 MNPs and CeO2 in the presence of

alginate was also studied in filtered water from Lake Geneva to un-
derstand the effect of dissolved water compounds such as naturally
present organic substances and inorganic particulate matter. Pristine
CeO2 MNPs are found to form rapidly heteroaggregates with z-average
hydrodynamic diameters up to 2250 nm and negative surface charges

Fig. 5. Time variation of (a) zeta potentials and (b) z-average hy-
drodynamic diameters of CeO2 MNPs in synthetic water at pH
8.0 ± 0.2. In comparison to ultrapure water important changes of zeta
potential are observed when MNPs are introduced in synthetic water
towards less negative values hence promoting aggregation. Then in-
creasing alginate concentration has a stabilizing effect. (c) Schematic
representation of aggregation and stabilization mechanisms of MNPs
as a function of alginate concentration.
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(Fig. 6). Charge screening and adsorption of cations are expected to
play key roles as well as complexation processes with naturally present
dissolved compounds (<0.45 μm). Despite the difficulty to evaluate the
precise impact of these compounds on heteroaggregation, similar MNP
behavior as in synthetic water regarding the alginate concentration is
observed in lake water. Once again, high concentration of alginate
(2 mg/L) leads to MNP stabilization with z-average diameters equal to
286 ± 17 nm during 120 min. It should be noted that similar stabili-
zation effects were observed in the presence of Suwanee River humic
acid (SRHA) on Ag NPs in filtered Rhine water [39], despite the nature
of NOM and concentration differences (the concentration of SRHA was
ten times higher compared to alginate concentration in our work).

On the other hand, at smaller alginate concentrations (0.25 and
0.5 mg/L), heteroaggregation is observed and z-average diameter

increases up to 1443 ± 159 nm after 120 min. The zeta potential values
are slightly less negative if compared to the values in synthetic water. It
can be explained by the simplified composition of synthetic water
which is prepared only with major ions, whereas natural water has
more heterogeneous ionic composition and also contains diverse dis-
solved organic matter such as humic substances, polysaccharides, pro-
teins and other biopolymers [14]. Homo- and heteroaggregates formed
in synthetic and Lake Geneva waters are presented in Fig. 7 in which
SEM images illustrate the heterogeneity of environmental matrix and
aggregates (Fig. 7b) compared to simplified synthetic waters (Fig. 7a).

3.4. Stability of alginate pre-coated CeO2 MNPs in synthetic and natural
waters

To evaluate the impact of alginate coating formed in two different
ways, we compared zeta potentials and z- average diameter variation of
pristine CeO2 MNPs (uncoated MNPs) released to synthetic water al-
ready containing alginate with CeO2 MNPs previously coated with the
same amount of alginate and then released to synthetic water (so-called
pre-coated MNPs). As shown in Fig. 8 significant difference is observed
between the zeta potential values indicating different surface charge
equilibration processes and aggregation mechanisms. As described
previously uncoated CeO2 MNPs when released to synthetic water that
contains 0.25 mg/L alginate are destabilized due to the concomitant
adsorption of alginate molecules and ions which create bridges between
MNPs (Fig. 8b). When pre-coated CeO2 MNPs, already destabilized by
small amount of alginate, are released to synthetic water we observe an
increase of zeta potential (the value is less negative) and concomitant
aggregation. Z-average diameters of pre-coated particles are initially
higher compared to uncoated particles (Fig. 8b) and equal to
898 ± 122 nm and 656 ± 55 nm accordingly.

Fig. 6. Time variation of (a) zeta potentials, (b) z-average hydrodynamic diameters as a
function of alginate concentrations in Lake Geneva water. Important changes of zeta
potentials are observed if comparison is made with ultrapure water towards less negative
values which promote aggregation. (c) TEM micrography of CeO2 MNPs in Lake Geneva
water showing the presence of a large fibrillar network and CeO2 MNP aggregates.

Fig. 7. SEM images of CeO2 MNPs in (a) synthetic water and (b) filtered Lake Geneva
water (pH 8.0 ± 0.2 > pHPZC). [CeO2] = 10 mg/L; [alginate] = 0.25 mg/L. Compared
to synthetic water in Lake Geneva water CeO2 MNPs are embedded in more complex
environmental matrix in which heteroaggregation seems more significant.
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No aggregation is observed for the uncoated and pre-coated CeO2

MNPs at 2 mg/L alginate despite the slight difference in zeta potentials.
Z-average diameters are stable with time and are equal to 212 ± 10 nm
for uncoated and 205 ± 9 nm for pre-coated CeO2. Here again, our data
indicate that CeO2 MNP stability is largely dependent on the alginate
concentration.

The stability of uncoated and pre-coated CeO2 MNPs was also in-
vestigated in lake water (SI5, Fig.S3). We observed similar effects as in
synthetic water. Pre-coated CeO2 MNPs with 0.25 mg/L alginate have
less negative values of zeta potential compared to uncoated MNPs and
exhibit larger sizes for the aggregates. Overall, despite the different
coating procedures the general MNPs behavior is found similar in two
cases. The dominant effect attributed to the alginate concentration at
low alginate concentration MNP aggregation is observed, whereas at
higher alginate concentration stabilization is observed.

4. Conclusions

Our findings clearly indicate that the concentration of alginate and
solution pH play a crucial role in coating properties and environmental
identity of CeO2 MNPs. Alginate concentrations above 1 mg/L are
forming a stable coating around CeO2 MNPs in ultrapure, synthetic, and
natural waters, which results in CeO2 stabilization. In synthetic waters,
at low alginate concentration, the interactions between MNPs and al-
ginate are promoted by divalent cations via specific adsorption and
charge screening hence denoting the importance of water hardness. In
Lake water, CeO2 heteroaggregation is observed in all cases but its
importance is altered by the alginate concentration. Our results also
indicate that when alginate coating is formed, coating is persistent re-
garding changing pH conditions.
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VI.1 Abstract 

 

When manufactured nanoparticles are released to natural waters, 

heteroaggregation between nanoparticles and water compounds are expected to occur 

and play a key role in nanoparticle fate, transport and transformation in aquatic systems. 

In this work the heteroaggregation between CeO2 nanoparticles and Fe2O3 inorganic 

colloids which are expected to represent the inorganic fraction from Lake Geneva water 

is studied. The effect of alginate and Fe2O3 concentration as well as ionic strength on the 

heteroaggregation processes is investigated by considering zeta potential and z-average 

diameter measurements. The kinetics of heteroaggregation of individual components as 

well as mixtures in increasing complexity of medium is studied. Our findings demonstrate 

that heteroaggregation is highly dependent on environmental conditions. In particular, 

the charge screening and specific adsorption of divalent cations are found to promote 

heteroaggregation of CeO2 nanoparticles in synthetic and lake water. On the other hand, 

presence of alginate alter the heteroaggregation processes in natural water. 

 

Keywords: CeO2 nanoparticle, alginate coating, inorganic colloid, heteroaggregation, lake 

water, suspended matter 
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VI.2 Introduction  

The progress in nanotechnology has resulted to the wide commercial production and use 

of manufactured nanoparticles (NPs) increasing the concern about their accumulation 

and fate in environmental aquatic systems. Cerium dioxide (CeO2) NPs are used in 

industry and everyday products and produced on the level from hundreds to thousand 

tons per year (Piccinno et al. 2012). The fate of CeO2 NPs in natural aquatic systems 

depends on the MNP properties such as surface charge and size but also on the water 

chemistry including pH, ionic composition, presence of natural organic matter (NOM) and 

inorganic colloids. 

Natural aquatic systems are highly heterogeneous systems which contain 

naturally occurring colloidal particles such as natural organic matter, biological colloids, 

inorganic colloids etc. Because of such heterogeneity, NPs released to natural waters are 

interacting with different water compounds resulting in aggregation or stabilisation. It is 

expected that concentration of NPs released to the water body is much lower than the 

concentration of naturally occurring colloids (Piccinno et al. 2012; Gondikas et al. 2014; 

Slomberg et al. 2016) resulting to heteroaggregation between NPs and natural colloids 

(Wang et al. 2015; Praetorius et al. 2014; Quik et al. 2012). Moreover, Quik et al. (2012) 

showed that the type of aggregation (homo- or heteroaggregation) was strongly 

dependent on the NP concentration. When the NP concentration released to river water 

is relatively high (10 and 100 mg/L), homoaggregation is dominant, contrary to the 

relatively low concentration (1 mg/L) for which heteroaggregation with natural colloids 

is the main mechanism for particle elimination (Quik et al. 2012). 

In order to obtain input parameters (i.e. attachment efficiencies for 

heteroaggregation, αhetero), which are independent on the NP concentration, to use in the 

environmental fate models, heteroaggregation of TiO2 NPs with natural colloids (SiO2 

particles) was performed (Praetorius et al. 2014). Authors showed that αhetero is strongly 

dependent on solution ionic strength at pH 8 when NPs and natural colloids are both 

negatively charged. It was also shown that NOM (humic acid) has a stabilising effect on 

heteroaggregation. The experimental data could be also used to obtain the global 

attachment efficiency (αglobal) which represents overall the global behaviour of the 

aggregating system, and, in particular, the formation of primary and secondary aggregates 

(Praetorius et al., 2014). 
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Heteroaggregation of TiO2 NPs with a smectite clay which represent an analogue 

of natural colloids was evaluated to assess the main mechanisms controlling the NP 

aggregation in natural environment (Labille et al. 2015). It was found that the shape and 

dispersion state of colloids, the affinity and concentration ratio between colloids and 

nanoparticles are the main parameters that affect heteroaggregation. Moreover, authors 

showed that the presence of 1 mg/L humic acids reduce the aggregation rate.  

The importance of NOM on the NP aggregation and interaction between NPs and 

ICs have been extensively studied separately. However, studies evaluating the impact of 

NOM and ICs together on NP aggregation in natural environment are still limited. In our 

work we concentrated mainly on the effect of two colloidal fractions, polysaccharides and 

inorganic colloids. The choice of these two fractions is discussed below. 

Alginate is a natural polysaccharide that represents up to 30% of NOM in lake 

water (Buffle et al. 1998) and commonly used as a model polyelectrolyte to mimic 

polysaccharides from natural waters (Chen, Mylon, et Elimelech 2006). Alginate is a linear 

anionic polymer with a negative linear charge and carboxylic acid groups on the chain 

backbone (Pawar et Edgar 2012). The stabilising effect of alginate coating on iron oxide 

nanoparticles in biological media was shown by (Castelló et al. 2015). Alginate coated iron 

oxide particles were found stable up to 9 days in biological fluids. Another study indicated 

that the adsorption of alginate on titanium dioxide NPs induces the partial fragmentation 

of already formed aggregates (Loosli, Coustumer, et Stoll 2013).  

Another component of natural water that is also expected to influence the fate and 

behaviour of NPs are inorganic colloids (ICs). The concentration of ICs in natural water is 

highly variable and can change from a few to hundreds mg/L (Frédérique Eyrolle et 

Charmasson 2004). The most common ICs are clays, aluminoscilicates and iron 

oxidyhydroxides (Frédérique Eyrolle et Charmasson 2004; F. Eyrolle et Charmasson 

2001; Filella 2007). For example, the concentration of suspended particulate matters in 

river Rhône varies from 3 to 40 mg/L and is mainly represented by the presence of clay 

minerals, calcite, quartz, muscovite and iron oxide (sampling of Rhône water near Arles) 

(Slomberg et al. 2016). Another study indicates the proportions of Fe and Al observed in 

the colloidal phase in the river Rhône freshwaters reached 42% and 35% respectively 

(Frédérique Eyrolle et Charmasson 2004). 

In our work we used alginate as a model of natural polysaccharides to study the 

heteroaggregation of CeO2 NPs. An iron (III) oxide was chosen as an analogue of ICs as 
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iron oxy-hydroxides was found to be one of the main inorganic components of the Lake 

Geneva water column (Graham, Stoll, et Loizeau 2014). The aim of this study was to 

understand and establish the correlation between surface properties including surface 

charge, pH effect and concentration ratio with the importance of CeO2 NP 

heteroaggregation in natural water. To fulfil this objective first, the heteroaggregation of 

a mixture composed of CeO2 and Fe2O3 in absence and presence of 0.25 mg/L alginate and 

in increasing Fe2O3 concentration in ultrapure water was considered, and then filtered 

lake water was used. Second, the kinetics of heteroaggregation of individual components 

as well as mixtures of medium increasing complexity was studied. Finally, the effect of 

increasing alginate concentration on heteroaggregation was investigated.  

 

VI.3 Materials and Methods  

VI. 3.1 Materials 

Pristine CeO2 NPs (powder NM-212, JRC, Ispra, Italy) with nominal particle diameter 28 ± 

10 nm and a specific surface area equal to 27.2 ± 0.9 m2g–1 (Singh et al. 2014) were used. 

To prepare a 1 gL–1 CeO2 stock suspension, NP powder was weighed and diluted in 

ultrapure water (R > 18 MΩ cm, Millipore, Switzerland) at pH 3.0 to obtain a stable 

suspension. Then the dilution was done and in all further experiments a 50 mgL–1 CeO2 

suspension was used, unless indicated. The detailed characterisation of pristine NPs is 

provided in supporting information of Annex 4 (Fig.VI.1 and Fig.A4.1). 

Alginate (A2158, Sigma Aldrich, Switzerland) was used as a model of natural 

polysaccharide. A 100 mg/L stock solution was prepared in ultrapure water and used for 

further dilution. The detailed characterisation of alginate solution is shown in Annex 5 

(A5.2).  

As an analogue of inorganic colloids, iron (III) oxide (α-Fe2O3, 99%) (Nanoamor, 

Inc., USA) as a powder was used. A 1 g/L suspension was prepared and the suspension pH 

was set to 10. Such pH allows a better resuspension and higher stability of dispersed 

particle. Probe sonication was done during 15 min. Then a 100 mg/L stock suspension 

was prepared by dilution with ultrapure water which pH was also previously adjusted to 

10. To characterise obtained particle dispersion we measured the z-average 

hydrodynamic diameter and zeta-potential as a function of pH. At environmentally 

relevant pH (pH 8.0 ± 0.2) Fe2O3 was found to have a negative surface charge. The detailed 
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particle characterisation and titration curves are provided in Fig.VI.1 and in the 

supporting information in Annex 4 (A4.2). 

To mimic the ionic composition of Lake Geneva water, in order to test the effect of 

water hardness, in particular, the concentration of divalent cations such as Ca2+ and Mg2+ 

two electrolytes were used. Two stock solutions a 1 g/L of CaCl2·6H2O and MgCl2·6H2O 

(Fluka and Sigma-Aldrich, Switzerland) were prepared. They were diluted and mixed to 

obtain a final solution that represent synthetic water with ion concentrations equal to 45 

mg/L for Ca2+ and 6 mg/L for Mg2+. 

Samples of natural water from Lake Geneva were collected in Versoix (Geneva, 

Switzerland). The physicochemical characterisation was performed in situ using pH 

(PHC101), conductivity (CDC401) and oxygen (LDO101) probes with multiparameter 

meter (HQ40d) (Hach Lange, Switzerland). The water ionic composition was defined by 

chromatographic analysis using a Dionex ICS-3000 analyzer (Dionex, Switzerland). All the 

parameters are provided in the supporting information in Annex 4 (A4.1). Before 

performing the experiments, water was filtered with a pore size equal to 0.45 µm. 

All stock solutions were stored in a dark place at 4 °C. 

 

VI.3.2 Experimental procedures and methods 

Series of independent suspensions were prepared to investigate the effect of IC 

concentration on the heteroaggregation of CeO2 NPs. An aliquot of CeO2 stock suspension 

was added to ultrapure and lake water to obtain final concentration equal to 50 mg/L. 

Sodium hydroxide and hydrochloride acid 0.01 M (NaOH and HCl, Titrisol®113, Merck, 

Switzerland) were used to adjust the pH to 8. Variable concentrations of IC from 0 to 7.5 

mg/L were added to ultrapure and lake waters before the addition of CeO2 suspension. 

The measurement of z-average hydrodynamic diameter was done using a Malvern 

Zetasizer Nano ZS (Malvern Instruments Ltd, UK) directly (starting 30 sec after the mixture 

preparation) during 15 min with time interval 30 sec. The average value was calculated 

based on the last 3 min of experiments. Zeta potential was determined after the 

measurement of z-average diameter, i.e. 15 min after mixture was prepared. To 

investigate the effect of alginate, it was added to ultrapure and lake water before the 

addition of NPs but after IC. For the kinetics experiments the concentrations of the 

different compounds were equal to [CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 

and 2 mg/L. The order of compounds addition was first water (ultrapure, synthetic, lake 
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waters), then IC, if needed alginate and at the end CeO2 NPs. For the experiments with 

varied concentration of NPs the same procedure was used; the concentration of IC was 

fixed at 1 mg/L and the concentration of CeO2 varied from 0 to 50 mg/L. The control of 

pH was done during all experiments with a Hach Lange HQ40d portable meter and pH 

probe PHC101 (Hach Lange, Switzerland). 

To obtain images of CeO2 NPs in mixture with IC and in complex matrix a JEOL JSM-

7001FA scanning electron microscope (SEM) was used. For each samples, 10 µL of the 

NPs dispersion were placed on one aluminum stub covered with a 5×5 mm silica wafer 

(Agar Scientific, G3390) and wrapped with 3 – 5 nm of Pt/Pd coating. The instrument was 

set with following parameters: voltage 15 kV, probe current 1 nA. 

The aggregation kinetics experiments were investigated by time resolved dynamic 

light scattering methods (DLS) using a Malvern Zetasizer Nano ZS. The hydrodynamic 

diameters were recorded during 15 min with 30 s time interval, starting 30 s after the 

mixture preparation. Average value of z-average hydrodynamic diameter and standard 

deviation of this value were calculated by considered two neighbor points to plot the 

kinetics curves. To calculate the aggregation rate (nm/min) the kinetic data of z-average 

hydrodynamic diameters measured over the first 5 min after mixture preparation were 

linearly fitted to obtain the slope. Global attachment efficiency (αglobal) was calculated also 

using time resolved DLS method and represents the global behaviour of the system 

including homo- and heteroaggregation between pristine particles as well as NOM 

(Gallego-Urrea et al. 2016; Praetorius et al. 2014; Labille et al. 2015). The slope of the 

fitting line of the increase of z-average hydrodynamic diameters with time (first 5 min) 

for each particle mixture in different type of water is calculated. Attachment efficiencies 

are calculated by dividing these slopes for different water composition (i.e. in the reaction 

limited aggregation regime) by the slope of the diffusion limited aggregation regime 

determined under favourable conditions (i.e. critical coagulation concentration (CCC)) 

(Chen, Mylon, et Elimelech 2006; Gallego-Urrea et al. 2016):  

max

global

k

k
  ,    (VI.1) 

were 𝑘 is the aggregation rate of the studied system at any specific moment (the reaction 

limited aggregation), 𝑘𝑚𝑎𝑥  is the aggregation rate when all the collision between particles 
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are efficient, i.e. results in the formation of permanent contacts (diffusion limited 

aggregation). Such type of aggregation usually occurred when the CCC is reached. 

To determine the CCC, and consequently 𝑘𝑚𝑎𝑥 , the homoaggregation of pristine 

CeO2 NPs in increasing NaCl concentration was performed (Annex 4, Fig. A4.8). Then the 

aggregation rates of different mixtures were divided by the aggregation rate at the CCC of 

CeO2 NPs to obtain αglobal, i.e. the aggregation rate of CeO2 NPs was used as a reference for 

all samples in all studied conditions. The graphical representation of attachment 

efficiency during homoaggregation (αhomo) in comparison to αglobal is also presented in 

Annex 4 (Fig. A4.8). 

 

VI.4 Results and discussion 

Before performing the heteroaggregation experiments between CeO2 NPs and inorganic 

colloids (Fe2O3 ICs) in natural waters, we studied the behaviour of uncoated pristine 

particles as well as coated with NOM in more simplified condition (such as ultrapure 

water). We also characterise CeO2 NPs, alginate and Fe2O3 ICs by measuring the variation 

of zeta potentials and z-average hydrodynamic diameters with change of pH. 

 

VI.4.1 Characterisation of NPs and ICs  

The zeta potential values as well as z-average diameters of both CeO2 and Fe2O3 as a 

function of pH are presented in Fig.VI.1. CeO2 NPs are positively charged below pH 6 

whereas Fe2O3 ICs are positively charged below pH 5.0. Both are negatively charged above 

pH 7.0 and zeta potential is gradually decreasing with pH increase, from around +50 mV 

for CeO2 and from +30 mV for Fe2O3 to around –45 mV and –35mV, accordingly. We 

defined the pHPZC which is equal to 6.8 ± 0.1 for CeO2 and 5.8 ± 0.1 for Fe2O3. At 

environmental pH 8.0 ± 0.2 both NPs and ICs are negatively charged; zeta potential of 

CeO2 is equal to –37.0 ± 0.4 and of Fe2O3 –27.1 ± 0.6. CeO2 NPs are stable below pH 4 and 

above pH 8 with mean z-average diameter equal to 173.8 ± 7.8 nm. Fe2O3 ICs are stable in 

the same pH range but with slightly smaller diameter equal to 97.7 ± 2.5. Around the PZC 

both NPs and ICs are aggregated with diameter approaching 1800 nm for CeO2 and 4500 

nm for Fe2O3. Therefore, at the PZC the size of CeO2 homoaggregates is smaller compared 

to the size of Fe2O3 homoaggregates. Such a behaviour is due to the different shapes of the 

pristine particles resulting in the formation of more compact CeO2 aggregates compared 

to Fe2O3. To gain insight into the morphology of homoaggregates and to be able to 
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distinguish both types of particles in a mixture, we performed SEM images of CeO2 NPs 

and Fe2O3 ICs individually (A4.2, Fig.A4.1 and Fig.A4.2). We found that CeO2 NPs have 

cubic shape whereas Fe2O3 ICs exhibit long needle shaped particles. We also characterise 

alginate which is negatively charged across the full pH range with a z-average 

hydrodynamic diameter that not exceed 250 nm (Fig.A4.3). 

 

VI.4.2 CeO2 NP heteroaggregation in presence of Fe2O3 ICs and alginate 

Heteroaggregation of CeO2 NPs in ultrapure water 

To understand the heteroaggregation of CeO2 NPs in presence of Fe2O3 ICs experiments 

were performed at pH 8 to approach environmental conditions. We increased the 

concentration of Fe2O3 from 0 to 7.5 mg/L and measured zeta potentials (15 min after 

mixture preparation) and z-average hydrodynamic diameters (every 30 s during 15 min) 

in absence and presence of 0.25 mg/L alginate. At this pH both CeO2 NPs and Fe2O3 ICs 

are negatively charged and no interaction was observed because of the electrostatic 

repulsions (Fig.VI.2). The average value of zeta potential was found equal to –37.1 ± 1.6 

mV and z-average diameter to 177 ± 9 nm. Similar results regarding heteroaggregation 

were obtained by considering TiO2 NPs and SiO2 colloids (Praetorius et al. 2014). No 

heteroaggregation was observed at pH 8 (at low electrolyte concentration) because of the 

repulsive charges between particles. In presence of alginate no significant change in the 

value of zeta potential (equal to –37.3 ± 1.5 mV) and z-average diameter (171 ± 8 nm) 

(Fig.VI.2 A and B) was observed due to the importance of repulsive interactions. 

Heteroaggregation of CeO2 NPs in lake water 

To evaluate the importance of CeO2 NP heteroaggregation in lake water we performed 

similar experiments as described in previous section but in filtered water from Lake 

Geneva. Interestingly, we observed a shift of particle zeta potential (for both cases in the 

presence and absence of alginate) to low values compared to ultrapure water. Zeta 

potential became less negative and equal to –12.0 ± 0.4 mV without alginate and –14.8 ± 

0.5 mV in the presence of alginate (Fig.VI.3A). The more negative value of zeta potential 

in the presence of alginate is due to the additional negative charges provided by alginate 

(Fig. A4.3). The difference of zeta potentials observed in ultrapure water compared to lake 

water was attributed to the presence of positively charged ions such as Na+, K+, Ca2+ and 

Mg2+ resulting in screening effects and specific adsorption on the negative NP surface. In 

such conditions, heteroaggregation of CeO2 NPs was observed. Z-average diameter was 
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found equal to 904 ± 148 nm without alginate and 370 ± 55 nm in the presence of 0.25 

mg/L alginate (Fig.VI.3B). Alginate was found to reduce the aggregation rate process in 

lake water for pristine NPs due to stabilising effect (with alginate adsorption via cation 

bridging) (Oriekhova, Le Coustumer, et Stoll 2017). The addition and increase of Fe2O3 

concentration resulted in the increase of heteroaggregation with and without alginate. 

Below 1 mg/L Fe2O3 the aggregate z-average diameters were found less than 1000 nm 

(Fig.VI.3B). Increase of Fe2O3 concentration resulted in larger size of the aggregates, with 

z-average diameters close to 3000 nm. The presence of alginate was found to have no 

effect above 1 mg/L Fe2O3, therefore, indicating dominant effect of Fe2O3 concentration 

on heteroaggregation and z-average diameter measurements in such conditions. 

 

VI.4.3 Heteroaggregation kinetic experiments 

The aim of this section was to investigate in details kinetics of heteroaggregation between 

CeO2 NPs, Fe2O3 ICs and alginate. First, we studied the kinetics of homoaggregation of 

pristine CeO2 and Fe2O3, then the heteroaggregation in mixtures of CeO2 and alginate, and 

Fe2O3 and alginate. Finally, we studied the heteroaggregation of mixture CeO2–Fe2O3 and 

of the system with including three compounds, i.e. CeO2, Fe2O3 and alginate. For a more 

detailed understanding of the interaction mechanisms we performed experiments in 

ultrapure water and then in synthetic and in natural waters.  

Heteroaggregation kinetics in ultrapure water 

As shown in Fig.VI.4, in which z-average hydrodynamic diameters of particles in ultrapure 

water at pH 8.0 are presented, CeO2 NPs and Fe2O3 ICs are stable at pH 8. Mean value (15 

min) of z-average diameters of pristine CeO2 NPs is equal to 192 ± 6 nm and is stable 

during 15 min measurement. The presence of alginate slightly reduces the value of z-

average diameters which is equal to 177 ± 9 nm. Z-average diameters of Fe2O3 ICs and 

Fe2O3 + alginate are equal to 147 ± 6 nm and 170 ± 10 nm, respectively. By considering a 

mixture of CeO2 and Fe2O3 without alginate z-average diameter is equal to 181 ± 8 nm. 

This value is found between the diameters of CeO2 and Fe2O3, indicating no interaction 

between NPs and ICs. The presence of alginate slightly reduces z-average diameter which 

is equal to 161 ± 8 nm. The most important point here is to note that no heteroaggregation 

is observed in the mixtures between CeO2 and Fe2O3 and in the mixtures CeO2/ 

Fe2O3/Alginate in ultrapure water due to the negative surface charges of all components 

as indicated by the zeta potential value presented in Table VI.1.  
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Heteroaggregation kinetics in lake water 

The time variation of z-average hydrodynamic diameters of CeO2 NPs, Fe2O3 ICs, and 

mixtures of NPs and ICs in the presence and absence of alginate in filtered Lake Geneva 

water is now presented in Fig.VI.5A. Pristine CeO2 NPs are forming aggregates in lake 

water (black squares) with z-average dimeter equals to 1065 ± 19 nm after 15 min. 

Aggregation is promoted due to the presence of divalent electrolytes, dissolved organic 

matter and natural colloids (Louie, Tilton, et Lowry 2013; Oriekhova et Stoll 2016). The 

presence of alginate reduces the aggregation rate of CeO2 NPs from 50 ± 8 nm/min to 19 

± 4 nm/min (Fig.VI.5B). The value of the z-average diameter is also decreased and is found 

equal to 434 ± 10 nm. Moreover, zeta potential of CeO2 NPs in the presence of alginate 

decreases compared to pristine particle and is equal to -15.0 ± 0.6 versus -12.3 ± 0.5 mV 

(Table VI.1) indicating NP surface coating by alginate and alginate stabilisation effect.  

 

Table VI.1. Zeta potentials in different water samples (pH 8.0 ± 0.2) 

Name of the sample Ultrapure Lake Geneva Synthetic water 

CeO2 -40.3 ± 2.6 -12.3 ± 0.5 -2.0 ± 0.2 

Fe2O3 -24.9 ± 1.6 -10.6 ± 0.4 -3.9 ± 0.3 

CeO2 + Fe2O3 -34.3 ± 1.4 -10.8 ± 0.4 -2.7 ± 0.3 

CeO2 + Alginate  -39.2 ± 1.4 -15.0 ± 0.6 -14.8 ± 0.4 

Fe2O3 + Alginate -27.5 ± 0.7 -14.4 ± 0.4 -13.4 ± 0.4 

CeO2 + Fe2O3 + Alginate -36.9 ± 2.1 -13.8 ± 0.5 -9.9 ± 0.4 

 

Pristine Fe2O3 ICs are also aggregated in lake water (red circles) with z-average 

diameter equals to 2236 ± 90 nm. The aggregation rate of Fe2O3 ICs is higher compared to 

the aggregation rate of CeO2 NPs indicating that Fe2O3 aggregates growth faster compared 

to CeO2 NPs. We believe it is due to the Fe2O3 form resulting in formation of more extended 

structures. In the presence of alginate, Fe2O3 ICs are found to have larger aggregate sizes 

(3051 ± 172 nm) due to the bridging effect in presence of alginate. Heteroaggregation 

between CeO2 NPs and Fe2O3 ICs in lake water is occurring now since it was not the case 

in ultrapure water (Fig.VI.4). Heteroaggregation is due to the presence of natural ions 

(Ca2+, Mg2+) and organic substances which specifically adsorb on the surface of both NPs 

and ICs changing their surface chemistry. The presence of alginate does not have an effect 

on heteroaggregation in a mixture CeO2 + Fe2O3 (Fig.VI.5A). In a mixture of NPs and ICs 
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and in natural water alginate does not have an effect on the size of heteroaggregates. In 

addition, the size of Fe2O3 aggregates is similar to the size of mixtures, probably, because 

of the main role of Fe2O3 in the process of aggregate formation and to higher contribution 

to the measurements.  

Heteroaggregation kinetics in synthetic water 

It is known that divalent cations have a significant effect on the NP stability (Liu et al. 

2013; Loosli, Le Coustumer, et Stoll 2015; Chekli et al. 2015). Regarding the results 

obtained in previous section and in order to specifically evaluate the effect of divalent 

cations, synthetic water containing the same amount of Ca2+ and Mg2+ as in Lake Geneva 

water was prepared (more details in section 2.1). The time variation of z-average 

hydrodynamic diameters presented in Fig.VI.6A indicates that the same trend as in lake 

water is observed. Pristine CeO2 and Fe2O3 are aggregated in synthetic water and the 

aggregation rate is slightly increased for CeO2 and stay similar for Fe2O3 (62 ± 6 and 95 ± 

13 nm/min, accordingly) compared to the aggregation rate in lake water 50 ± 8 and 89 ± 

18 nm/min, accordingly. The presence of alginate also slightly reduces the aggregation 

rate for NPs but has no effect on Fe2O3 and on the CeO2 + Fe2O3 mixture (Fig.VI.6B). 

However, the effect of naturally present organic matter is clearly reflected on zeta 

potential values (Table VI.1). Very interestingly, in synthetic water the presence of 

divalent electrolytes only results in lower value of zeta potential, whereas in lake water 

zeta potentials are more negative because of the presence of natural organic matter. 

Therefore, this comparative study between synthetic and natural waters highlighted the 

key role of divalent electrolytes in the heteroaggregation of NPs in lake water. 

 

VI.4.4 Effect of alginate concentration on heteroaggregation in lake water 

To gain an insight into the effect of alginate concentration we studied the 

heteroaggregation between CeO2 NPs and Fe2O3 in lake water by increasing the 

concentration of alginate from 0.25 to 2 mg/L (Fig.VI.7). Without alginate and in the 

presence of 0.25 mg/L alginate, z-average diameters are found close to 2500 nm (after 15 

min heteroaggregation). The presence of 2 mg/L alginate is found to significantly reduce 

the size of the aggregates equal to 608 ± 45 nm (after 15 min) (Fig.VI.7). The aggregation 

rate is also significantly reduced and is found equal to 125 ± 41 and 15 ± 2 nm/min 

(Fig.A4.6) in the presence of 0.25 and 2 mg/L alginate, accordingly, in good agreement 

with stabilisation effects related to electrostatic and steric effects (Baalousha 2009; 
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Oriekhova et Stoll 2016). Our findings are also supported with SEM images (Fig.VI.8). In 

Fig.VI.8A and B large heteroaggregates of CeO2 and Fe2O3 are found and no significant 

difference is observed at low alginate concentrations. Whereas in Fig.VI.8C 

heteroaggregates are much smaller and it is possible to distinguish the presence of Fe2O3 

connected by alginate and “individual” alginate chains on the surface of silica wafer. 

Therefore, in our work we showed that high alginate concentration prevent the 

heteroaggregation of mixtures of CeO2 NPs and Fe2O3 ICs in lake water. It should be noted 

that the same trend was observed in synthetic water (Fig.A4.7) where the increase of 

alginate concentration was found to decrease the aggregation rate but less significantly 

compared to lake water. 

The global attachment efficiency (αglobal) which is a mixture of the attachment 

efficiencies of homo- and heteroaggregations (Labille et al. 2015) is given in Fig.VI.9. This 

figure is presenting the attachment efficiencies calculated from experimental data of 

pristine CeO2 NPs and Fe2O3 ICs as well as their mixtures in synthetic and lake waters as 

a function of alginate concentration. The presence of alginate decreases the global 

attachment efficiency of heteroaggregates. We also observe that the attachment efficiency 

between pristine CeO2 NPs is lower than between Fe2O3 ICs. We also shown that in 

mixture without alginate and at low alginate concentration the attachment efficiency is 

larger than 1 indicating faster formation of heteroaggregates compared to pristine CeO2 

NPs at high ionic strength (CCC), i.e. during the diffusion limited aggregation (Metreveli, 

Philippe, et Schaumann 2015). We believe it is because the aggregation rate of CeO2 NPs 

was used as a reference for all samples. 

 

VI.5 Conclusions 

Our findings demonstrate that heteroaggregation between CeO2 NPs and Fe2O3 ICs is 

highly dependent on environmental conditions. In ultrapure water no heteroaggregation 

between NPs and ICs is observed because of the presence of electrostatic repulsions. 

Whereas, in natural lake and synthetic waters, in the presence of multivalent ions (such 

as Ca2+ and Mg2+), CeO2 heteroaggregation is observed due to the modification of NP 

surface chemistry. The concentration of alginate (NOM) plays a crucial role in controlling 

heteroaggregation in natural waters. Without alginate and in low alginate concentration 

(below 0.25 mg/L) important heteroaggregation is observed, however, high alginate 

concentration (2 mg/L and above) prevents heteroaggregation.  
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VI.6 Figures 
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Fig.VI.1. (A) CeO2 NP and (B) Fe2O3 IC zeta potential and z-average hydrodynamic 

diameter variation as a function of pH. Experimental conditions: [CeO2] = 50 mg/L, [Fe2O3] 

= 10 mg/L. At environmental pH = 8.0 ± 0.2 both NPs and ICs are negatively charged.   
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Fig.VI.2. (A) Zeta potential and (B) z-average hydrodynamic diameters of CeO2 NPs in 

ultrapure water at different concentrations of inorganic colloids (Fe2O3) in presence and 

absence of alginate. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L, [Alginate] = 

0.25 mg/L. No heteroaggregation between NPs, ICs and alginate is observed. 
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Fig.VI.3. (A) Zeta potential and (B) z-average hydrodynamic diameters of CeO2 NPs in lake 

water in increasing concentration of inorganic colloids (Fe2O3) in presence and absence 

of alginate. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L, [Alginate] = 0.25 

mg/L. The heteroaggregation is observed with increase of IC concentration in absence 

and presence of alginate. 
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Fig.VI.4. Z-average hydrodynamic diameters of CeO2 NPs in varied conditions: in the 

presence of inorganic colloids and alginate at pH > pHPZC in ultrapure water. No 

interactions between CeO2 NPs, Fe2O3 IC and alginate is observed. Experimental 

conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 mg/L. 
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Fig.VI.5. (A) Z-average hydrodynamic diameters and (B) aggregation rate of CeO2 NPs in 

Lake Geneva water: in the presence of Fe2O3 ICs and alginate. Experimental conditions: 

pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 mg/L. 
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Fig.VI.6. (A) Z-average hydrodynamic diameters and (B) aggregation rate of CeO2 NPs in 

synthetic water (in the presence of Ca2+/Mg2+ ions) and in the simultaneous presence of 

Fe2O3 ICs and alginate. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] = 

5 mg/L, [Alginate] = 0.25 mg/L. 
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Fig.VI.7. Time variation of z-average hydrodynamic diameters of CeO2 NPs and Fe2O3 ICs 

in Lake Geneva in varied alginate concentration. Experimental conditions: pH 8.0 ± 0.2, 

[CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 and 2 mg/L. The aggregation rate 

decreases with increase of alginate concentration.  
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Fig.VI.8. SEM images of CeO2 NPs and Fe2O3 ICs in Lake Geneva in varied alginate 

concentration. Experimental conditions: [CeO2] = 10 mg/L [Fe2O3] = 1 mg/L (A): 

[Alginate] = 0 mg/L; (B) [Alginate] = 0.05 mg/L and (C) [Alginate] = 2 mg/L. With increase 

of alginate concentration, we observed the formation of smaller heteroaggregates 

corresponding to the results illustrated in Fig.VI.6.   
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Fig.VI.9. The global attachment efficiency (αglobal) of pristine CeO2 NPs (green rectangle), 

pristine Fe2O3) IC (blue rectangle) and of a mixture NPs + ICs in synthetic and lake waters 

as a function of alginate concentration. Experimental conditions: pH 8.2 ± 0.2, [CeO2] = 50 

mg/L, [Fe2O3] = 5 mg/L, [Alginate] = 0; 0.25 and 2 mg/L. 
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VII.1 Introduction 

There is a growing concern about micro- and nanoplastic pollution, plastics 

fragments with sizes smaller than 5 mm and 5µm, accordingly, in fresh and marine water 

(Faure et al., 2015; Hohenblum Philipp et al., 2015; Ryan et al., 2009). In particular, micro- 

and nanoplastics represent a significant environmental concern since they are more 

easily ingested by the organisms and accumulated throughout the food chain (Wagner et 

al., 2014; Wright et al., 2013). Moreover, micro- and nanoplastics are not easy to detect 

and it poses a growing concern because of the possible release of toxic chemical additives 

or adsorption, accumulation and transportation of pollutants (Lee et al., 2014; Teuten et 

al., 2009). Polystyrene latex particles with size in the micro- and nanometre range are 

used as a model particle to investigate colloidal stability and behaviour of micro-

/nanoparticles in complex matrix. In particular, we concentrated on two major aspects 

such as importance of microplastic removal and elimination in water treatment plants 

and importance of heteroaggregation in the transport and fate of nanoplastics in aquatic 

systems. 

In this chapter we used two types of plastic particles. In the first study we 

investigated the behaviour of negatively charged micron sized polystyrene latex particles, 

whereas in the second study we used nanosized positively charged polystyrene latex 

particles. Polystyrene (PS) has been chosen since its demand in Europe, including 

expanded polystyrene, reaches the level of 3.4·106 tonnes per year and these polymers 

are used in a multiple of industrial applications (Plastics-the Facts 2016. An analysis of 

European plastics production, demand and waste data, 2016). In addition, PS plastics are 

difficult to recycle and are highly resistant to biodegradation (Chaukura et al., 2016; 

Kaplan et al., 1979). 

More specifically in the first study, we investigated the destabilisation of negatively 

charged PS microplastics during coagulation processes with iron(III) chloride, which was 

used as coagulant. The aggregation kinetics of PS particles was monitored by dynamic 

light scattering (DLS) and electrophoretic measurements with a Malvern Zetasizer 

instrument at different coagulant dosages. Nanoparticle tracking analysis (NTA) was also 

used to obtain size distribution of pristine and coagulated particles. To obtain iron 

speciation at different pH, MINTEQA2 software was used. To understand and better 

control the coagulation processes we investigated the modification of the plastic surface 
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charge at different initial pH and at various dosage of FeCl3. Obtained results were used 

to get an insight into coagulation mechanisms. 

In the second study, we systematically studied the effect of natural organic matter 

(NOM) and inorganic colloids (IC) on the heteroaggregation of polystyrene latex 

nanoplastic particles. These particles were chosen as they are expected to provide, due to 

their positive charge, favourable conditions for interaction with negatively charged 

aquatic colloids. Additionally, positively charged polymeric particles were found more 

toxic to the living organisms (Daphnia magna, mice and algal species) compared to 

negatively charged particles (Bhattacharya et al., 2010; Harush-Frenkel et al., 2010; 

Nasser and Lynch, 2016). First, we characterised nanoplastics, then we investigated the 

effect of water components on heteroaggregation of particles and, finally, we studied the 

behaviour of nanoplastics when mixed with natural water from river Rhône. At the end a 

mechanistic interpretation of interaction processes between plastic particles and water 

compounds was provided.  

 

VII.2 Main results 

Characterisation of 10 mg/L PS microplastic and 50 mg/L PS nanoplastic suspensions was 

done in a pH range from 2 to 10. We found that microplastic particle zeta potential is 

negative through all pH range and vary from –10 to –70 mV. Due to the electrostatic 

repulsive forces, suspensions were stable with z-average diameter equal to 1030 ± 106 

nm. Nanoplastic particles were positively charged at all pHs due to the presence of 

amidine functional groups with zeta potential changing from +48 at pH 3 to +33 mV at pH 

10 and are stable with a mean z-average diameter equal to 53.1 ± 4.3 nm. 

Microplastics 

The behaviour of microplastic particles in an increasing concentration of coagulant, from 

0.25 to 15 mg/L, was investigated at initial pH 5.5 as a function of time. We found that 

zeta potential did not stabilise immediately but after approximately 60 min depending on 

the FeCl3 concentration. We also found a pH decrease with increase of coagulant dosage. 

The charge neutralisation occurred when the FeCl3 concentration was between 1 and 

2 mg/L (Fig. VII.1) which corresponds to the isoelectric point (IEP) and optimal coagulant 

dosage. With increase of FeCl3 concentration zeta potential changed from negative (–

50 mV) to positive (+40 mV) values and pH decreased from 5.5 to 3.6. Therefore, we 

observed three domains: below the IEP, charge neutralisation at the IEP and charge 
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inversion above the IEP. Such microplastic behaviour was also confirmed by the 

measurements of z-average hydrodynamic diameter (Fig. VII.2). Below the IEP in the 

presence of low concentration of coagulant (0.25 and 0.5 mg/L) no significant change in 

size was observed (i area). At charge neutralisation (1 and 2 mg/L FeCl3), particle 

aggregation was observed and z-average hydrodynamic diameter was found to rapidly 

increase up to 2400 nm after 125 min (ii area). In the charge inversion domain (5 to 15 

mg/L FeCl3), z-average values of hydrodynamic diameter were found surprisingly smaller 

than expected and close to 300 nm (iii area).  

 

 

Fig. VII.1. Zeta potential and pH variation of the microplastic PS suspension as a function 

of coagulant concentration after stabilisation (initial pH was 5.5).  

 

Fig. VII.2. Z-average hydrodynamic diameter variation of PS particles depending on 

coagulant dosage.  
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We attributed such a decrease in hydrodynamic diameter to the formation of iron 

hydroxide which was partially precipitated and dispersed in suspension independently of 

further pH changes. Speciation modelling as well as literature data (Larue et al., 2003; 

Stefánsson, 2007) confirms that in a pH range from 6 to 10, 60% of Fe(III) species in 

solution are considered to form insoluble iron hydroxide Fe(OH)3 particles. The size 

distribution measured by the NTA method showed, in good agreement with DLS 

measurements, the presence of two independent particles with hydrodynamic diameters 

equal to 190 and 1000 nm (Fig. VII.3), which corresponds to the newly formed 

precipitated hydroxides and PS particles respectively. 

 

Fig. VII.3. Particle size distributions in the PS latex suspension with an excess of iron(III) 

chloride at pH 7 using NTA method.  
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Heteroaggregation experiments between PS nanoplastics and Fe2O3 and then between PS 

and mixtures of Fe2O3 and alginate were performed. The variation of z-average diameters 

with time was measured and the average value of the last 3 min measurements as well as 

zeta potential values were plotted in Fig. VII.4A. The zeta potential was found to change 

from negative to positive with the increase of nanoplastic concentration passing through 
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46.2 nm at the IEP and then decreased with further increase of PS concentration. Such a 

decrease indicated that the light scattering signal was mainly due to the PS nanoplastics 

in suspension.  
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Fig. VII.4. Zeta potential and z-average diameter of a mixture of PS nanoplastics and Fe2O3 

versus nanoplastic concentration (A) without alginate. Maximum heteroaggregation is 

achieved at 3 mg/L nanoplastics. (B) In the presence of alginate. Maximum 

heteroaggregation is achieved at 20 mg/L nanoplastics. [Fe2O3] = 5 mg/L, [Alginate] = 2 

mg/L, pH = 8.0 ± 0.2, ultrapure water. 

 

To investigate the effect of NOM on heteroaggregation between PS and Fe2O3 we 

used alginate. A shift of the IEP was observed in the presence of alginate. At low PS 

concentration, until 10 mg/L, a negative zeta potential was obtained (–33.1 ± 2.6 mV) (Fig. 

VII.4B). Then the IEP was achieved at 20 mg/L, indicating that more positively charged 

nanoplastics are needed to neutralise negative charges of both alginate and Fe2O3. The 

increase of nanoplastic concentration resulted to the charge inversion due to the excess 

of PS. 

To investigate the effect of naturally present organic and inorganic colloids on the 

heteroaggregation of PS nanoplastics we used filtered water from river Rhône. When 

nanoplastics were mixed with Rhône water at low concentration (below 4 mg/L) we 

observed limited charge inversion and limited aggregation of nanoplastic particles due to 

the presence of dissolved electrolytes and natural organic matter (Fig. VII.5). Increase of 

nanoplastic concentration lead to the charge inversion and to the decrease of aggregate 

sizes due to the concentration effects. Maximum heteroaggregation was reached when the 

IEP was achieved at 5 mg/L nanoplastic concentration. 
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Fig. VII.5. Zeta potential and z-average hydrodynamic diameter of PS nanoplastics mixed 

with Rhône water versus nanoplastic concentration. pH = 8.0 ± 0.2, Rhône water filtered 

through 0.45 μm. The maximum heteroaggregation is achieved at 5 mg/L nanoplastics. 

 

In the study dealing with microplastics, we demonstrated that to define the 

optimal coagulant dosage and to control coagulation processes the measurement of zeta 

potential can be used. It was shown also that the changes of PS microplastic properties, in 

particular the changes of surface charge, did not occur immediately, varied with time and 

coagulant dosage. The excess of coagulant resulted in charge inversion, which is not 

desirable situation, and the formation of additional nanosized iron hydroxide. The 

optimal condition for the microplastics destabilisation and coagulation is achieved when 

the dosage of coagulant was enough to neutralise the particle surface charge. 

In the second study dealing with nanoplastics, we showed that heteroaggregation 

was induced by the presence of both Fe2O3 and alginate at environmental pH. It was found 

that the concentration ratio between Fe2O3, alginate and nanoplastics is an important 

parameter controlling the heteroaggregation rate. We have shown that the presence of 

alginate shifts the maximum heteroaggregation and modifies the heteroaggregation 

mechanism. We also showed that the aggregation rate of nanoplastics in natural water 

depends on nanoplastic concentration and charge neutralisation processes. We showed 

that the nanoplastic surface properties and variability of environmental conditions will 

strongly control the fate and transport of nanoplastics in natural water. 
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• Zeta  potential  of latex  particles  is  a
function  of FeCl3 coagulant  concen-
tration.

• Measurement  of  zeta  potential  allows
controlling  the  latex  coagulation  and
FeCl3 dosage.

• Charge  neutralization  mechanism  is
responsible  for  particle  aggregation
at optimal  dosage.

• At  high  FeCl3 dosage,  Fe(OH)3

nanoparticles  are concomitantly
formed.

• FeCl3 optimal  dosage  for  coagulation
is dependent  on the initial  pH suspen-
sion.
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a  b  s  t  r  a  c  t

In water  treatment  processes,  the optimal  dosage  of coagulant  is highly  dependent  on suspended  particle
surface  charge,  size  and  concentration,  pH and  composition  of  water.  One  way  to control  the  coagulation
process  can  be  based  on the  measurement  of the electrophoretic  mobility  and  determination  of  zeta
potential.

In this  study  we  investigated  the  interaction  between  negatively  charged  polystyrene  latex  particles
and  iron(III)  chloride  as  coagulant.  We  combined  three  methods,  i.e. dynamic  light  scattering,  nanoparticle
tracking  analysis,  and  modeling  to  thoroughly  characterize  our  system.

We  have  shown  that stabilization  of zeta  potential  occurred  after  60–80  min  after  addition  of  coagulant.
We  demonstrated  different  behaviors  of  latex  particles  with  FeCl3 depending  on  the  dosage  of  iron  ions.
The  optimal  dosage  of  FeCl3 is equal  to  1–2  mg/L  for  the rapid  aggregation  of  10  mg/L  latex  suspension.
We  found  a  good  agreement  between  the aggregation  rate  and  surface  charge  of  the latex  particles  and
that charge  neutralization  mechanism  is responsible  for  particle  aggregation.  High dosage  of  coagulant
was  also  found  to  result  in formation  of  iron(III)  hydroxide  particles  which  diameter  was  about  200  nm.
The  initial  pH  is  also  important  for  latex  particle  coagulation.  The  lower  initial  pH  of  suspension  is,  the
more  rapidly  the  isoelectric  point  is  achieved.
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1. Introduction

The coagulation process is widely used in water treatment
plants to remove the colloidal or suspended matter which can be
both of natural and anthropogenic origin [1–7]. During this process
colloidal particles form large aggregates that can be more easily
and rapidly removed by flocculation or filtration. Destabilization
and increase of collision efficiency between the suspended colloidal
particles are achieved by adding synthetic coagulants into water
[5,8]. Different types of electrolytes or polyelectrolytes are used,
for example the salts of iron(III) or aluminum, and poly(dimethyl
diallylammonium chloride) or polyacrylamide polymers [5,9–12].
The liquid phase needs to be rapidly separated with the highest
efficiency to obtain a clear filtrate, avoid rejecting pollutants into
natural aquatic systems, and maintain the maximum of pollutants
in the minimum dry matter. For several reasons coagulants are not
always used in a rational way for optimal coagulation condition.
This optimal condition is very dependent on different factors, such
as the concentration of particles, their charges and sizes, pH and
solution composition which can greatly vary with time.

There are many mechanisms that can explain the coagulation
process. Action of inorganic salts is based on the charge neu-
tralization mechanism. The repulsive forces between negatively
charged colloid particles disappear after the adsorption of the
highly charged cations, such as Al3+ or Fe3+, and neutralization of
surface charge. The electrostatic interaction can also be screened
by the cations that lead to the prevalence of attractive van der
Waals forces. However, depending on the pH solution and the
dosage of coagulant, hydrolysis occurs and insoluble hydroxides
are formed [6,13]. It leads to the development of bigger aggregates
which capture colloidal particles and then to sweep coagulation
[5,14,15]. Li et al. [14] studied kaolin coagulation by aluminum sul-
fate (alum). They showed that the charge neutralization occurred
when zeta potential of particles was close to zero and the concen-
tration of alum was 0.1 mmol/L. The sweep coagulation took place
at higher alum dose of about 1.9 mmol/L which caused precipita-
tion of amorphous metal hydroxide. James et al. [16] studied the
colloidal TiO2-Al(III) system and demonstrated the charge reversal
coagulation when zeta potential of suspension was  in the range
from −14 to +14 ± 4 mV  at pH from 6 to 10 for different elec-
trolyte concentrations. For larger magnitude of zeta potential the
suspension was found stable. Kobayashi et al. [15] investigated
the coagulation of sulfate latex beads in the presence of imogolite
nano-tubes. They explained, when two mechanisms, charge neu-
tralization and sweep coagulation are present, that coagulation is
strongly charge dependent. When the surface charges of latex and
imogolites have the opposite sign and the imogolites are dispersed,
the coagulation happened only around the isoelectric point. When
the latex particles and the imogolites have the same charge and
when the imogolites are coagulated then the sweep coagulation
occurred. The authors found that the efficiency of coagulation was
determined by the imogolite dosage and its electrokinetic potential.

It was also found that the efficiency of coagulation process can
be reduced with the increase of coagulant dosage [17] due to the
reversal of particle surface charge hence resulting in a new sta-
bilization [18–20]. Dahlsten et al. [21] studied the behavior of
melamine-formaldehyde latex particles in the presence of a wide
range of electrolytes (NaCl, NaNO3, KNO3, etc.). They showed that
the change of zeta potential from positive (from +40 to +80 mV)
to negative (about −40 mV)  values was depending on the concen-
tration of electrolytes and pH. Schumacher et al. [22] demonstrated
that the anionic styrene-acrylic latex particles suspended with non-
ionic surfactants can stay stable in the presence of trivalent ions
with high range of concentration. First the latex dispersion was
stabilized with surfactant and then the iron and aluminum salt solu-
tions were added. The particle zeta potential increased from less

than −60 mV  to values in excess of +40 mV  in the case of Fe3+. The
particles did not show any aggregation behavior even at 2 mol/L
counterion concentrations up to 200 days. Larue et al. [8] com-
pared two  types of coagulant dosing, chemical and electrical, as
a function of pH and iron concentration to define the optimal oper-
ating conditions. They changed the concentration of iron from 10−3

to 6 × 10−3 mol/L and showed that the residual floc concentration
decreased with the increase of iron concentration and reached a
minimal value at 2 × 10−3 mol/L corresponding to optimal dosage
at pH 7.5 for FeSO4 and at pH 6 for FeCl3 coagulant. In all cases
it was  found that the coagulant dosage is an important parameter
that influences the coagulation process.

One of the different and possible way  to control the coagulation
processes is to measure the change of particle charge during the
water treatment process as shown in references [23–25]. It can be
done by electrophoretic measurements which allow the calculation
of the zeta potentials. Zeta potential gives useful information about
electrostatic interactions between particles. The electrochemical
surface properties of particles control the aggregation kinetics and
the interactions between particles can be described by the DLVO
theory [26]. It was shown by Morfesis et al. [25] that the monitoring
of zeta potential in real water treatment plants can help to main-
tain the optimal operating conditions. They controlled the particle
stability which varied over time, and identified the maximum coag-
ulation rate that gave a fast response to changing circumstances.

In this work we conducted electrophoretic measurements to
study the behavior of negatively charged polystyrene latex par-
ticles in the presence of iron(III) chloride, which is a largely used
coagulant, at different dosages. The effect of the initial pH of the
suspension as well as pH changes were investigated to better
understand the coagulation process and surface charge modifica-
tion of latex particles in the presence of FeCl3. The dynamic light
scattering (DLS) method was  used to determine zeta potential and
z-average hydrodynamic diameter of latex particles. Employing the
nanoparticle tracking analysis (NTA) we also investigated the par-
ticles distribution by size. The modeling of iron speciation was
made with the MINTEQA2 software. We  combined these different
approaches to thoroughly characterize our system and discussed
the coagulation mechanism based on detailed analysis of size dis-
tributions and electrophoretic measurements.

2. Materials and methods

2.1. Experimental methods

Zeta potential � and z-average hydrodynamic diameter were
measured using a Malvern Zetasizer Nano ZS (Malvern Instruments
Ltd, UK). Visualization and distribution of particles by size were also
investigated applying nanoparticle tracking analysis (NTA) with a
NanoSight LM14 instrument (NanoSight Ltd, UK).

2.1.1. DLS method
Five parallel measurements were performed for each point

with time delay of 5 s. The samples temperature was 298 ◦K.
First electrophoretic mobility UE was measured and zeta potential
was calculated using Henry equation (Eq. (1)) and Smoluchowski
approximation (Eq. (2)):

UE = 2ε�

3�
· f (Ka), (1)

UE = ε�

�
, (2)

where ε corresponds to the relative permittivity εr (or dielec-
tric constant) multiplied by the permittivity of free space,
ε0; � is the viscosity of the liquid; K is the Debye–Hükel
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Table  1
The parameters for iron species modeling in MINTEQA2 program.

Parameter Value

Temperature, ◦K 298
Concentration of FeCl3, mg/L 2
pH 1–12
Ionic strength, mol/L 3.6 × 10−5 to 6.2 × 10−2 a

a pH dependent, calculated.

parameter; a is the particle radius, f(Ka) equal to 3/2. We  chose
the Smoluchowski approximation as our system fits the parame-
ters of Smoluchowski model [7] regarding the particle sizes and
suspension ionic strength. The investigated particles have diame-
ter equal to 0.99 �m and the concentration of electrolyte is more
than 10−3 M of FeCl3. Inserting values for permittivity and viscosity
of water at 298 ◦K, Eq. (3) gives the relation between zeta potential
and mobility:

� = 12.8UE, (3)

where �-potential is expressed in mV and electrophoretic mobility
in �m s−1/V cm−1.

The Stokes–Einstein equation (Eq. (4)) was used to calculate
hydrodynamic diameter dH of particles from the transitional dif-
fusion coefficient D [5,7]:

dH = kT

3��D
, (4)

where k is the Boltzmann’s constant and T is the absolute temper-
ature.

2.1.2. NTA method
To obtain the particle size distributions we used a NTA LM14

instrument with NTA 2.3 Analytical Software. The device anal-
yses the particle paths under Brownian motion and determines
the average distance moved by each particle in x and y direction.
This value allows to obtain the diffusion coefficient and using the
Stokes–Einstein equation (4) to calculate the sphere-equivalent,
hydrodynamic diameter [27,28]. The results of measurements are
highly dependent of the processing parameters and experimen-
tal protocol [27,29]. All measurements were repeated 3 times, i.e.
3 video were recorded for each sample. We  adjusted the camera
settings to visualize as many particles as possible trying to reduce
the noise on the image. As our samples were polydisperse we
established bigger capture time (from 90 to 160 s) to track max-
imum number of particles and got reliable results. The NTA LM14
instrument was adjusted and calibrated before measurement of our
samples with standard polystyrene latex microspheres of 100, 200
and 400 nm.  We  extracted the suitable images from the video to
compare different types of samples, adjusting only their brightness
and contrast.

2.1.3. Modeling
To perform the modeling of iron(III) species in solution the

MINTEQA2 software (developed by Allison Geoscience Consultants
Inc. and HydroGeologic Inc.) was used. MINTEQA2 applies the
thermodynamic and mass balance equations to solve geochemical
equilibria and calculate the ion speciation/solubility. The program
consists of submodels that compute the activities of cationic and
anionic species and neutral ion pairs then compute the solubility
of solids and minerals and in the end the mass transfer submodel
calculates the mass of solid that precipitates or dissolves. [30–32].

Fig. 1. Zeta potential of sulfate latex particles as a function of pH. Zeta potential is
found negative in all range of adjusted pH. Size distribution (inset) of latex particles
using DLS method. Z-average of hydrodynamic diameter is found equal to 1000 nm
in  a good agreement with TEM and NTA measurement.

To compute the activity coefficients we used the Davies equation
(5), the other parameters which were used during modeling are
shown in Table 1.

− log f± = 0.5z1z2

( √
I

1 + √
I

− 0.15I

)
, (5)

where f± is the mean modal activity coefficient of an electrolyte
which dissociates into ions with charge z1 and z2; I is the ionic
strength.

2.2. Materials

Latex beads (IDC Latex particles provided by Life Technolo-
gies Corporation, USA) were made of polystyrene with negatively
charged sulfate functional groups on the surface. They have a
diameter 0.99 �m (TEM measurement, provided by manufacturer),
initial concentration 78 g/L, density at 20 ◦C 1.055 g/cm3, specific
surface area 5.7 × 104 cm/g and were free from surfactants.

We  worked with 10 mg/L latex suspensions. A stock suspen-
sion of 1 g/L was  prepared and then diluted with Milli Q water
(R > 18 M� cm)  until final concentration of 10 mg/L was achieved.
pH was adjusted by adding small amount of diluted HCl  and NaOH
(Merck, Germany). Zeta potential of particles was found negative
in all range of pH (Fig. 1). As a result, the suspension was sta-
ble due to the electrostatic repulsive forces and the z-average of
hydrodynamic diameter was  found also stable at about 1000 nm.

Iron(III) chloride FeCl3 was used as coagulant. A stock solution of
1 g/L was prepared from iron(III) chloride hexahydrate FeCl3·6H2O
(Merck, Germany).

After the dissolution of salt its hydrolysis occurred. Many
species, such as Fe3+, Fe(OH)2+, Fe(OH)2

+, Fe(OH)3 and Fe(OH)4
−

coexist in solution at the same time (Fig. 2). The concentration of
these species depends on pH and can be described by equations of
hydrolysis equilibrium (Eqs. (6)–(10)) [13,33,34]:

Fe3+ + H2O = Fe(OH)2+ + H+, log K = −2.19 (6)

Fe3+ + 2H2O = Fe(OH)2
+ + 2H+, log K = −5.67 (7)

Fe3+ + 3H2O = Fe(OH)3 + 3H+, log K = −11.9 (8)

Fe3+ + 4H2O = Fe(OH)4
− + 4H+, log K = −21.6 (9)

2Fe3+ + 2H2O = Fe2(OH)2
4+ + 2H+, log K = −2.95 (10)
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Fig. 2. Speciation of iron(III) as a function of pH for a FeCl3 solution at 2 mg/L. Fe3+

and Fe(OH)2+ are mainly present in solution at pH less than 3. In the pH range from
4  to 6 the highest relative concentration is obtained for Fe(OH)2

+ and at pH greater
than 7 Fe(OH)4

− and insoluble Fe(OH)3 are present.

3. Results and discussion

The pH of initial 10 mg/L latex suspension was 5.5. It was then
adjusted to 4, 7, 8 and 9, to perform the experiments at different
initial pH conditions. The concentration of iron(III) chloride was
then adjusted and varied for each suspension from 0.25 to 15 mg/L.

The change of latex particle zeta potential as a function of FeCl3
concentration with time and with initial pH 5.5 is shown in Fig. 3.
We found that addition of coagulant do not lead to immediate sta-
bilization of the latex � potential. It changed from −50 to −10 mV
with the presence of small amount of salt (0.25 and 0.5 mg/L), but
still remained negative. The charge neutralization was found to
occur when concentration of coagulant was 1–2 mg/L. The increase
of FeCl3 concentration from 5 to 15 mg/L was then found to result
in charge inversion. Zeta potential became highly positive and sta-
ble with values comprised between +30 and +45 mV.  The pH of the
suspension was also found to rapidly decrease with the addition of
FeCl3. A pH decrease of two pH units was achieved with coagulant
concentration of 15 mg/L as shown in Fig. 3b.

To get an insight into the behavior of the system after � poten-
tial and pH stabilization the three last values of �-potential and
pH at 80, 100 and 120 min  were considered and average values
were calculated. The results are presented in Fig. 4. Continuous
decrease of pH and �-potential increase with coagulant concentra-
tion are observed. With the increase of the iron ions concentration,
pH decreases from 5.5 to 3.6. Meanwhile values of �-potential
change from negative −50 mV to positive +40 mV,  indicating an
important charge reversal of latex particles. We  found that the iso-
electric point (IEP) was achieved when the FeCl3 concentration was
comprised between 1 and 2 mg/L.

In order to investigate the influence of the initial suspension
pH to coagulate with FeCl3 we fixed the pH of initial suspensions
at 4, 5.5, 7, 8 and 9. It turned out that the behavior of the system
can be divided into two regimes depending on the concentration
of iron(III) chloride (Fig. 5). When the dosage of FeCl3 was  above
5 mg/L we did not identified significant differences between the
values of zeta potential which were all found positive. On the other
hand when FeCl3 concentration was less than 5 mg/L we  observed
a difference between the values of zeta potential as a function of
initial pH. Indeed the IEP was more rapidly achieved at low initial
pH values regarding the FeCl3 dosage. When pH was above 7, �-
potential was within the range from −90 to −40 mV.  But for acid
environment, pH below 5.5, the values of �-potential were higher,

a

b

Fig. 3. Latex particle change of �-potential (a) and pH (b) depending on the concen-
tration of FeCl3 with time. Zeta potential stabilizes after about 80 min and pH after
10  min  following the FeCl3 addition. Initial pH of suspension was 5.5. It is observed
that in all cases the suspension pH is decreasing with the addition of FeCl3.

from −60 to −30 mV  for the same FeCl3 dosage. In neutral and basic
environments latex particles had more negative surface charge
than in acid environments. It is related with acid–basic equilibrium
on the surface of latex particle. In acid environment free proton

Fig. 4. Change of �-potential and pH of the latex suspension as a function of coagu-
lant concentration after stabilization (initial pH was 5.5). �-Potential changes from
negative (−50 mV)  to positive (+40 mV)  values and pH from 5.5 to 3.6. The neu-
tralization of charge is achieved when the concentration of coagulant is comprised
between 1 and 2 mg/L concomitantly with a decrease of the suspension pH.
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Fig. 5. Zeta potential and pH variation as a function of iron(III) chloride concentra-
tion  at different initial pH. It is found that by decreasing the initial pH, surface charge
neutralization is more efficient regarding the coagulant concentration. As a result
less coagulant is necessary.
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Fig. 6. Time variation of z-average hydrodynamic diameters of latex particles
depending on coagulant dosage. There are three tendencies in particle aggregation
behavior: (i) absence of aggregation below the isoelectric point (IEP); (ii) aggrega-
tion at the IEP according to the increase of the z-average hydrodynamic diameter
and (iii) decrease of the z-average diameter above the IEP due to the concomitant
formation of nanoparticles composed of Fe(OH)3. Initial suspension pH equal to 7.

(H+) is attached to the surface group, it reduces the surface charge.
When the pH becomes higher H+ left the latex surface and in basic
environment zeta-potential becomes more negative. To achieve the
IEP the optimal concentration of iron(III) chloride was within the
range from 1 to 2 mg/L. Below this concentration the surface charge
of particles stayed negative and above it we  observed the surface
charge inversion and the zeta potential became highly positive at
about +40 mV.  It should also be noted that at pH around 4 the con-
centration of positively charged ions such as Fe(OH)2

+ and Fe(OH)2+

is higher and such conditions are more efficient for surface charge
neutralization.

To get insight into the coagulation process and aggregate for-
mation that were occurring in the suspension we measured the
z-average hydrodynamic diameters as a function of the coagu-
lant concentration (Fig. 6) using DLS at initial pH 7. We  found
three tendencies in suspension behavior. When the concentration
of coagulant was below the isoelectric point (0.25 and 0.5 mg/L
FeCl3), no significant size change was  obtained – line dash and dots
(red rectangle). At charge neutralization, for (1 and 2 mg/L FeCl3),
particle aggregation was  observed and z-average hydrodynamic
diameter was found to rapidly increase up to 2400 nm after about
100–125 min  (straight line and black rectangle). In the charge inver-
sion domain, for FeCl3 concentration from 5 to 15 mg/L, z-average
values of hydrodynamic diameter were surprisingly found smaller
than expected and close to 300 nm (dash line and blue rectan-
gle). It is known that at pH above 6 and until pH 10 about 60% of
Fe(III) species in solution (Fig. 2) are considered to form insoluble
iron hydroxide Fe(OH)3 [8,13,35]. After the formation of Fe(OH)3
it partially precipitated and stayed in suspension independently of
further changes of pH, thus explaining the decrease of the mean
z-average value of hydrodynamic diameter. This important obser-
vation was checked by considering the size distributions using
DLS (Fig. 7a). We  found two distinct particle size distributions in
suspension with mean z-average diameters of about 160 nm and
1000 nm.  The NTA method was  also used to determine the size
distribution and a similar result was found (Fig. 7b) with hydro-
dynamic diameters equal to 190 nm and 1000 nm respectively in
agreement with the DLS measurement. As the average diameter of
the latex particles was 0.99 �m we concluded that the presence of
these nanosized particles corresponded to aggregates composed of
precipitated hydroxides.

We  extracted two  images from NTA video recordings to com-
pare latex suspensions, only, with mixtures of latex and iron(III)
chloride (7 mg/L) (Fig. 8). It can be seen (Fig. 8b) that in mixed
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sizes  of about 190 and 1000 nm are observed concomitantly with the charge inversion of the latex particles. It should be noted that a better resolution is achieved with the
tracking analysis technique.
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Fig. 8. Pictures from NTA videos corresponding to a suspension containing only latex particles (a) and a suspension of latex particles with FeCl3 (b). We found two different
species  of size 190 and 1000 nm in the second suspension which indicated the formation of Fe(OH)3 insoluble nanoparticles.

suspensions there were two independent species of size about
190 and 1000 nm that were attributed to iron(III) hydroxide and
latex particles respectively. Here, two different methods allowed
the visualization of nanosized iron(III) hydroxide formation, which
is important for understanding the coagulation mechanism of latex
particles in the presence of an excess of iron salt. Most importantly
for water treatment processes it is shown here that the excess of
iron is removed via the formation nanosized iron particles.

In order to understand the mechanism of particle interaction
we measured zeta-potentials and z-average hydrodynamic diam-
eters of a dispersion containing iron(III) hydroxide (Fig. 9). We
found that the formed nanoparticles were positively charged with
zeta-potential of +30 mV.  We  also measured the size distribution
of particles and the z-average hydrodynamic diameter was found
equal to 168 nm (after 30 min  from the beginning of experiment).
This means that the coated latex and precipitated nanoparticles
have the same surface properties and surface charges and therefore
not aggregate.

The mechanism of particle interaction and surface charge modi-
fication in the presence of FeCl3 at different dosage and at different

Fig. 9. Time variation of zeta-potential of iron(III) hydroxide and corresponding size
distribution (inset) formed during the experiment. Zeta-potential is positive and is
around +30 mV.  Z-average hydrodynamic diameter is equal 168 nm.
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Fig. 10. Schematic representation of the behavior of the latex suspension (10 mg/L) as a function of iron(III) chloride concentration and pH. The isoelectric point is achieved
when  the FeCl3 concentration was 1–2 mg/L. The charge neutralization mechanism is found responsible for particle aggregation. It is shown that pH is also playing an
important role in the latex particle coagulation.

initial pH is schematically presented in Fig. 10. Below the IEP all
latex particles are negatively charged and the suspension is sta-
ble. The addition of small amount of coagulant under the 1 mg/L
does not dramatically change the latex stability. According to our
model (Fig. 2) Fe3+, Fe(OH)2+ and Fe(OH)2

+ ions are present in solu-
tion below pH 6, but, with regards to the latex concentration this
quantity of positively charged ions is not high enough to change
the surface charge of particles and induce aggregation. Therefore
zeta potential of particles remains negative. In the range of dosage
from 1 to 2 mg/L of FeCl3 the coagulation of particles occurred. The
iron ions are adsorbed on the latex surface and it results to charge
neutralization. The addition of higher concentrations of coagulant
brings more iron species in suspension, which leads to charge inver-
sion of particles in positive sign and the repulsion forces stabilize
the suspension. At the same time, above pH 6 the formation of
iron hydroxide occurred that leads to its partial precipitation as
nanoparticles, but this process does not influence the already sta-
bilized latex. The best condition for coagulation process is shown in
Fig. 9, when the concentration of coagulant is comprised between
1 to 2 mg/L and initial pH from 6 to 10.

4. Conclusion

The surface charge modification and aggregation process
induced by FeCl3 at different pH and coagulant dosage are dis-
cussed here. Based on our results it is found that zeta potential
measurements can be used to control the coagulation process
and to establish the optimal conditions of coagulant dosage. It
is shown that adding a given dose of coagulant does not lead
to immediate change in surface charge in particular when the
coagulant dosage is low. We  demonstrated different behaviors of
latex particles depending on the dosage of iron ions. The excess of
FeCl3 is resulting to the formation of positively charged Fe(OH)3

nanoparticles but also to charge inversion which is not a desirable
situation. The initial pH is also important to consider to improve
the efficiency of FeCl3 as coagulant regarding the dose to use to
attain the isoelectric point (IEP). The lower initial pH of suspen-
sion is, the more rapidly the IEP is achieved. In addition, there are
three tendencies in particles behavior depending on concentration
of iron(III) chloride: stabilization below the IEP, aggregation (at the
IEP) and restabilization above the IEP. The primary mechanism that
is responsible for latex coagulation is charge neutralization.
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Heteroaggregation of nanoplastic particles in the
presence of inorganic colloids and natural organic
matter†

Olena Oriekhova and Serge Stoll *

The presence and accumulation of micro- and nanoplastics in marine and fresh waters represent a huge

environmental concern. Due to the complexity of nanoplastic surface chemistry and impact of the sur-

rounding aquatic environment, the fate of nanoplastics is still difficult to evaluate. Our study aims to explore

the effect of different water components such as natural organic matter and inorganic colloids as well as

water composition on the stability of polystyrene nanoplastics. Heteroaggregation experiments are

performed under contrasting conditions by considering mixtures of three components: nanoplastics, Fe2O3

and alginate and at different concentration ratios. It is found that the charge neutralization mechanism in

most cases is responsible for the formation of large heteroaggregates. A shift in the optimal hetero-

aggregation concentration is observed in the presence of alginate indicating competitive effects between

alginate and Fe2O3. The formation of primary heteroaggregates is found to be a requisite before the forma-

tion of large structures. The behavior of polystyrene nanoplastics is also studied here in natural water from

the Rhône river. Nanoplastic particles are found to rapidly change their surface charge from positive to

negative and form small heteroaggregates at low concentration. Increasing the nanoplastic particle con-

centration is found to result in the formation of large heteroaggregates when the isoelectric point is

achieved indicating the importance of nanoplastic surface charge neutralization.

Introduction

The huge amount of plastic items which are produced for
our benefits has led to the accumulation of plastic fragments
in marine and fresh water environments.1–3 The major path-
ways of plastics to the environment concern wastewaters, ur-
ban runoffs and degradation of already present larger frag-

ments into smaller micro- and nano-sized particles.4–6 Such
micro- and nanoplastics represent a significant environmen-
tal concern since they are more easily ingested by organisms
and accumulated throughout the food chain.7–9 Moreover,
nanoplastics are not easy to detect and pose a growing con-
cern because of the adsorption, accumulation and transport
of toxic chemical additives (polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, petroleum hydrocarbons, organo-
chlorine pesticides, etc.) and possible release of these
pollutants.10–12 Most of the research studies focus on the
monitoring of plastic pollution in the marine environment
and only a few of them address the plastic pollution in fresh
water, despite the fact that the main source of microplastics
in marine water is run-off from metropolitan area rivers.13–15
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Environmental significance

Plastic pollution of aquatic systems has emerged as one of the most important environmental issues. Most of the attention has concentrated on the
behavior of microplastics in the marine environment and relatively little attention has been paid to date to nanoplastics in fresh water systems. This
study aims to improve our understanding of the effect of water components such as natural organic matter, inorganic colloids and ionic composition on
the stability of polystyrene nanoplastics and the formation of heteroaggregates. Heteroaggregation between nanoplastics and aquagenic compounds is
investigated under various contrasting conditions to derive a detailed mechanistic description of heteroaggregation based on different scenarios and
systematic measurements. The formation of large heteroaggregates is governed by complex mechanisms of surface charge modification, electrostatic
interactions, divalent cation absorption, and bridging processes. In most cases, it is shown that charge neutralization at the isoelectric point is a requisite
for the formation of large heteroaggregates composed of nanoplastics and that heteroaggregation is one key process controlling the environmental identity
of nanoplastics.
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In Switzerland, microplastics of different types, origins and
compositions were found in samples from lakes Geneva, Con-
stance, Neuchâtel, Maggiore, Zurich and Brienz.3

Different sources of plastic pollution from the direct rejec-
tion of plastic litter, from the washing liquid of synthetic
clothes, from thermal cutting and 3D printing, and from cos-
metics have been identified.16–20 An additional source of plas-
tic pollution has resulted from the use of sewage sludge
which contains plastic pollution as a fertilizer.21 Rain events
and infiltration will result in the transport of these com-
pounds to groundwater and rivers.

Plastics can be grouped into two categories: primary and
secondary materials.22 Primary plastics are plastic particles
specifically produced as micro- or nano-sized particles and
mainly used in industry as abrasive agents or in cosmetics as
facial cleaners. Meanwhile, secondary plastic is a result of
fragmentation and degradation processes from larger frag-
ments of plastic litter to micro- or nano-sized fragments.23

There is a lack of detailed studies based on the mechanis-
tic approach about the transformation of nanoplastics in
aquatic systems. Many factors can influence the nanoplastic
behavior in water. For example, there is no systematic re-
search addressing the effect of the presence of naturally oc-
curring organic matter (NOM) and inorganic colloids (ICs) as
well as water chemistry on the fate and transport of nano-
plastics. However, it is possible to use the knowledge gained
in the field of nanomaterials to assess some hypotheses on
the fate of micro- and nanoplastics in the environment.22,24

It is known, from the data for manufactured metallic nano-
particles, that the presence of natural ICs will affect the envi-
ronmental identity of nanoparticles via
heteroaggregation25–27 and that the presence of NOM can
have a stabilizing effect or even lead to the redispersion of
the nanoparticle aggregates formed.28,29 To understand the
effect of water compounds on the fate of micro- and nano-
plastics, more studies, which take the specificity of plastic
particles into account, such as particle density, surface chem-
istry, the mechanism of degradation and aging,24 are needed.

In our work, we systematically studied the effect of natural
organic matter (NOM) and inorganic colloids (IC) on the
heteroaggregation of polystyrene latex nanoplastic particles.
The polystyrene (PS) demand in Europe, including expanded
polystyrene, reaches the level of 3.4 × 106 tonnes per year and
these polymers are used in packaging, building and construc-
tion, electrical and electronics industries, and paints.30 In ad-
dition, PS plastics are difficult to recycle and are highly resis-
tant to biodegradation.31,32 PS beads which we will use in
this study are available as dispersions and will serve as model
particles to assess the behavior of PS nanoplastics in the en-
vironment. These PS particles are positively charged and
expected to provide favourable conditions for interaction with
negatively charged aquatic colloids. In addition, positively
charged polymeric particles were found to be more toxic to
living organisms (Daphnia magna, mice and algal species)
compared to negatively charged particles.7,33,34 On the other
hand, we used alginate which is a natural polysaccharide as a

surrogate for NOM. As a proxy for IC, we used ironĲIII) oxide
(α-Fe2O3) which is one of the most relevant ICs in the Rhône
river.35 First, PS nanoplastic particles were thoroughly charac-
terized across the full pH range, including environmental
conditions at pH 8 for which most of the experiments were
performed. Then we investigated the effect of each individual
water component, separately and then in mixtures. The last
part of the study is devoted to the behavior of PS nano-
plastics in natural water from the Rhône river. A mechanistic
interpretation of different interaction processes occurring
when PS nanoplastics are released to different waters is
presented to gain a better picture of the nanoplastic fate in
aquatic systems.

Materials and methods
Materials

Latex polystyrene nanospheres were provided from Molecular
Probes® (Life Technologies Corporation, USA) with a mean
diameter equal to 20 ± 0.3 nm (TEM measurements, provided
by the manufacturer), density equal to 1.055 g cm−3 (20 °C)
and specific surface area of 2.8 × 106 cm2 g−1. Amidine
groups are present on the surface of PS particles making
them positively charged in a large pH domain with a surface
charge density equal to 3.0 μC cm−2. A 400 mg L−1 stock sus-
pension at pH 3.0 was prepared by diluting the original sus-
pension with ultrapure water (R > 18 MΩ cm, Millipore, Swit-
zerland), the pH of which was previously adjusted to 3. As a
proxy for inorganic colloids, ironĲIII) oxide (α-Fe2O3, 99%) as a
powder (NanoAmor, Inc., USA) was used. A 1 g L−1 suspen-
sion was prepared in ultrapure water at pH 10, and then this
suspension was sonicated for 15 min with an ultrasonic
probe (CV18, Sonics Vibra cell, Blanc Labo S.A., Switzerland).
A 500 mg L−1 stock suspension was prepared with ultrapure
water having a pH also previously adjusted to 10 for further
dilution. Alginate (A2158, Sigma Aldrich, Switzerland) was
used as a surrogate for natural polysaccharide. The molecular
weight of low viscosity alginate is equal to 50 kDa.36 A 100
mg L−1 stock solution was prepared in ultrapure water and
used for further dilution. To adjust the pH, diluted sodium
hydroxide and hydrochloric acid (0.01 M) (NaOH and HCl,
Titrisol®113, Merck, Switzerland) were used. Water from the
Rhône river was collected in Geneva, Jonction district (Ge-
neva, Switzerland) and filtered through a 0.45 μm filter (Milli-
pore, Switzerland). The physicochemical properties of this
water were measured during the sampling. The ionic compo-
sition was analyzed by ionic chromatography (Dionex ICS-
3000 analyzer). All measured parameters are presented in
ESI† SI1. All solutions were stored in a dark place at 4 °C.

Methods

Zeta potentials and z-average hydrodynamic diameters were
measured using a Malvern Zetasizer Nano ZS (Malvern Instru-
ments Ltd, UK). The kinetics of heteroaggregation was mea-
sured for each point independently every 15 sec for 15 min
(accumulating in total 60 measurements). Each figure data

Environmental Science: Nano Paper



794 | Environ. Sci.: Nano, 2018, 5, 792–799 This journal is © The Royal Society of Chemistry 2018

point represents a mean value of z-average diameters mea-
sured during the last 3 min (i.e. from 13 to 15 min
including).

To characterize PS nanoplastics, a 100 mL suspension of
nanoplastic particles (50 mg L−1) was prepared at pH 3 and
then the pH was increased by addition of 0.01 M NaOH. The
time delay between each measurement was at least 15 min in
order to stabilize the pH. To study the interaction between al-
ginate and PS nanoplastics, a series of independent suspen-
sions were prepared. A 40 mg L−1 nanoplastic suspension was
prepared by dilution with ultrapure water (pH was previously
adjusted to obtain the final suspension pH equal to 8.0 ±
0.2). Then an appropriate amount of alginate was added to
obtain the final concentration of alginate which was adjusted
from 0.25 to 5 mg L−1.

For nanoplastics mixed with water from the Rhône river,
the aggregation rate (nm min−1) was determined by linear
fitting and from the slope of z-average hydrodynamic diame-
ters measured over the first 5 min after addition of nano-
plastics to water.37,38 The aggregation rate is an important pa-
rameter, obtained experimentally, which could be used for
further development of theoretical models of nanoplastic
transformations and calculation of attachment
efficiencies.4,39

In order to observe the heteroaggregate morphology, a
JSM-7001FA (JEOL) scanning electron microscope (SEM) was
used to obtain SEM images. For each sample, 20 μL of the
nanoplastic dispersion were placed on one aluminum stub
covered with a 5 × 5 mm silica wafer (Agar Scientific G3390),
dried and wrapped with 3 nm of Pt/Pd coating.

Results and discussion

To understand the behavior of PS nanoplastic particles in a
complex aquatic matrix, it is important to start with a simple
system and then increase step by step the system complexity.
First PS particles were characterized in ultrapure water under
changing pH conditions. Then, heteroaggregation experi-
ments between PS nanoplastics and individual water compo-
nents (NOM and IC) were considered. In order to investigate
the effects of IC and alginate separately and in mixtures, a se-
ries of experiments were designed. Then to consider a more
complex and realistic picture including the combined effect
of all water components, PS particles were released to the
river Rhône water.

PS nanoplastic characterization

To obtain an insight into the variation of the surface charge
of nanoplastic particles, titration curves were determined
across the full pH range. Zeta potential was measured from
pH 3 to pH 10 in 50 mg L−1 nanoplastic suspension. Due to
the presence of amidine functional groups, the particle sur-
face is found to be positively charged. The zeta potential var-
ied from +48 ± 6 mV at pH 3 to +33 ± 4 mV at pH 10
(Fig. 1A). PS nanoplastic particles are stable due to the pres-
ence of positively charged functional groups and the particle

mean z-average hydrodynamic diameter is equal to 53.1 ± 4.3
nm. To study the nanoplastic morphology, SEM images of 5
mg L−1 nanoplastics in ultrapure water were recorded. As can
be seen in the SEM image presented in Fig. 1B, PS nano-
plastics have a regular spherical shape and are found to be
dispersed as single units. Based on SEM image analysis, 71%
of the particles were found with the size varying from 20 to
30 nm, which corresponds to the data provided by the manu-
facturer. The z-average diameter measurement by DLS has a
tendency to report larger particle sizes due to the ability of
large particles to scatter more light as the intensity of
scattered light is proportional to the sixth power of the parti-
cle diameter.40

Interaction between PS nanoplastics and alginate

We performed experiments at pH 8.0 ± 0.2 which is represen-
tative of fresh water conditions. A 40 mg L−1 nanoplastic sus-
pension was prepared and then alginate was added to the
suspension. Initially, PS nanoplastics are positively charged
and stable with a zeta potential equal to +42.7 ± 9.3 mV and
mean z-average hydrodynamic diameter equal to 65.8 ± 1.3
nm (Fig. 2A). The increase of alginate concentration is found
to gradually decrease the value of zeta potential. The electro-
static interaction between positively charged nanoplastic par-
ticles and negatively charged alginate leads rapidly to charge

Fig. 1 (A) Zeta potential and z-average hydrodynamic diameter of PS
nanoplastic particles at different pH values in ultrapure water. Zeta po-
tential decreases with the increase of pH. Z-average hydrodynamic di-
ameter is found to be constant with a mean value equal to 53.1 ± 4.3
nm. Experimental conditions: [PS] = 50 mg L−1, initial pH 3. (B) SEM im-
age of pristine nanoplastics in ultrapure water: [PS] = 5 mg L−1, the di-
ameter of PS particles is found to be from 25 to 63 nm.
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neutralization, the so-called isoelectric point (IEP), which oc-
curs at 1 mg L−1 alginate concentration. At this stage, maxi-
mum aggregation is observed. The z-average diameter is
found to be equal to 4245 ± 330 nm. Such a large diameter is
attributed to the formation of alginate bridges41,42 between
PS particles resulting in the formation of open structures as
illustrated in the SEM image in Fig. 2B. Further increase of
alginate concentration leads to negative zeta potential values
with a plateau at −34.9 ± 1.3 mV (5 mg L−1 alginate), to the
decrease of the aggregate sizes and to the stabilization of
nanoplastic particles. Above 2 mg L−1 alginate concentration,
the z-average diameter is equal to 106.9 ± 1.6 nm (5 mg L−1

alginate). Stabilization is achieved herein due to the forma-
tion of alginate coating around nanoplastic particles.28,43 The
increase of particle z-average diameter is also attributed to
the alginate coating. Alginate molecules form a layer around
PS nanoplastics, with an approximate thickness of 20 nm,
which increases the overall z-average diameter. Here, the
interaction process of nanoplastic beads with alginate is also
controlled by the concentration ratio between nanoplastics
and alginate. At low alginate concentration, nanoplastics are
expected to form primary heteroaggregates with alginate but
the amount of negative charges introduced by alginate is not
enough to coat the nanoplastics and has a visible effect on
the aggregate size and surface charge. Then with the increase
of alginate concentration, charge neutralization and bridging

are responsible for the heteroaggregation of nanoplastics. At
high alginate concentration, alginate covers thoroughly the
surface of nanoplastics resulting in charge inversion, i.e.
nanoplastics covered with alginate became negatively
charged, and stabilization due to the electrostatic and steric
repulsive forces is observed.

Heteroaggregation between PS nanoplastics and Fe2O3

First, a 5 mg L−1 suspension of Fe2O3 was prepared. At pH 8.0
± 0.2, Fe2O3 particles are negatively charged with a zeta po-
tential equal to −28.5 ± 0.8 mV and a z-average diameter of
110.2 ± 6.6 nm (Fig. 3A). The variation of z-average hydrody-
namic diameter with time (over 15 min) upon the addition of
PS nanoplastics is presented in the ESI† (Fig. S1). The
z-average diameters (average of the last 3 min measurements)
are given in Fig. 3A as well as zeta potential values. The in-
crease of nanoplastic concentration leads to the increase of
zeta potential (the values of zeta potential become less nega-
tive) until charge neutralization at the IEP. The IEP is
obtained at 3 mg L−1 nanoplastic concentration and for a
concentration ratio of PS/Fe2O3 equal to 3/5. Further increase
of nanoplastic concentration leads to charge inversion. At 50
mg L−1, the nanoplastic zeta potential is equal to +40.9 ± 5.3

Fig. 2 (A) Zeta potential and z-average hydrodynamic diameter of PS
nanoplastic particles at different alginate concentrations at pH = 8.0 ±

0.2 in ultrapure water. The strong affinity between the positively
charged nanoplastics and negatively charged alginate is mainly due to
electrostatic attractive interactions. The IEP is achieved at 1.00 ± 0.05
mg L−1 alginate when [PS] = 40 mg L−1. (B) SEM image of nanoplastic
and alginate aggregates: [PS] = 5 mg L−1, [alginate] = 1 mg L−1.

Fig. 3 (A) Zeta potential and z-average hydrodynamic diameter of a
mixture of PS nanoplastics with inorganic colloids (Fe2O3) versus nano-
plastic concentration. Experimental conditions: [Fe2O3] = 5 mg L−1, pH
= 8.0 ± 0.2, ultrapure water. Maximum heteroaggregation is achieved
at 3 mg L−1 nanoplastic concentration at the IEP. (B) SEM image of a
mixture of PS nanoplastics and Fe2O3: [PS] = 5 mg L−1, [Fe2O3] = 2.5
mg L−1. Nanoplastic particles are found to be adsorbed on the surface
of rod-shaped Fe2O3 particles due to the presence of electrostatic at-
tractive interactions.
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mV due to the excess of PS particles. Heteroaggregation is al-
ready observed at 1 mg L−1 PS concentration as shown in Fig.
S3A,† in which the size distribution during heteroaggregation
is compared to the size distributions of the individual parti-
cles (Fig. S2†). The z-average diameter increases and reaches
its maximum (1056.9 ± 46.2 nm) at the IEP corresponding to
3 mg L−1 nanoplastic concentration. Further increase of PS
concentration leads to a fast drop in the values of the
z-average diameter, indicating that the light scattering signal
is mainly due to the PS nanoplastics. Despite the higher re-
fractive index and bigger size of Fe2O3 particles, the scatter-
ing signal is still mainly due to the PS particles, because
there are many more smaller PS particles.

Results indicate that PS nanoplastics adsorb on the sur-
face of Fe2O3 (Fig. 3B) and heteroaggregation is observed.
Maximum heteroaggregation occurs when the concentration
of nanoplastics reaches the optimal value for charge neutrali-
zation between oppositely charged nanoplastics and ICs.

Effect of alginate on heteroaggregation between PS
nanoplastics and Fe2O3

We used alginate to investigate the effect of a third compo-
nent on the heteroaggregation between nanoplastics and in-
organic colloids. A suspension containing Fe2O3 and alginate
was prepared and then nanoplastics were added. Zeta poten-
tial variation and z-average diameters as a function of PS
nanoplastic concentration are given in Fig. 4A. At low PS con-
centrations, from 0 to 10 mg L−1, a negative zeta potential is
obtained (−33.1 ± 2.6 mV). Then the IEP is achieved at 20 mg
L−1. Interestingly, a shift in the IEP regarding the nanoplastic
concentration is observed when a comparison is made with
the value obtained in the absence of alginate (3 mg L−1), indi-
cating that more positively charged nanoplastics are therefore
needed to neutralize the negative charges of both alginate
and Fe2O3. Further increase of the nanoplastic concentration
was then found to result in charge inversion due to the ex-
cess of PS.

The presence of alginate is found to delay the maximum
heteroaggregation due to a competitive effect between algi-
nate and Fe2O3 regarding the interactions with PS particles.
We assume that under such conditions, primary hetero-
aggregates composed of PS and alginate, PS and Fe2O3, PS–
Fe2O3 and alginate are formed. By increasing the nanoplastic
concentration, secondary heteroaggregates composed of pri-
mary heteroaggregates connected through alginate bridges
are obtained with larger size.26 The size of the aggregates sig-
nificantly increased (3701 ± 824 nm) compared to that of
heteroaggregates without alginate (1056.9 ± 46.2 nm).

PS nanoplastic heteroaggregation in Rhône river water

To obtain an insight into the effect of naturally present or-
ganic matter and inorganic colloids from river water on the
heteroaggregation of PS nanoplastics, filtered Rhône water
was used. When nanoplastic particles at low concentrations
(below 4 mg L−1) are in contact with the river water, they are

found to rapidly change their surface charge from positive to
negative. The zeta potential passes from +42.7 ± 9.3 to −6.1 ±
1.3 mV. Different molecular fractions (low and high weight)
of naturally present organic matter and other water compo-
nents, such as organic and inorganic polyions, are expected
to specifically adsorb onto the nanoplastic surface causing
important change of the surface charge.44,45 The increase of
nanoplastic concentration leads to the charge inversion in
the same way as in ultrapure water in the presence of IC and
the mixture of IC–alginate, due to the excess of nanoplastic
particles (Fig. 5).

Nanoplastic particles are slightly aggregated when they are
mixed with Rhône water at low concentrations (below 1 mg
L−1 PS) with a z-average diameter equal to 375.6 ± 20.8 nm.
Natural polyelectrolytes are specifically adsorbed on the
nanoplastic surface and modify the double-layer structure46

resulting in changes not only in the surface charge but also
in the particle size. Maximum heteroaggregation is once
again achieved when the IEP is obtained (5 mg L−1) with ag-
gregate sizes equal to 1750 ± 123 nm. Zeta potential and
z-average hydrodynamic diameter variations in Rhône water
represent an intermediate situation between hetero-
aggregation in the presence of IC only and in the IC–alginate
mixture. Further increase of nanoplastic concentration leads
to the decrease of aggregate sizes due to the high PS concen-
tration. To introduce a more quantitative approach for

Fig. 4 (A) Zeta potential and z-average hydrodynamic diameter of a
mixture of PS nanoplastic particles, Fe2O3 and alginate versus PS con-
centration. Experimental conditions: [Fe2O3] = 5 mg L−1, [alginate] = 2
mg L−1, pH = 8.0 ± 0.2, ultrapure water. Maximum heteroaggregation
is achieved when [PS] = 20 mg L−1. (B) SEM image of a mixture of PS
nanoplastics, Fe2O3 and alginate: [PS] = 5 mg L−1, [Fe2O3] = 2.5 mg L−1,
[alginate] = 1 mg L−1.
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interpretation of heteroaggregation data, we calculated the
aggregation rate (nm min−1) versus the increase of nano-
plastic concentration (Fig. 6). The fitting parameters for lin-
ear and exponential curves in Fig. 6 are provided in the ESI†
(SI4). Further increasing the PS concentration below the con-
centration of the maximum heteroaggregation (5 mg L−1), the
aggregation rate increases with the increase of nanoplastic
concentration (Fig. 6), which corresponds to the aggregation

theory predicting the increase of collision probability with
the increase of the particle concentration and is in good
agreement with aggregation of metallic nanoparticles.37,47 At
higher nanoplastic concentrations, the excess of PS inhibits
the heteroaggregation processes (Fig. S4†). A similar observa-
tion of the aggregation rate increase till the optimal value
and then decrease was reported previously.38,48 Indeed, the
heteroaggregation rate between carbon nanotubes (CNTs)
and hematite nanoparticles (HemNPs) was found to be pro-
portional to the total concentration of CNTs and HemNPs, in-
creasing till the optimal CNT/HemNP ratio of 0.0316 and
then gradually decreasing.38 It should be noted that in excess
of PS nanoplastics the heteroaggregation still occurs
according to Fig. S4A† (size distribution by intensity) in
which two peaks are visible. It should be noted that if the
size distribution by number (Fig. S4B†) is considered, one
peak is observed indicating the outnumbering of individual
nanoplastic particles over the aggregates. As a result, the
mean size of the PS particles decreases indicating that more
and more individual particles are stabilized by electrostatic
repulsive forces.

Mechanistic description of nanoplastic interaction processes
in contrasting water samples

A schematic representation of the possible mechanisms oc-
curring when PS nanoplastics are released in different waters
is shown in Fig. 7. In ultrapure water in the absence and
presence of alginate, when the PS concentration is low (below
3 mg L−1 without alginate and at 10 mg L−1 in the presence
of alginate), particles form primary heteroaggregates.

Increasing nanoplastic concentration leads to significant
heteroaggregation via charge neutralisation mechanisms. In
the presence of alginate, we observe a shift of maximum
heteroaggregation to a higher PS concentration (20 mg L−1).
More positively charged nanoplastics are needed to neutralize
the negative charge of both alginate and iron oxide which is
consistent with our primary heteroaggregate formation. In
addition, the size of the aggregates is found to be larger indi-
cating an additional bridging mechanism between particles
in the presence of alginate. Further increase of PS nano-
plastic concentration leads to an excess of PS and charge in-
version is observed.

In Rhône water at low nanoplastic concentrations (below 4
mg L−1), we observe limited charge inversion (PS nanoplastics
change their surface charge from positive to negative) as well
as limited z-average diameters due to the presence of
dissolved electrolytes and natural organic matter. Negatively
charged organic matter specifically adsorbs on the positively
charged nanoplastic surface, and then electrolytes, such as
Ca2+ and Mg2+, induce a bridging effect between nanoplastic
particles. Maximum heteroaggregation is obtained at 5 mg
L−1 nanoplastic concentration. At this stage of aggregation,
large heteroaggregates are formed, which are composed of PS
particles, multivalent ions, NOM and ICs. By increasing the
PS concentration, the charge inversion is again observed.

Fig. 5 (A) Zeta potential and z-average hydrodynamic diameter of PS
nanoplastics released into Rhône water versus nanoplastic concentra-
tion. Experimental conditions: pH = 8.0 ± 0.2, Rhône water filtered
through a 0.45 μm filter. The maximum heteroaggregation is achieved
at 5 mg L−1 nanoplastic concentration. (B) SEM image of PS nano-
plastics in Rhône water: [PS] = 1 mg L−1.

Fig. 6 Aggregation rate of PS nanoplastic particles as a function of
nanoplastic concentration. The aggregation rate is determined by
fitting the slope of hydrodynamic diameters measured by DLS over the
first 5 min after addition of nanoplastics to Rhône water. Two
distinguished parts are observed. The aggregation rate increases with
the increase of particle concentration up to 4 mg L−1 nanoplastics
(linear fit with a correlation coefficient equal to 0.954) and then
exponentially decreases above this value indicating rapid restabilization
of PS nanoplastics after charge neutralization of the Rhône water
compounds. Linear fit and exponential decay parameters are given in
the ESI† (SI4).
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Conclusions

In this work, we showed the effect of contrasting water com-
position on the stability of positively charged polystyrene
nanoplastics. Heteroaggregation at environmental pH was in-
duced by the presence of both inorganic colloids such as
Fe2O3 and alginate polysaccharide chains. The concentration
ratio between Fe2O3, alginate and nanoplastics was found to
be an important parameter controlling the heteroaggregation
rate. Nanoplastic surface properties, more specifically the sur-
face charge, were found to define the affinity between nano-
plastics, inorganic colloids and natural organic matter. It
should be noted that the presence of alginate was found to
modify the heteroaggregation mechanism towards the forma-
tion of larger structures. We also showed that the aggregation
rate of nanoplastics in natural water from the Rhône river is
dependent on nanoplastic concentration and charge neutrali-
zation processes. Our results indicate that the nanoplastic sur-
face properties and variability of environmental conditions will
strongly control the fate and transport of nanoplastics in natu-
ral water and that heteroaggregation will play an important role
in the nanoplastic environmental identity and removal from
aquatic systems. It would be of great interest for future re-
search to develop a theoretical framework taking the hetero-
aggregation and collision efficiencies into account which could
be used for further fate modeling and risk assessment.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge support receive from the European
Commission and the Swiss Secrétariat d'Etat à la Formation
et à la Recherche et à l'Innovation SEFRI within the Horizon
2020 Program (NanoFASE 15.0183-2, 646002) and the Univer-

sity of Geneva. We are also grateful to Agathe Martignier for
her support during the SEM measurements and to Alexis
Pochelon for his advice with image analysis.

References

1 R. C. Thompson, Y. Olsen, R. P. Mitchell, A. Davis, S. J.
Rowland, A. W. John, D. McGonigle and A. E. Russell,
Science, 2004, 304, 838.

2 P. G. Ryan, C. J. Moore, J. A. van Franeker and C. L.
Moloney, Philos. Trans. R. Soc., B, 2009, 364, 1999–2012.

3 F. Faure, C. Demars, O. Wieser, M. Kunz and L. F. De
Alencastro, Environ. Chem., 2015, 12, 582–591.

4 E. Besseling, J. T. Quik, M. Sun and A. A. Koelmans, Environ.
Pollut., 2017, 220, 540–548.

5 K. Mattsson, L.-A. Hansson and T. Cedervall, Environ. Sci.:
Processes Impacts, 2015, 17, 1712–1721.

6 A. S. Tagg, M. Sapp, J. P. Harrison and J. J. Ojeda, Anal.
Chem., 2015, 87, 6032–6040.

7 F. Nasser and I. Lynch, J. Proteomics, 2016, 137, 45–51.
8 M. Wagner, C. Scherer, D. Alvarez-Muñoz, N. Brennholt, X.

Bourrain, S. Buchinger, E. Fries, C. Grosbois, J. Klasmeier, T.
Marti, S. Rodriguez-Mozaz, R. Urbatzka, A. D. Vethaak, M.
Winther-Nielsen and G. Reifferscheid, Environ. Sci. Eur.,
2014, 26, 12.

9 S. L. Wright, R. C. Thompson and T. S. Galloway, Environ.
Pollut., 2013, 178, 483–492.

10 H. Lee, W. J. Shim and J.-H. Kwon, Sci. Total Environ.,
2014, 470–471, 1545–1552.

11 C. M. Rochman, E. Hoh, B. T. Hentschel and S. Kaye,
Environ. Sci. Technol., 2013, 47, 1646–1654.

12 E. L. Teuten, J. M. Saquing, D. R. Knappe, M. A. Barlaz, S.
Jonsson, A. Björn, S. J. Rowland, R. C. Thompson, T. S.
Galloway and R. Yamashita, Philos. Trans. R. Soc., B,
2009, 364, 2027–2045.

13 P. Hohenblum, B. Liebmann and M. Liedermann, Plastic
and Microplastic in the Environment, Wien, 2015.

Fig. 7 Heteroaggregation mechanisms occurring when PS nanoplastics are released in different waters and in the presence of different
compounds such as inorganic colloids (Fe2O3) and organic biomolecules (alginate). In most cases, electrostatic effects are found to play key roles
and maximum heteroaggregation is observed at the heteroaggregate IEPs. The presence of alginate causes the shift of the maximum
heteroaggregation to higher values of nanoplastic concentration due to neutralization of the excess of negative charges.

Environmental Science: NanoPaper



Environ. Sci.: Nano, 2018, 5, 792–799 | 799This journal is © The Royal Society of Chemistry 2018

14 D. Morritt, P. V. Stefanoudis, D. Pearce, O. A. Crimmen and
P. F. Clark, Mar. Pollut. Bull., 2014, 78, 196–200.

15 S. Zhao, L. Zhu, T. Wang and D. Li, Mar. Pollut. Bull.,
2014, 86, 562–568.

16 M. A. Browne, P. Crump, S. J. Niven, E. Teuten, A. Tonkin, T.
Galloway and R. Thompson, Environ. Sci. Technol., 2011, 45,
9175–9179.

17 L. S. Fendall and M. A. Sewell, Mar. Pollut. Bull., 2009, 58,
1225–1228.

18 H. A. Leslie, M. J. M. Van Velzen and A. D. Vethaak, Nov.
Data Set Microplastics North Sea Sediments Treat. Wastewater
Effl. Mar. Biota Amst. Inst. Environ. Stud. VU Univ. Amst.

19 H. Zhang, Y.-Y. Kuo, A. C. Gerecke and J. Wang, Environ. Sci.
Technol., 2012, 46, 10990–10996.

20 B. Stephens, P. Azimi, Z. El Orch and T. Ramos, Atmos.
Environ., 2013, 79, 334–339.

21 J. P. da Costa, P. S. M. Santos, A. C. Duarte and T. Rocha-
Santos, Sci. Total Environ., 2016, 566, 15–26.

22 K. Syberg, F. R. Khan, H. Selck, A. Palmqvist, G. T. Banta, J.
Daley, L. Sano and M. B. Duhaime, Environ. Toxicol. Chem.,
2015, 34, 945–953.

23 J. Gigault, B. Pedrono, B. Maxit and A. T. Halle, Environ. Sci.:
Nano, 2016, 3, 346–350.

24 T. Hüffer, A. Praetorius, S. Wagner, F. von der Kammer and
T. Hofmann, Environ. Sci. Technol., 2017, 51, 2499–2507.

25 J. Labille, C. Harns, J.-Y. Bottero and J. Brant, Environ. Sci.
Technol., 2015, 49, 6608–6616.

26 A. Praetorius, J. Labille, M. Scheringer, A. Thill, K.
Hungerbühler and J.-Y. Bottero, Environ. Sci. Technol.,
2014, 48, 10690–10698.

27 J. T. K. Quik, M. C. Stuart, M. Wouterse, W. Peijnenburg,
A. J. Hendriks and D. van de Meent, Environ. Toxicol. Chem.,
2012, 31, 1019–1022.

28 O. Oriekhova, P. Le Coustumer and S. Stoll, Colloids Surf., A,
2017, 533, 267–274.

29 F. Loosli, P. Le Coustumer and S. Stoll, Environ. Sci.: Nano,
2014, 1, 154–160.

30 Plastics-the Facts 2016, An analysis of European plastics
production, demand and waste data, Plastics Europe, 2016.

31 N. Chaukura, W. Gwenzi, T. Bunhu, D. T. Ruziwa and I.
Pumure, Resour., Conserv. Recycl., 2016, 107, 157–165.

32 D. L. Kaplan, R. Hartenstein and J. Sutter, Appl. Environ.
Microbiol., 1979, 38, 551–553.

33 O. Harush-Frenkel, M. Bivas-Benita, T. Nassar, C. Springer,
Y. Sherman, A. Avital, Y. Altschuler, J. Borlak and S. Benita,
Toxicol. Appl. Pharmacol., 2010, 246, 83–90.

34 P. Bhattacharya, S. Lin, J. P. Turner and P. C. Ke, J. Phys.
Chem. C, 2010, 114, 16556–16561.

35 D. L. Slomberg, P. Ollivier, O. Radakovitch, N. Baran, N.
Sani-Kast, H. Miche, D. Borschneck, O. Grauby, A. Bruchet,
M. Scheringer and J. Labille, Environ. Chem., 2016, 13,
804–815.

36 M. A. LeRoux, F. Guilak and L. A. Setton, J. Biomed. Mater.
Res., 1999, 47, 46–53.

37 G. Metreveli, A. Philippe and G. E. Schaumann, Sci. Total
Environ., 2015, 535, 35–44.

38 K. A. Huynh, J. M. McCaffery and K. L. Chen, Environ. Sci.
Technol., 2012, 46, 5912–5920.

39 M. Elimelech, X. Jia, J. Gregory and R. Williams, Particle
deposition & aggregation: measurement, modelling and
simulation, Butterworth-Heinemann, 1998.

40 V. Filipe, A. Hawe and W. Jiskoot, Pharm. Res., 2010, 27,
796–810.

41 J. Buffle, K. J. Wilkinson, S. Stoll, M. Filella and J. Zhang,
Environ. Sci. Technol., 1998, 32, 2887–2899.

42 R. Ferretti, S. Stoll, J. Zhang and J. Buffle, J. Colloid Interface
Sci., 2003, 266, 328–338.

43 M. Baalousha, Sci. Total Environ., 2009, 407, 2093–2101.
44 S. M. Louie, E. R. Spielman-Sun, M. J. Small, R. D. Tilton

and G. V. Lowry, Environ. Sci. Technol., 2015, 49,
2188–2198.

45 S. M. Louie, R. D. Tilton and G. V. Lowry, Environ. Sci.
Technol., 2013, 47, 4245–4254.

46 J. Gregory, Particles in water: properties and processes, CRC
Press, 2005.

47 A. R. Petosa, D. P. Jaisi, I. R. Quevedo, M. Elimelech and N.
Tufenkji, Environ. Sci. Technol., 2010, 44, 6532–6549.

48 J. Gregory, J. Colloid Interface Sci., 1973, 42, 448–456.

Environmental Science: Nano Paper



 

 

 

 

 

Chapter VIII 
 

Conclusions and perspectives 
 

  



  



Conclusions and perspectives 
 

153 
 

The wide usage of ENMs in variety industrial applications and everyday products has led 

to the release of those materials to the environment, in particular to the aquatic systems. 

The fate and behaviour of ENMs in the water body are defined by the intrinsic particle 

properties as well as by properties of surrounding media. Therefore, the goal of this thesis 

was to develop a mechanistic understanding of transformation processes of ENMs in 

various aquatic environments. In order to achieve this goal different types of materials 

and representative environmental media were used. 

In Chapters III until VI, we concentrate our research on cerium dioxide (CeO2) NPs. 

In Chapter III (Paper I) effect of different environmental factors such as water ionic 

composition, pH, presence of fulvic acid and dilution factors were investigated. CeO2 NPs 

released to natural water interact with NOM and form CeO2/NOM complexes. The 

outcome of the research showed that the way how those complexes are formed will 

influence the particle fate. Indeed, the gradual increase of FAs concentration led to the 

destabilisation of NPs and the formation of aggregates. However, the direct addition of 

FAs led to the formation of stable CeO2/FA complexes. It was also shown that formed 

complexes are stable with time and not affected by variation of pH, low ionic strength and 

dilution. 

Once the CeO2/NOM complexes are formed it is of interest to investigate how they 

behave in natural water. Therefore, Chapter IV (Paper II) was dedicated to the 

investigation of the stability and the aggregation processes of uncoated and coated with 

FAs CeO2 NPs in natural environmental conditions. The results showed the 

environmentally relevant concentration of FA stabilises CeO2 NPs in ultrapure and in 

synthetic water. However, in natural Lake Geneva water, CeO2 NPs were found aggregated 

regardless the concentration of FAs. Therefore, the presence of natural water compounds 

play a key role in the stabilisation of NPs in natural water. The stability of CeO2 NPs coated 

with another type of NOM and stability of coating formed was investigated in Chapter V 

(Paper III). Alginate is a natural biopolymer which is widely used as a surrogate of natural 

polysaccharides. The stability of alginate coating around CeO2 NPs was tested in changing 

pH, ionic strength and in natural water. Our results demonstrated that when coating is 

formed it is persistent with time and in changing pH. The concentration of alginate plays 

crucial role in CeO2 stabilisation in ultrapure and in synthetic waters. In natural lake water 

heteroaggregation is observed, but is reduced by increasing the alginate concentration. 
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One class of components in natural water which affects the stability of 

nanoparticles is inorganic colloids. Heteroaggregation between CeO2 NPs and Fe2O3 ICs in 

different environmental condition was thoroughly investigated in Chapter VI. We have 

found that no heteroaggregation is observed between NPs and ICs at low ionic strength 

due to the presence of electrostatic repulses. In synthetic and lake waters 

heteroaggregation is due to the modification of NP surface properties.  

In Chapter VII (Paper IV and Paper V) the destabilisation of polystyrene micro- and 

nanoplastic particles in different conditions was investigated. The results indicate that 

particle surface properties, and more specifically the surface charge, define the affinity 

between plastics and water compounds. It was also shown that zeta potential 

measurements can be used to control the aggregation processes and to establish the 

optimal conditions to eliminate nano and micro particles from suspensions. The primary 

mechanism that is responsible for the particle destabilisation is charge neutralisation. It 

was also found that the aggregation rate of plastics in natural water is dependent on 

plastic concentration. Therefore, heteroaggregation will play an important role in the 

plastic environmental identity and removal from aquatic systems. 

The research presented in this thesis showed that the stability of ENMs in 

environment is a complex problem and required interdisciplinary approach. In this thesis, 

we showed the effect of individual water compounds and their combinations on the 

stability of the selected ENMs and defined the mechanisms of ENM stabilisation and 

destabilisation. We also showed that behaviour of ENMs in synthetic water with 

representative composition of natural water is different from actual natural water. 

Reflecting the complexity of natural aquatic systems compared to artificial environmental 

conditions. Future researches should pay more attention to environmentally relevant 

experimental conditions such as low concentration of ENMs on the level of ng/L and μg/L, 

long-term behaviour of ENPs in natural water, where sedimentation and possible 

resuspension of ENPs occurred and simulated as in real environmental system. More 

work should be also done in the direction of the development of universal ENM stability 

model which takes into account heteroaggregation attachment and collision efficiencies – 

parameters that could be obtained during explicit experiments between different water 

compounds and ENMs. Regarding micro- and nanoplastic particles there is still a lot of 

issues to explore since this domain of research just started to develop. Some of the 

knowledge gained in the field of ENM stability could be transferred to the field of 
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nanoplastic stability in aquatic system, however, there are also differences regarding 

material properties, persistence in the environment and the effect on the leaving 

organisms. Until know most of the researches used model standard plastic particles which 

are easy to manipulate and understand regarding their transformation and interaction 

with other water components. In the future, plastic particles extracted from environment, 

particles which are used in products or aged particles should be used. The aging of plastic 

particles due to interactions with aquatic components or environmental factors and 

processes (UV, abrasion etc.) and the mechanisms of degradation of microplastic particles 

to nanoplastics are still unknown. One of the sources of micro- and nanoplastics to the 

environment is the municipal water treatment stations, therefore, the transformations of 

these particles in each step of the water treatment processes should be considered. 

Another direction of research is the development of the detection and identifications 

methods for nanoplastics in the environment. For the moment, it is laborious and manual 

process which introduces many artefacts. In addition, due to the transformation and aging 

of environmental nanoplastics such as coating with NOM successful detection, for 

example using Raman spectroscopy or FTIR analysis, is limited. 
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Annex 1. Supporting information for the Chapter III 

Annex 1.1. Effect of ionic strength 

Influence of ionic strength on the CeO2 NP aggregation. 
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Fig. A1.1. Zeta potential of pristine CeO2 NPs as a function of sodium chloride 

concentration. Zeta potential decrease with increase of ionic strength. 
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Fig. A1.2. Z-average hydrodynamic diameter variation of coated CeO2 NPs as a function 

of electrolyte concentration: a) NaCl; b) CaCl2. Experimental condition: [CeO2] = 50 mg/L, 

[FAs] = 2 mg/L, pH = 8.0 ± 0.1. 
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Fig. A1.3. Zeta potential of CeO2/FAs complexes as a function of electrolyte concentration: 

a) NaCl; b) CaCl2. Zeta potential increases with increase of ionic strength. 
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Calculation of ionic strength 

To calculate ionic strength of NaCl and CaCl2 solution next equation was used: 

 

𝐼 =
1

2
∑ 𝐶𝑖𝑧𝑖

2𝑛
𝑖=1     (A5) 

 

where C is electrolyte molar concentration, M; z is ion valency; n is number of ions. 

 

For uncoated CeO2 NPs in NaCl solution, the CCC is equal to 0.11 ± 0.02 M, therefore 

according to equation (SI1) ionic strength is equal to 0.1 M. 

For coated CeO2 NPs in NaCl solution, the CCC = 0.39 ± 0.02 M, thus I = 0.4 M; for coated 

CeO2 NPs in CaCl2 solution, the CCC = 2.9 ± 0.3 mM, thus I = 9 mM. 

For synthetic water ionic strength is taken from Table S2 and is equal to 3 mM. 
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Fig. A1.4. (a) Z-average hydrodynamic diameter variation and (b) attachment efficiency 

of coated CeO2 NPs as a function of iron chloride concentration. Experimental condition: 

[CeO2] = 50 mg/L, [FAs] = 2 mg/L, pH = 8.0 ± 0.1. 
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Fig. A1.5. (a) Z-average hydrodynamic diameter variation and (b) attachment efficiency 

of coated CeO2 NPs as a function of aluminum chloride concentration. Experimental 

condition: [CeO2] = 50 mg/L, [FAs] = 2 mg/L, pH = 8.0 ± 0.1. 
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Annex 1.2. Supporting information for Paper I 

 

Introduction 

The aim of this section is to provide additional information about preparation of 

nanoparticle suspension and supplementary materials that was not included in main text 

of manuscript. 

 

The cerium(IV) oxide nanoparticles dispersion protocol 

Uncoated cerium(IV) oxide (CeO2) nanoparticles (NPs) (NM-212) was kindly 

provided from the JRC Nanomaterials repository, NanoMILE FP7 project. 

First, we prepared the initial CeO2 suspension with concentration 1 g L–1. For 

further experiments initial suspension was diluted to obtain the suspension with 

concentration 50 mg L–1. The pH was adjusted to pH 3.0 ± 0.1 to avoid the nanoparticle 

aggregation during the storage process. 

 

Materials and equipment 

- NP’s powder; 

- previously prepared deionized water at pH 3.0 ± 0.1 (deionized acid water); 

- tube 50 ml and flask, which volume depends on the desired quantity of 

suspension; 

- beaker with cooled water; 

- spatula; 

- pipettes; 

- balance; 

- ultrasonic bath (Brainson 5510, frequency 40 kHz); 

- ultrasonic probe (Sonics Vibra cell, probe model CV18, Blanc Labo S.A., 

Switzerland). 

 

Methods 

Weigh 50 mg of CeO2 powder in a tube of 50 ml. Wet the powder with prepared 

deionized acid water in order to create a thick paste. Next, fill the tube with deionized acid 

water until you reach 50 ml. Mix the suspension. 

Put the tube with suspension in the beaker with cooled water and then place the 

beaker in the ultrasonic apparatus. The probe should be in the suspension, but does not 

reach the bottom. 

Next parameters were used during the sonication process: 
- ultrasonic processors – 130 Watt; 

- resonance frequency of probe – 20 kHz; 

- amplitude – 75 %; 

- sonication time – 15 min. 

Let the sample to settle down one hour, then diluted suspension can be prepared. 

The samples should be stored in the fridge (at about 4 °C). Before using them again, 

sonication should be made about 5 min in a bath sonicator. 

An aliquot of initial suspension of 1 g L–1 was taken to prepare the diluted 

suspension of 50 mg L–1 using deionized acid or basic water depending on the desired pH 
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of suspension. Ionic strength was adjusted by diluted NaCl solution to obtain final 

concentration of NaCl 10-3 M. We worked with suspensions, which pHs were 3.0 ± 0.1 and 

10.0 ± 0.1. Then, the sonication in the bath during 5 min should be made. Samples should 

be stored in the fridge and every time before carrying out the experiments we made the 

sample sonication in the bath (5 min). 

 

To create this protocol we used the dispersion protocol provided by JRC and next 

sources of literature (Rasmussen et al., 2013; Singh et al., 2011; Taurozzi et al., 2013). 
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Fulvic acids characterisation 

 

Fulvic acids titration 

The Suwannee River Fulvic acids (FAs) (Standard II, 2S101F) were purchased from 

International Humic Substance Society, USA. First, a 1 g L–1 stock solution was prepared 

and then diluted to 50 mg L–1 with addition of NaCl as background electrolyte with 

concentration 0.001 M. This solution at pH 3.0 ± 0.1 was titrated with diluted 0.01 M NaOH 

solution. 
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Fig. A1.6. FAs zeta potential and z-average hydrodynamic diameter variation as a function 

of pH. Surface charges of FAs are negative in all pH range. Z-average hydrodynamic 

diameter varies from 200 to 400 nm. 
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Size distribution of fulvic acids molecules 

A 1 g L–1 stock solution of FAs was used to define the size distribution using NTA 

method. The pH was adjusted to 3.0 ± 0.1.  
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Fig. A1.7. FAs size distribution using NTA method. Average hydrodynamic diameter was 

found equal to 194 ± 89 nm. We observed the presence of polydispersed particles. 
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CeO2 NPs characterisation 
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Fig. A1.8. Size distribution of CeO2 NPs using two methods NTA (a) and DLS (b). Z-average 

diameter and hydrodynamic diameter were equal to 185 ± 75 nm (DLS) and 177 ± 83 nm 

(NTA). A good agreement was found between the two methods indicating that individual 

CeO2 NPs are forming aggregates. 
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Annex 2. Supporting information for the Chapter IV 

Supplementary data for the Paper II 

 

A2.SI1. Preparation of synthetic Lake Geneva water. 

 

According to (Smith et al., 2002) to synthesize natural freshwater, first, the 

composition of freshwater should be define then, charge balance of all ions should be 

established and finally the final concentration of all electrolytes calculated. We decided 

prepare three stock solutions with compatible combination of salts. And then we mixed 

the appropriate volumes of these solutions to obtain one final solution of required 

composition. Only CaCO3 was directly added as a powder to the mixture of solutions 

(Hammes et al., 2013). We tried to avoid the salts with low solubility as they can 

precipitate from solution. In Tables A2.1 and A2.2 the ion charge balance and final salt 

concentration are presented. 

 

Table A2.1 

Charge balance of ions used for preparation of synthetic fresh water  

Ions      mg L–1 M, g mol–1 n, mmole n1, µmole n1’, µmole µeq adjusted 

Na+ 6.42 23 0.28 279.13 279 279 250 

Ca2+ 45.3 40 1.13 1132.5 1133 2266 1800 

Mg2+ 6.16 24 0.26 256.67 257 514 400 

K+ 1.57 39 0.040 40.26 40 40 60 

    Sum 1709 3099 2510 

Cl– 9.13 35.5 0.26 257.18 257 257 540 

SO42– 47.71 96 0.50 496.98 497 994 1420 

NO3– 0.61 62 0.0098 9.84 10 10 40 

CO32– 46.7 60 0.78 778.33 778 1556 510 

    Sum 1542 2817 2510 
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Table A2.2 

Final concentration of electrolytes used for preparation of synthetic fresh water. 

Ionic strength of synthetic water is equal to 2.5 mM 

Electrolytes   Final required concentration, mg L–1 In 1L 

S1  n2, µeq Cations Anions Sum M of hydrate m, mg 

CaCl2*6H2O  180 3.6 6.39 9.99 219 19.71 

MgCl2*6H2O 360 4.32 12.78 17.1 203 36.54 

Mg(NO3)2*6H2O 40 0.48 2.48 2.96 256 5.12 

        

S2        

CaSO4*2H2O 1420 28.4 56.8 85.2 172 107.75 

        

S3        

CaCO3  200 4 6 10  10 

        

S4        

NaHCO3  250 5.75 15.25 21  21 

KHCO3  60 2.34 3.66 6  6 

 

 

The calculation of FAs concentration that should be added to synthetic water and 

which corresponds to the environmental value was done in following way. DOC in the 

Lake Geneva water varies from 0.95 to 1.15 mg L–1 (Table 1 (from Paper II) and Table 

A2.4). According to Frimmel and Abbt-Braun (1999) FAs in surface water contain from 25 

to 55 % of DOC. If we consider that around 50% of DOC is present as FAs then we have to 

introduce 1.9 to 2.3 mg L–1 FAs to our solution. We chose the value equal to 2 mg L–1.  

 

  



Annex 2 

 

172 
 

A2.SI2. Characterisation of Lake Geneva water 

 

Chromatographic analysis was performed to define the water ions composition 

using a Dionex ICS-3000 analyzer. The cations were run through an IonPac CS12 column 

and eluded with an isocratic concentration of methane sulfonic acid and water, 

meanwhile anions were run through an IonPac AS19 column and eluded with KOH. A 

certified water reference material Ontario-99 from the National Water Research Institute 

(Canada) was used to verify the accuracy of the measurements. All the reference material 

results were within the acceptance range of the certificate. 

 

Table A2.3 

Physicochemical parameters of Lake Geneva water (Mai 2015) 

Parameters Value 

pH 8.2 ± 0.1 

Conductivity, µSm cm–1 298.3 ± 0.6 

Oxygen, % 107 ± 0.2 

Alkalinity, mg L–1 of CaCO3 90 ± 1 

 

Table A2.4 

Major ion composition of Lake Geneva water 

Name of element Unit Value SD 

Dissolved organic carbon mg C L–1 1.13 0.24 

Nitrate, NO32– mg N L–1 1.20 0.35 

Sodium Na+ mg L–1 6.26 0.13 

Potassium K+ mg L–1 1.63 0.13 

Calcium Ca2+ mg L–1 44.65 1.21 

Magnesium Mg2+ mg L–1 5.40 1.02 

Sulfate SO42– mg L–1 47.7 0.6 

Phosphate PO43– mg P L–1  0.26 0.19 
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Table A2.5 

Elemental composition obtained during SEM imaging from EDS analysis of the 

CeO2 NPs in Lake Geneva water 

Element Energy (keV) Weight, % Sigma Atomic, % 

Na-K 1.041 0.42 0.02 0.54 

Mg-K 1.253 0.35 0.02 0.44 

Si-K 1.739 87.48 0.13 93.70 

S-K 2.307 0.86 0.02 0.81 

Cl-K 2.621 0.88 0.02 0.74 

Ca-K 3.690 3.45 0.05 2.59 

Ce-L 4.837 2.75 0.10 0.59 

Pt-M 2.048 3.82 0.12 0.59 

Total  100.00  100.00 
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Annex 3. Supporting information for the Chapter V 

Supplementary data for the Paper III 

Characterisation of Lake Geneva water 

 

Table A3.1. Physicochemical parameters of Lake Geneva water (10.11.2015). 

Parameters Value 

pH 8.0 ± 0.1 

Conductivity, µSm/cm 270 ± 1 

Oxygen, mg/L 10.8 ± 0.2 

Alkalinity, mgL–1 of CaCO3 90 ± 1 

Temperature, °C 14.0 ± 0.2 

 

Alginate characterisation  
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Fig. A3.1. Alginate zeta potential and z-average hydrodynamic diameter variation as a 

function of pH increase. Zeta potential is negative in all pH range. Z-average diameters 

vary from 150 to 250 nm. [Alginate] = 50 mg/L. 
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CeO2 MNP characterisation  
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Fig. A3.2. Zeta potential and z-average hydrodynamic diameter variation of CeO2 MNPs 

as a function of pH increase. In acid environment CeO2 MNPs are positively charged 

whereas in alkaline environment they are negatively charged. The pHPZC is found equal to 

6.8 ± 0.1. Below pH 4.5 ± 0.1 nanoparticles are stable with z-average diameters less than 

200 nm. [CeO2] = 50 mg/L. 
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Behavior of coated and uncoated CeO2 MNPs in filtered Lake Geneva water 
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Fig. A3.3. Time variation of (a) zeta potentials and (b) z-average hydrodynamic diameters 

of uncoated and coated with various concentration of alginate CeO2 MNPs in filtered water 

from Lake Geneva. 
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Annex 4. Supporting information for the Chapter VI 

 

A4.1 Characterisation of Lake Geneva water 

Chromatographic analysis was performed to define the water ions composition 

using a Dionex ICS-3000 analyzer. The Cations were run through an IonPac CS12 column 

and eluded with an isocratic concentration of methane sulfonic acid and water, 

meanwhile anions were run through an IonPac AS19 column and eluded with KOH. A 

certified water reference material Ontario-99 from the National Water Research Institute 

(Canada) was used to verify the accuracy of the measurements. All the reference material 

results were within the acceptance range of the certificate. 

 

Table A4.1. Physicochemical parameters of Lake Geneva water (July 2016) 

Parameters Value 

pH 8.6 ± 0.1 

Conductivity, µSm/cm 285 ± 1 

Oxygen, mg/L 9.8 ± 0.2 

Saturation by oxygen, % 115 

Redox potential, mV 192 ± 3 

Alkalinity, mgL–1 of CaCO3 90 ± 1 

Temperature, °C 22.2 ± 0.2 

 

Table A4.2. Major ion composition of Lake Geneva water 

Name of element Unit Value SD 

Dissolved organic carbon mg CL–1 1.13 0.24 

Nitrate, NO32– mg NL–1 1.20 0.35 

Sodium Na+ mgL–1 6.26 0.13 

Potassium K+ mgL–1 1.63 0.13 

Calcium Ca2+ mgL–1 44.65 1.21 

Magnesium Mg2+ mgL–1 5.40 1.02 

Sulfate SO42– mgL–1 47.7 0.6 

Phosphate PO43– mg PL–1  0.26 0.19 
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A4.2 Characterisation of NPs, ICs and NOM  

 

Fig. A4.1. SEM image of pristine CeO2 NPs in ultrapure water. [CeO2] = 10 mg/L. 

 

 

Fig. A4.2. SEM image of pristine Fe2O3 ICs in ultrapure water. [Fe2O3] = 10 mg/L. 
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Table A4.3. Characterisation analysis of Fe2O3 provided by manufacturer 

Parameters Value 

Appearance Red powder 

pH value 6.7 

Crystal α 

Original particle size, nm 30-50nm 

Surface area, m2/g 28 

Purity, % 99.2 
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Fig. A4.3. Alginate zeta potential and z-average hydrodynamic diameter variation as a 

function of pH increase. Zeta potential is negative in all pH range. Z-average diameters 

vary from 150 to 250 nm. [Alginate] = 50 mg/L. 
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A4.3 Aggregation kinetics experiments 
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Fig. A4.4. (A) Z-average hydrodynamic diameters of CeO2 NPs in varied conditions: in the 

presence of inorganic colloids and alginate at pH > pHPZC in ultrapure water. (B) The 

boxplot of particle diameters versus type of particles. No interactions between NPs, IC and 

alginate is observed. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] = 5 

mg/L, [Alginate] = 0.25 mg/L. 
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Fig. A4.5. The boxplot of particle z-average hydrodynamic diameters versus type of 

particles in Lake Geneva water. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L 

[Fe2O3] = 5 mg/L, [Alginate] = 0.25 mg/L. 
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A4.4 Effect of alginate concentration on heteroaggregation 

Table A4.4. Zeta potential of the mixture CeO2 NPs + Fe2O3 ICs in varied alginate 

concentration in different water samples (pH 8.0 ± 0.2) 

Alginate 

concentration, 

mg/L 

Type of water 

Ultrapure Lake Geneva 
Synthetic 

(Ca2+/Mg2+) 

0 -34.3 ± 1.4 -10.8 ± 0.4 -2.7 ± 0.3 

0.25 -36.9 ± 2.1 -13.8 ± 0.5 -9.9 ± 0.4 

2 – -19.6 ± 0.3 -21.1 ± 0.5 
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Fig.A4.6. Aggregation rate of the mixture CeO2 + Fe2O3 in increasing alginate 

concentration in Lake Geneva water. Experimental conditions: [CeO2] = 50 mg/L [Fe2O3] 

= 5 mg/L, [Alginate] = 0, 0.25 and 2 mg/L. 
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Fig. A4.7. (A) Time variation of z-average hydrodynamic diameters and (B) aggregation 

rate of the mixture of CeO2 + Fe2O3 in synthetic water which mimic the ionic composition 

(Ca2+/Mg2+) of lake water in increasing alginate concentration. Experimental conditions: 

pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0, 0.25 and 2 mg/L. The 

aggregation rate decreases for the alginate concentration equals to 2 mg/L. 
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Fig. A4.8. (A) Z-average hydrodynamic diameter variation during 5 min of uncoated CeO2 

NPs as a function of salt concentration. Kinetics of aggregation is enhanced by increasing 

the ionic strength of the CeO2 dispersion. (B) The attachment efficiency during 

homoaggregation (αhomo) in NaCl solution in comparison to αglobal in synthetic and lake 

waters. Z-average hydrodynamic diameters increase with time and with increase of NaCl 

concentrations. 
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Annex 5. Supporting information for the ChapterVII 

Electronic supplementary information for the PaperV 

A5.SI1. Characterisation of water from river Rhône 

Chromatographic analysis was performed to define the water ion composition 

using a Dionex ICS-3000 analyzer. Samples were run through an IoMNPac CS12 column 

to elude the cations with an isocratic concentration of methane sulfonic acid and water, 

meanwhile to elude the anions with KOH, the same samples were run through an IoMNPac 

AS19 column. A certified water reference material Ontario-99 from the National Water 

Research Institute (Canada) was used to verify the accuracy of the measurements. All the 

reference material results were within the acceptance range of the certificate. 

 

Table A5.1 Physicochemical parameters of water from river Rhône (08.05.2017) 

Parameters Value 

pH 7.9 ± 0.1 

Conductivity, µSm/cm 302 ± 1 

Oxygen, mg/L 10.4 ± 0.2 

Alkalinity, mg/L of CaCO3 88 ± 1 

Temperature, °C 9.4 ± 0.2 

Dissolved organic carbon, mg C/L 0.72 ± 0.1 

 

Table A5.2 Major ion composition of water from river Rhône obtain using ionic 

chromatography 

Name of element Unit Value SD 

Sodium Na+ mg/L 6.73 0.13 

Potassium K+ mg/L 1.6 0.05 

Magnesium Mg2+ mg/L 5.68 0.39 

Calcium Ca2+ mg/L 42.33 0.32 

Fluoride, F– mg/L 0.077 0.001 

Chloride, Cl– mg/L 9.83 0.01 

Bromide, Br– mg/L 0.0323 0.0003 

Sulfate SO42– mg/L 44.71 0.06 

Nitrate, NO32– mg/L  2.23 0.05 
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A5.SI2. Kinetic of aggregation between PS nanoplastics and Fe2O3 in 

ultrapure water 
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Fig. A5.1. Variation of z-average hydrodynamic diameter of PS nanoplastics with time at 

increasing nanoplastic concentration. Experimental conditions: [Fe2O3] = 5 mg/L, pH = 

8.0 ± 0.2, ultrapure water. 
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A5.SI3. Size distribution (DLS) of PS nanoplastic particles and Fe2O3 particles 
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Fig. A5.2. Size distribution of PS nanoplastics (A) and Fe2O3 IC (B) particles individually 

dispersed in ultrapure water at pH 8.0 ± 0.2. Experimental conditions: [PS] = 10 mg/L, 

[Fe2O3] = 5 mg/L. The mode of the range of particle diameter is equal to 68.06 nm for PS 

and 91.28 nm for Fe2O3. 
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Fig. A5.3. Size distribution of a mixture of PS nanoplastics and Fe2O3 particles in ultrapure 

water at increasing nanoplastic concentration at pH 8.0 ± 0.2. Experimental conditions: 

[Fe2O3] = 5 mg/L in all samples, (A) [PS] = 1 mg/L, corresponding to the beginning of 

heteroaggregation, the mode of the range of particle diameter is equal to 190.1 nm.; (B) 

[PS] = 3 mg/L, corresponding to the peak of heteroaggregation, there are three peaks with 

the modes equal to 141.8 nm, 255 nm and 1106 nm; (C) [PS] = 40 mg/L, corresponding to 

the excess of the nanoplastic particles and limited heteroaggregation with two peaks with 

mode equal to 43.82 nm and 220 nm.  
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Fig. A5.4. Size distribution of PS nanoplastics in Rhône water in excess of nanoplastics. 

Experimental conditions: [PS] = 40 mg/L. (A) Intensity weighted distribution (%) with 

two peaks equal to 50.75 nm and [295.3; 342] nm corresponding to the individual PS 

particles and heteroaggregates; (B) Number weighted distribution (kcps) with one peak 

representing nanoplastics with mode equals 32.67 nm. 
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A5.SI4. Aggregation kinetic of PS nanoplastics in river Rhône water 
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Fig. A5.5. Variation of z-average hydrodynamic diameter of PS nanoplastics with time at 

increasing nanoplastic concentration in Rhône water. The straight lines indicate linear fit 

in order to obtain the aggregation rate. Experimental conditions: Rhône water, pH = 8.0 ± 

0.2. 

 

Table A5.3 Parameters for models from Fig.6 

Linear model Exponential decay model 
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