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Abstract 

The socio-economic benefits anticipated with the use and production of 

nanomaterial and nanoparticles in consumer products are linked to the 

fulfillment of the requirement for sustainability during the whole 

material life cycle. Engineered nanoparticles (ENP) can be of 

environmental concern, both due to the possible hazardous effects but 

also due to the differences in properties compared to regular chemicals, 

e.g. elevated surface area per mass of nanoparticle, the possibility for 

enhanced mobility and trespassing biological membranes and other 

emerging novel properties at the nanoscale. There is a scientific 

consensus that nanoparticles, nanomaterials and their transformation 

products have a high probability to be released in the environment. ENP 

in the aquatic environment present a very dynamic behavior that has to 

be understood in order to perform a physicochemical-based risk 

assessment that elucidates their transformation and transport leading to 

the possibility to predict environmental concentrations and exposure. 

Therefore, there is a need for adequate theoretical and experimental 

platforms that can be used for supporting the adequate assessment of fate 

processes of ENP in the environment. 

The structure of the thesis is aimed to remark the results obtained in the 

papers by first creating a theoretical background for fate processes of 

ENP in the environment that is later used to analyse the results obtained 

focusing on the specific processes studied in the papers, i.e. aggregation 

and agglomeration, heteroaggregation, shape effects on particle 

characterization and sedimentation. Alongside the theoretical sections 

some reference to the papers is done when the relevance of the specific 

subject is adequate. Some definite examples in the theoretical sections 

are related to the experimental part as well. Chapter 1 gives a 

background about nanotechnology and ENP and introduces the concepts 

involved in risk assessment of chemicals and how these can be applied 

to the case of ENP making emphasis on the fate processes; it also 

explains the complexity involved in the exposure assessment of ENP, 

e.g. the dynamicity of the systems and the interactions with natural 

constituents of the receiving water bodies. Chapter 2 gives a brief 

description of particle characteristics that can affect the fate processes 

including the definitions of the different equivalent spherical diameters 

for different shapes, number concentrations, surface charge and particle 
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coating. Chapter 3 gives the basic theoretical framework and some state 

of the art information that can be relevant to understand the different 

processes that can affect ENP transport and transformation in the 

environment. Chapter 4 is dedicated exclusively to describe the 

geographical classification of European water chemistry as a platform 

for evaluating the different fate processes of ENP in environment. 

Chapter 5 describes the different findings from the papers related to 

environmental fate processes of ENP like aggregation, natural organic 

matter (NOM) coating, heteroaggregation and sedimentation. 

The main results achieved in the thesis were reflected in: 1) 

identification of theoretical platforms that can provide solutions for the 

evaluation of fate processes of ENP in aquatic environments 2) 

improvement in the application of a novel particle tracking method for 

characterizing natural nanoparticles and ENP in different matrices; 3) 

identification of the effects of well-characterized NOM and counterion 

valence on the aggregation rates of TiO2 nanoparticles 4) developing a 

geographically distributed water classification for Europe based on river 

water chemistry, 5) use the geographical water classification to evaluate 

the aggregation and sedimentation of Au NP in in-situ quiescent-water 

microcosms. 

The physicochemical characteristics of the receiving water were found 

to be very influential on the fate of the ENP tested. The ionic 

concentration, presence of divalent counter ions (specifically calcium), 

the type of NOM and mass-ratio between NOM and the particles are 

among the most important parameters. NP coating, surface charge, 

material properties and shape will also play very important roles. NP 

number concentrations determine the degree of transport and 

transformation due to the different dynamic processes in the 

environment. 
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Populärvetenskaplig sammanfattning 

Det finns ett antal krav från samhället som behöver tekniska 

utvecklingar som kan hjälpa till att lösa dem. Bland de senaste 

teknikerna som har utvecklas finns nanoteknik som är en av de tekniker 

som har fått uppmärksamhet. Nanoteknik är inte nytt i sig, men under 

det senaste århundradet har den vuxit fram som ett resultat av en 

kontinuerlig uppdatering av analysen av mikroskala processer. 

Nanoteknologi handlar om manipulering av objekt på nanometerskala 

(d.v.s. under 100 nm). 

Nanopartiklarna är en del av det som nanotekniken har att erbjuda. De 

består av små obundna partiklar med storlek under 100 nm. Dock är 

nanoteknik inte den enda källan till nanopartiklar för miljön; det finns 

naturliga partiklar som resultat av geologiska, kemiska och biologiska 

processer. Till exempel lermineral som kommer från bergartserosion, 

organiska ämnen som kommer från utsöndringar av växter och djur, 

nedbrytning av biologiskt material eller fällning från vissa kemikalier 

som kan forma små kristaller i nanometerskala. Därför är identifiering 

av tillverkade nanopartiklar i miljön en utmaning eftersom de måste 

skiljas från de naturliga nanopartiklarna.  

För att utveckla och använda nanomaterial på ett ansvarfullt sätt är det 

av största vikt att kunna göra uppskattningar av exponeringssituationen 

för riskbedömningar. Avhandlingen består av en teoretisk 

sammanfattning som grund för att utveckla modeller och experimentella 

inställningar som kan hjälpa till att belysa utsläppen, nanoföremålens 

slutliga öde, omvandling och möjliga vägar av exponering. Ett set av sex 

Europeiska naturliga vatten med gemensamma kemiska egenskaper 

identifierades med hjälp av statistiska- och geografiska verktyg. 

Vattenklasserna kan hjälpa att bedöma omvandlings- och 

transportprocesser för nanopartiklarna i den Europeiska vattenmiljön. Ett 

experiment med de sex vattenklasser som inkluderade en typ av 

organiskt material och en lerminerall som är mycket vanliga i 

vattenmiljön gjordes for att utvärdera aggregering och sedimentering av 

små mängder guld nanopartiklarna. Guld nanopartiklarna var mycket 

stabila mot aggregering i fyra vattenklasser och mindre stabila i de 

vattenklasser som innehöll stora mängder av joner. Naturell organiskt 

material visade sig att vara betydelsefull för att avgöra ödet av 
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nanopartiklarna i vattenmiljö. Eftersom det finns många olika typer av 

naturell organiskt material då kan det inte avgöras att stabilisering 

kommer att vara universellt. 

Studier med nanopartiklarna kan hjälpa att förbättra hur miljö-och 

hälsoriskbedömning har gjorts konventionellt till andra ämnen.  
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1. Introduction and background 

1.1. Nanotechnology and the environment 

Nanotechnology, or the manipulation of objects in the scale of 1-100 

nm, has attained great attention owing to the possibilities offered to 

solve many technological problems of today’s society. Given the special 

characteristics at the nanoscale range, a number of promising 

applications of new materials is starting to become materialized in many 

scientific and industrial fields including environmental remediation, 

energy storage, solar energy collection, catalysis, improvement of 

electronic devices, medicine and development of more sophisticated 

analytical chemical instrumentation.
1, 2

  

The increase in manufacturing of consumer goods based on 

nanoparticles (NP) and nanomaterials (NM) has raised concerns about 

the possibility that these enter into the aquatic environment.
3
 In the 

environmental risk of chemicals, predicted no effect concentrations 

(PNEC) are used as a rough estimate of the exposure level at which 

ecosystems will suffer no harm and predicted environmental 

concentrations (PEC), obtained from measurements or models, are 

estimates of the exposure levels. If the ratio PEC/PNEC is less than 

unity, then there will be a certain degree of confidence of a low 

environmental risk associated to the use of the chemical. This 

confidence level depends on the number of species tested, the timeframe 

of the predictions and the relevance of the species tested for the 

ecosystem.
4
 Suitable platforms to evaluate the risks associated with the 

entrance of engineered NP (ENP) or NP released from products 

containing NM are lacking. One of the identified needs is establishing 

experimental and theoretical platforms that support the modelling of the 

environmental concentrations and exposure associated with NP in 

natural waters.
5
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1.2. What are nanomaterials and 

nanoparticles? 

Many of the novel properties of nanosized materials are dependent on, 

but not restricted to, their size and large specific surface area.
6, 7

 

Nanoparticles, from the environmental perspective, are a subset of the 

colloidal domain (1-1000 nm) and have been routinely defined as objects 

that have 3 dimensions in the range of 1-100 nm 
8
. Nanoobjects, on the 

other hand, have 1 or more dimensions in this range. The definition in 

the ambit or risk assessment has been the focus of controversy in the US 

and Europe,
9, 10

 a discussion that led to positions advocating to create a 

definition based on emerging special properties which ultimately would 

lead to more adaptive regulations.
6, 11

 To facilitate their regulation, the 

European Commission adopted the recommendation on the definition of 

a nanomaterial 
12

 stating that a nanomaterial should contain 50% or more 

particles in the particle size distribution, PSD (including agglomerates), 

with one or more external dimension in the range 1 to 100 nm. This 

implies the necessity for measurement of particle number 

concentrations, ideally both from primary NP to their large aggregates 

(weakly bound assemblage of NP) and agglomerates (strongly bound 

assemblage of NP) that are generated through the various environmental 

fate processes. 

Other categorizations of NP and NM have been suggested. Foss Hansen 

et al.
13

 suggested to use categories based on the physical structure: (1) 

bulk NM, (2) surfaces of NM and (3) NP. NP are further divided in the 

sub-categories airborne, surface-bound, suspended in a liquid and 

embedded in a solid. Another suggestion to catalogue NM is based on 

the chemical composition:
14

 (1) carbon-based NP such as fullerenes and 

carbon nanotubes, (2) metal oxide NP, such as titanium dioxide, (3) 

metallic NP, such as gold, (4) others, such as nanopolymers. 

Some of these definitions are included as a starting point to outline the 

possible pathways of ENP and their transformation products in aquatic 

environments presented in Figure 1. 
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1.3. Environmental Nanosafety research 

As the number of products containing nanomaterials (nanocomposites) 

and ENP increases, the possibility that particulate transformation 

residues 
15-17

 detached from NM or the ENP themselves 
18

 enter the 

aquatic environment grows with the consequent raise of possible new 

environmental hazards.
19, 20

 Among the possible nano-specific hazards 

are included the possibility to cross membranes or other biological 

barriers 
21

, deposition near biological entities leading localized high 

concentrations of hazardous materials and the transport of other 

contaminants attached to NP.
22-25

 

The environmental risk assessment of these new materials involves the 

identification of associated hazards as well as the routes leading to 

exposure.
4
 The analysis of the effects related to ENP exposure has 

proven to be a tough challenge.
26-28

 This is in part due to the dynamic 

character of NP in aqueous environments where they are subject to 

external forces dependent on the water chemistry (pH, composition, 

dissolved gases and redox conditions), other physical factors 

(temperature, light exposure, shear gradients) and, often overlooked, NP 

number concentration and particles size distribution. Therefore, the 

exposure of organisms to NP is a dynamic variable that has to be 

carefully investigated in order to achieve a more thorough understanding 

of the environmental risk associated to these novel materials.
28-31

 An 

example of the dynamic nature of ENP in ecotoxicity tests is presented 

in Figure 2 showing the variation in number concentration of particles 

found with nanoparticle tracking analysis, NTA, during a test for toxicity 

of TiO2 NP towards fresh water algae.  

The exposure assessment of any chemical, including ENP, can be 

separated into emission (the transfer between technosphere and 

environment) and fate or transport characterization. Emissions of ENP 

can occur in punctual or dispersed form with the consequent high or low 

concentration which in turn will influence the fate processes of the ENP. 

Emissions can be typified according to the temporal frame that the 

discharge occurs (periodical or continuous) or according to the path of 

the ENP to the aquatic environment (direct or indirect, e.g. via 

fumigation or wastewater treatment plant, WWTP, respectively).
4, 32-35

 

The extent to which these possible routes are likely points of entry for 

nanomaterials into the aquatic environment has been analyzed in great 
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detail for situations with full sanitation coverage and controlled waste 

disposal.
36

 In Paper III some of these release scenarios are explored for a 

set of common NM.
15

 

 

Figure 2. Difference between the concentration of particles in the control and 

the concentration in each treatment for toxicity of TiO2 NP towards fresh water 

algae (OECD 201 growth media; 72 hours exposure) followed with NTA. 

Concentrations measured correspond mostly to aggregates. Adapted from Paper 

II Gallego-Urrea, et al. 
37

, with permission from Elsevier copyrights 2011. 

Fate processes refers to the transport, transformation and accumulation 

of a particular contaminant. In the case of ENP the transformations 

processes are more complex compared to regular chemical contaminants 

because the time-frame for achieving thermodynamic equilibrium, an 

underlying assumption for regular chemicals, is much larger than for 

ENP. The processes that can be relevant for ENP can include 

dissolution, aggregation, sedimentation, sorption, among others.
15, 16

 

These processes are highly related to the ENP characteristics, water 

chemistry (IS, NOM quantity and quality), hydrodynamic conditions 

(shear stress) and the presence of other interfaces (e.g. suspended solids, 

rocks, biofilms, and gas-water). The transport and accumulation of ENP 

comprises the mobility of the original or transformed ENP and this 

transport occurs simultaneously with the transformations processes. 

Traditional transport models rely on partition coefficients and these are 

established on the concept of achieved thermodynamic equilibrium. 

Therefore, it has been argued that dynamic-transport models are more 

appropriate for describing the transport of ENP.
29, 38, 39

 Two classical 

models, available from the literature on colloidal chemistry, are the 
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Derjaguin-Landau-Verwey-Overbeek (DLVO) theory 
40

 for evaluating 

the interaction potential between surfaces and Smoluchowski´s 
41

 

theories for diffusion and collisions. These models are capable of 

evaluating in a particle-particle base the interaction forces that lead to 

aggregation, agglomeration, break-up and sedimentation in a particle-

particle base. Electrostatic repulsion and Van der Waals attractions are 

the main forces considered in these approaches but, in principle, they 

can be extended by empirical approximations to account for other forces 

(e.g. steric hindrance, depletion forces) and media interactions (e.g. 

shear forces, attachment efficiencies).
29

 

Suspended solids are ubiquitous material in rivers and other water bodies 
42

 and can interact with released ENP.
43-46

 These can be categorized 

based on their size in sand, silt, clay and colloids;
42

 a portion of the clay 

fraction (<3 μm) and the colloidal fraction (typically <1 μm) comprise 

the natural NP (NNP).
47-49

 This small natural particulate matter is 

heterogeneous spanning from inorganic clays 
50

 to organic 

macromolecules (natural organic matter, NOM).
51

 It has been claimed 

that the overwhelming presence of suspended and colloidal matter 

compared to the predicted smaller number concentrations of ENP in the 

environment will play a major role in the final fate of ENP via 

heteroaggregation, a process that could lead to the formation of larger 

aggregates.
43-46

 Other types of NP that can be found in the aquatic 

environment are unintentionally produced NP coming from the 

weathering of man-made products (i.e. not nanocomposites).
52

 In Paper I 

the amount and PSD of NNP in several natural waters around 

Gothenburg, Sweden were analyzed using Nanoparticle Tracking 

Analysis (NTA). Figure 3 presents an example of PSD for storm water 

and two small lakes. 
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Figure 3. PSD and number concentrations (particles per mL) of NNP in three 

sampling locations in Gothenburg, Sweden, measured with NTA. Adapted from 

Paper I with permission. Gallego-Urrea et al 
47

, copyrights CSIRO publishing 

2010. 

Some knowledge gaps in the environmental risk assessment of ENP 

have been identified 
3, 5, 53, 54

 including the development of analytical 

methods to track ENP in complex matrices, the development of 

structure-activity relations to predict the toxicity and fate of NP, the 

development of models for release and exposure scenarios and, more 

recently, the adaptation of transport and fate models to account for the 

generation of NP from dissolved metals, the release of NP from larger 

solids, and to gain knowledge about the role of ENP in chemical 

equilibrium modelling.
5
 Some of the knowledge on these issues has 

advanced significantly as the field has evolved, e.g. identification of NP 

in complex matrices 
37, 55, 56

 and the factors contributing to hazard of 

ENP. However, despite the advances done in hazard assessment the 

relation to aquatic exposure is still highly uncertain since the fate of ENP 

in ecotoxicological studies is dependent on the initial conditions used 

(e.g. particle PSD, number concentration, mixing and media 

composition). Consequently, the NP fate in real situations and the 

resulting environmental concentrations and PSD can differ from the 

conditions tested in ecotoxicological studies. 
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The uncertainty associated with measuring composition and number of 

NNP and colloids in natural waters is of high importance because 

interactions between these and released ENP are critical for the final fate 

of ENP. Further, exposure assessment tools are that can be used to 

predict environmental concentrations are lacking.
35, 36

 Processes 

occurring in the environment are not very well parameterized and 

require platforms that help to integrate measurements chemical 

equilibrium models.
5
 

1.4. Aim and approach 

The overall aim of this thesis is the development of tools that can be 

used to determine or predict the aquatic environmental concentrations of 

ENP and, consequently, the exposure of these to organisms. Fate 

processes can be investigated in different ways ranging from 

mechanistic studies performed in pure water with only one or two 

chemical components such as single electrolytes or NOM to sampling 

studies with complex media such as natural water samples. Mechanistic 

studies aim to identify factors that control processes and gain 

quantitative data while sampling studies aim to be highly relevant for the 

behavior of particles under real natural conditions. 

Studies performed under simplified conditions are reproducible and 

valuable to identify the relevance of single processes, but are only valid 

for the limited set of hydro-chemical conditions and lack the ability to 

predict complex interactions between the whole water body components 

and NP. In contrast, experiments with natural waters approach real 

conditions but they are prone to be affected by seasonal and local 

variations increasing the complexity and the amount of unknown 

parameters which precludes the judicious interpretation of the 

underlying environmental processes. 

For emerging contaminants, such as ENP, the situation is more complex 

owing to the non-stationary behavior, the intrinsic heterogeneity of 

physicochemical parameters and the likelihood of being transformed in 

the environment. 

Given these appreciations, the approach in the development of this work 

was to build up from mechanistic studies moving onto more complex 

standardized test systems that resemble relevant environmental aspects 

to a higher extent. 
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To accomplish this aim the following results were achieved following 

the approach methodology described above: 

 Development of nanoparticle tracking analysis, NTA, 

applications for evaluating PSD and number concentrations 

evolution in aqueous suspensions for Au NP (Paper I and Paper 

VI), TiO2 NP (Paper II), and NNP in contrasting natural samples 

(Paper I) and anisometric clay illite particles (Paper V). 

 Characterization of a suspension of anisometric clay illite 

particles to be used as a model colloid in fate studies (Paper V).  

 Parameterization of fate processes, specifically aggregation 

behavior and stability ratios of TiO2 NP (Paper VII) under 

different ranges of pH, electrolytes concentration and valence 

and presence of contrasting sources of NOM.  

 Compilation of theoretical frameworks for the aquatic fate of 

ENP in the aquatic environment for potential transformation of 

ENM (Paper III), for stability parameters due to electrolyte 

concentration (Paper IV) and for theoretical approaches in 

exposure assessment of aquatic ENP (this work). 

 Development of test platforms for the evaluation of fate 

processes of ENP in river waters by generating a set of European 

model natural waters, MNW (Paper IV), and evaluating the 

heteroaggregation and sedimentation of Au NP and illite in these 

MNW (Paper VI). 

 Critical analysis of time-resolved dynamic light scattering, TR-

DLS, for the evaluation of aggregation rates for Au NP (Paper 

VI) and for TiO2 NP (Paper VII). 
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2. Nanoparticle characteristics 

NP can be classified according to certain key parameters that will define 

the fate processes in aquatic environments. Some key properties are 

material, size, shape, surface coating or functionalization and surface 

charge.
57

 These characteristics will define to which extent the fate 

processes will affect the environmental concentrations of ENP. 

2.1. Nanoparticle size and equivalent 

diameter 

Particle size is one of the most important parameters in ENP exposure 

assessment because many key particle properties, fate processes and 

biological uptake vary with size. It is customary to express the diameter 

as an equivalent spherical diameter (ESD). Some of the most common 

ESD and their definitions are listed in Table 1. Many of these definitions 

are used throughout the thesis and in the papers. 

Other equivalent particle diameters can be specified depending on the 

context or type of measurement or specific aim. Some notorious 

examples are radius of gyration and equivalent rotational diameter. 

Other ESD could be defined for certain purposes if required, e.g. 

equivalent light scattering diameter. 

2.2. Nanoparticle shape 

Particle shape is a very important factor that can influence the uptake 

and effects of NP,
58

 their physical properties 
59

 and also their fate.
60

 In 

terms of shape, particles can be described as anisometric particles (solid 

with different geometrical lengths in any direction, i.e. high aspect 

ratio),
8
 as irregular isometric (similar to spheres), as branched, spiky or 

dendritic particles, or as hollow or porous structures.
61

 

Anisometric particles can often be described with an equivalent 

geometrical shape that can be more easily mathematically described. For 

instance, nanotubes can be modelled as cylinders or prolate spheroids for 

determining their hydrodynamic diameter 
62

 or light scattering 
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properties.
63

 Similarly, nanoplates can be described as disks (short 

cylinders) or oblate spheroids (See Paper V). 

Table 1. List of common equivalent spherical diameters 

Description Formula Eq. 

Volume-equivalent diameter or the 

diameter of a sphere with the same 

volume or mass. 
   √

    
 

 

 1 

Hydrodynamic equivalent diameter 

or the diameter of a sphere with the 

same friction coefficient, as defined 

by the Stokes-Einstein equation. 

   
    

 
 

    

        
 2 

Stokes or settling equivalent 

diameter or the diameter of a sphere 

with the same settling velocity. 
   √

  
 

  

 

 √
       

(     )   

 
 3 

Surface-area-equivalent diameter or 

the diameter of a sphere with the 

same surface area: 
   √

    
 

 

 4 

Notes: 

In equation 1 Vp is the volume of the particle. 

In equation 2 kB is the Boltzmann constant (1.38x10
-23

 m
2
.kg.s

-2
.K

-1
), T is the 

absolute temperature, f is the friction coefficient which has been replaced in 
the last term for the Stokes drag’s friction factor (f=3.π.μ.DT), μ is the 
dynamic viscosity of the medium and DT the translational diffusion 
coefficient averaged for all orientations. 

In equation 3 vs is the steady-state settling velocity, ρp and ρf are the particle 
and fluid densities, respectively, and g is the standard acceleration of 
gravity (9.81 m/s

2
). 

In equation 4 Ap is the surface area of the particle. 

The decrease in hydrodynamic diameter and solvation for a particle that 

differs from a sphere with the same dv can be expressed in function of 

the corresponding friction factor:
64
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 5 

Where f0 is the friction factor of the unsolvated sphere, f
*
 is the friction 

factor of a spherical particle with the same volume as the solvated 

particle and f is the friction factor of the actual particle. 

Solvation can also be very important in the determination of the settling 

velocities of small and dense particles, since the effective density of the 

solvated particle will be reduced due to the water in the hydration layer. 

This effect has been reported for citrate-coated AuNP of 30 nm in 

diameter with an apparent density of approximately 76% of the bulk 

density of gold 
65

 which, if related to hydration only, corresponds 

roughly to a solvated water layer of 1.5 nm. 

To illustrate the effect of particle shape on the equivalent diameters it is 

possible to use the illite clay particle from Paper V. A formula for 

calculating the hydrodynamic diameter of oblate spheroids was derived 

finding the friction coefficient using creeping motion equations valid for 

very low Reynolds numbers and assuming random orientation of the 

particles (i.e. coincident center of mass, buoyancy and hydrodynamic 

effect so that no specific movement direction is favored)  
66

 and 

replacing in equation 2. 

   
     (   

 )
 
 ⁄

 (      )       (√    ) (      )       (√     ⁄ )
  6 

where dp is the major diameter and Ф is the ratio between the minor and 

major diameter of an oblate spheroid approximating the plate-like illite 

particles. This result is exactly equivalent to those found by Jennings and 

Parslow 
62

 The results illustrating the differences between the different 

equivalent diameters are presented in Table 2. 
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Table 2. Scaled drawing of a typical illite particle and approach used to obtain 

corresponding equivalent sphere diameter. Adapted from Paper V. 

Schema Description 

 

Example of original particle with 

irregular shape showing the major 

dimensions. Thickness, Hp, 5.3 

nm. 

 

Upper and lateral views of the 

equivalent spheroid (left) and 

cylinder (right) with same 

projected area as the original 

particle and the corresponding 

plate diameter (dp = 204.8 nm) 

and Hp. 

 

Sphere with the same friction 

coefficient as the original particle. 

Hydrodynamic diameter, dh. Eq 

4. 

 

Sphere with the same volume as 

the original particle. Volume 

equivalent diameter, dv. Eq. 1 

 

Sphere with the same settling 

terminal velocity as the original 

particle. Settling (Stokes) 

equivalent diameter, ds. Eq 3. 

In Paper V the characterization of the illite particles confirmed the 

values found for the hydrodynamic diameter. The centrifugal techniques 

(centrifugal-Field Flow Fractionation, c-F
3
 and differential centrifugal 

sedimentation, DCS) were, however, performing under the limit of 

detection in terms of separation capacity, probably due to the low 

equivalent Stokes diameter.  
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The surface roughness, porosity and branching of the particles is also 

important in terms of forces acting on the particle, the equivalent dH, the 

reactive surface area and available reactive sites (patches or exposed 

crystal facets). 

So far, the relation between different size measurements has only been 

discussed for hard nanoparticles, i.e. particles that are not flexible. The 

flexibility of a particle can give rise to extra forces that are more difficult 

to describe in simple mathematical terms. For some of these flexible 

materials, it is customary to use the term soft nanoparticle for organic 

particles or biological structures which bare a charge, e.g. humic acids 

and polysaccharides.
67

 

Aggregates of colloidal particles usually have a fractal porous and/or 

branched structure that can be defined as:
68

 

     (
 

  
)
  

 7 

Where i is the number of particles in the cluster, kf is a factor that 

depends on the type of diameter being calculated, Df is the fractal 

dimension and d and d0 are the diameters of the cluster and the original 

particle, respectively. 

2.3. Number concentrations and particle size 

distribution 

NP in dilute suspensions can be characterized by its PSD as histograms 

of the frequency or number of particles within a given diameter range. 

The frequency can be more precisely called a probability distribution 

function (PDF), qi, and the PSD will be formed by the pair (di, qi) with di 

the equivalent diameter for each i-th size class.
69

 

  (  )  
     

 

∑      
 

 

 8 
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Where r indicates the type of distribution. r can take values of 0 for 

number-weighted distributions (e.g. from counting methods), 1, 2 and 3 

for length-, surface- and volume-weighted distributions, respectively. 

Statistical mean values can be calculated accordingly:
69

 

  ̅̅ ̅  (
∑   

    
     

∑   
     

)

 
 ⁄

 9 

With k denoting the type of average (-1 for harmonic mean, 0 for 

geometric mean, 1 for arithmetic mean, 2 for quadratic mean, etc.). 

Moment and moment-ratio notation can be used to generate mean values 

and variances as well with the advantage that results obtained from 

different techniques can be combined to obtain more simple mean 

statistics.
69

 

Other basic statistic parameters that can be used to characterize the PSD 

are: quantiles, median, mode, variance, skewness and kurtosis. In Paper I 

and Paper II the PSD has been characterized using an arithmetic average 

of the number concentrations resulted from NTA measurements and 

averaged between measurements (Figure 3). 

Shape effects on equivalent PSD and average size of illite 

To illustrate the effect of shape on the different average values, the data 

from Paper V can be used. In this case the heights and characteristic 

length of clay particles were measured with atomic force microscopy 

(AFM). 374 particles were measured and the corresponding ds, dV, dH 

and dA were calculated with the equations 3, 1, 2 and 4, respectively. The 

corresponding number-weighted arithmetic averages were 66, 84, 139 

and 153 nm. The corresponding PSD are presented in Figure 4. 

The PSD of illite particles in Figure 4 indicates that dH and dA follow a 

similar trend and the same is valid for ds and dv. However, for these 

high-aspect particles the differences between dH and dA compared to ds 

and dv are considerable large (almost 2 times). This is a particularly 

important feature for characterizing NP and understanding the 

significance of the different physical parameters obtained with different 

analytical techniques. 



On the exposure assessment of engineered nanoparticles in aquatic environments 

17 

 

Figure 4. PSD of 374 illite particles measured with AFM and converted to the 

equivalent spheres diameters. 

The number concentration of a suspension can be calculated as: 

  
∑    

  
 10 

where VT is the total volume of the liquid containing the particles. The 

volume fraction, φ, is often used to characterize colloidal suspensions: 

  
∑       

  
 
 
 ⁄ ∑        

 
 

  
 11 

where Vi is the volume of the i-th particle. If the mass composition of all 

particles is the same, the mass concentration would be C=ρ.φ with ρ the 

density of the material. 

Number concentrations are very important in determining many of the 

fate processes acting on the ENP, particularly the processes of 

aggregation and agglomeration.
29

 

2.4. Surface charge 

Environmental fate of ENP will be highly influenced by the surface 

charge that they acquire in the water compartment. Surface charges can 

originate from hydroxylation of oxide surface groups (dependent on pH), 
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preferential adsorption of ions (e.g. I
-
 on AgI sols), dissociation of 

surface groups (like in NOM), isomorphic substitution (leading to 

permanent charges as in clays), adsorption of polyelectrolytes or 

accumulation of electrons (as in metallic particles).
64

 

The surface charge of a NP will determine the extent of the repulsive 

electrostatic force between particles which is one of the main forces 

stabilizing NP in suspension.
70

 If the surface charge is strongly 

dependent on pH (which is the case for metal oxides) then the pH of the 

receiving water body is critical for the final fate of ENP. The isoelectric 

point (IEP) of a metal oxide particle is usually expressed as the pH value 

where there is no net electrophoretic mobility (point of zero charge, 

pHPZC, contrastingly, is the pH value where the net charge of the surface 

is 0). If the pH of a suspension is close to the IEP there electrostatic 

stabilization will be negligible, as it will be seen ahead. 

If the surface potential is determined by any other mechanism, then the 

nature of the ionic composition needs to be carefully looked upon in 

order to be aware of the presence of potential determining ions or 

possible ion-ion correlations.
71, 72

 

Surface charge is usually expressed in terms of the ζ-potential, ζ, or the 

potential located near the shear layer a few ångströms (Å) away from the 

particle surface. It is usually determined by measurements of the 

electrophoretic mobility, u. Henry's equation can be used to convert 

electrophoretic mobility to zeta potential. 

  
          (   )

   
 12 

where ε is the relative permittivity for the medium (80.1 at 293K), ε0 is 

the permittivity for vacuum (8.85x10-12 C
2
/J.m),  is the dynamic 

viscosity of the medium and F(κa) is a function that varies between 1 

and 1.5 in order to account for the assumptions of Henry or 

Schmolokowski electrophoretic equation 
64

. F(κa) can be found by 

Ohshima’s approximation 
73, 74

 with κ the Debye-Hückel parameter 

defined as: 
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  √
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 )    

 

          
 13 

where (ni)0 is the concentration of the i
th

 ion in the bulk phase, zi is its 

valence and e0 is the elementary charge (1.602x10
-19

 C). 

The Debye-Hückel parameter, also called the inverse Debye length, is a 

recurrent variable in the derivations of interaction potentials between 

charged surfaces. Because of the dependency of the electrostatic 

interactions on the Debye length, this is sometimes referred as the 

extension of the electrical double layer, EDL.
40

 

Surface complexation of titania (TiO2) 

In Paper VII the interactions of anatase TiO2 NP with pH, different 

electrolytes and different types of organic macromolecules was 

evaluated. Both anatase and rutile have amphoteric surfaces that follow 

the Pauling concept.
75

 The titania structure is a Ti
4+

-filled oxygen 

octahedra. The oxygens in the bulk of the solid are triply coordinated 

(Ti3O
0
) while the surface oxygens can be singly (TiO

-4/3
), doubly (Ti2O

-

2/3
), and triply coordinated (Ti3O

0
). The proton affinity of the TiO

-4/3
 

group is high and once in water it immediately changes into TiOH
-1/3

, 

which may adsorb a second proton depending on the pH of the solution. 

The protonation reactions for singly and doubly coordinated surface 

groups can be given as:
75

 

    
  

 ⁄    

     
→    
←       

 
 ⁄   14 

     
  

 ⁄    

     
→    
←        

 
 ⁄  15 

Assuming equal values for the constants of protonation of the titanium 

oxide surface, KH1,2 and KH2,1, it can be shown that log KH = pHPZC in 

the case of symmetrical ion pair formation 
75

. In the presence of 

electrolytes, the hydrated ions will form ion pairs with surface hydroxyls 

as outersphere complexes without forming strong chemical bonds with 

the surface groups. At any given pH, cations will react with the available 

negatively charged titania surface groups (TiOH
-1/2

 and Ti2OH
-2/3

) and 
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anions with the positive surface groups (TiOH
2/3

 and Ti2OH
1/2

). The 

lyotropic sequence (Hofmeister series) differs between monovalent and 

divalent ions. Binding increases with increasing ion size for earth alkali 

ions, whereas the differences in the affinity for the surface occur in the 

inverse direction for alkali ions. Therefore, not only the electrostatical 

forces are in place but monovalent and bivalent cations can adsorb by 

different mechanisms.
76

 

2.5. Surface coating 

ENP are often composed of different layers depending on the purpose or 

the origin of the NP. For ENP, internal inorganic layers can be present as 

an integral part of the nanocomposite. Some ENP are provided with 

organic coatings onto the surface from the manufacturing process to 

provide stability, facilitate particle dispersion in a matrix or provide a 

certain function. Stability of functionalized ENP can be due to steric 

repulsion but also some electrostatic interaction can play a role if the 

organic coating carries a charge 
77

 or the surface of the core particle still 

provides part of its charge for electrostatic repulsion.
78

 ENP coated with 

polymers can also be prone to aggregation either by affinity of the 

polymer to another uncoated surface 
79

 or by bridging with certain types 

of NOM. The quality of the coating can also make a difference on the 

uptake and effects of ENP in organisms.
80

 The degradation of the 

particle coating has also been shown to have effects on the final fate of 

ENP.
81

 

Sorption or organic substances 

It has been observed that for polyelectrolyte adsorption on surfaces the 

low critical adsorption Gibbs energy, Δgads.crit, required to surpass to 

overcome the entropy loss upon attachment is about 0.2–0.4 kB·T per 

segment. Those low Gibbs energies are easily obtained for organic 

matter. For instance, the Gibbs energy for the hydrophobic bonding of 

one CH2 segment to a hydrophobic patch on a surface is already about 1 

kB·T. For this reason polyelectrolytes tend to form several layers of 

adsorbed substance and overcharging can take place.
76

 The sorption of 

NOM onto the surfaces of organic coatings, either during manufacturing 

or as a natural process, has been shown to be very important for 

providing steric or electrostatic stability to the particles or to destabilize 

them by a so-called bridging effect as will be shown below. 
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3. Theoretical framework for particle fate 

3.1. Brownian diffusion 

Thermodynamic description of diffusion: 

If external forces can be neglected, the composition of a single 

equilibrium phase will be macroscopically uniform throughout. This 

means constant concentration in the phase, macroscopically speaking. 

Fundamentally, it is the second law of thermodynamics that is 

responsible for the uniform distribution of matter at equilibrium since 

entropy is maximum when the molecules are distributed randomly 

throughout the space available for them (2
nd

 law: the entropy of an 

isolated system which is not in equilibrium will tend to increase over 

time, approaching a maximum value at equilibrium). 

The resulting transport of matter from a populated place to an 

unpopulated place is called diffusion. Ficks’s first law introduces the 

term for diffusion coefficient of the solute describing the flux of 

material, J in units of mass per area and time, as: 

 (   )    
  (   )

  
 16 

where D is the diffusion coefficient of the solute, in units of square 

length per unit of time. C is concentration of the solute and x is the 

distance in the direction of the material flow. 

Diffusion coefficient and friction factor: 

A very general way to describe a force is to write it as the negative 

gradient of a potential. In the context of diffusion, the potential to be 

used is chemical potential μi, the partial molal Gibbs free energy of the 

component of interest.
64

 Thus, the magnitude of the driving force (per 

particle) diffusion may be written as 
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This is called the thermodynamic force for diffusion. It is necessary to 

divide by the Avogadro’s number NA since μi is a molar quantity. 

Thermodynamics shows that the chemical potential is defined by: 

     
            (  )    

            (     ) 18 

where ai, Ci, and γi are the activity, concentration and activity 

coefficient, respectively, of the i-th component. For infinite dilutions the 

activity coefficient may be assumed to be 1. Substituting equation 18 

into equation 17 gives: 

          
   (  )
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This force will be equal to the force of viscous resistance under 

stationary state conditions, given by Fv = f.v where f is the friction factor 

and v is the stationary state velocity in units of length per time. The 

magnitude of the velocity of diffusion equals: 

       
    

   

  

  
 20 

Where the subscript is omitted from the concentration of the solute C 

because this is now the only quantity involved in the relationship. 

Finally, the flux of material by definition equals the product of its 

concentration and its diffusion velocity: 

          21 

Combining equations 20 and 21 and comparing with equation 16 leads to 

the Stokes-Einstein relation presented in equation 2. 
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Brownian motion and diffusion: 

A liquid that is totally homogeneous on a macroscopic scale undergoes 

continuous fluctuations at the molecular level. As a result of these 

fluctuations, the density of molecules at any position in the liquid 

fluctuates with time and at any time fluctuates with location but the 

mean density of the sample has its bulk value. This will cause varying 

pressures on the surface of any particle submerged in the liquid and the 

particle will move due to the force variation on its surface. The pattern of 

displacement will be random and the bigger the particle, the smallest the 

effect of the small pressure variations. 

This phenomenon was first studied microscopically with pollen seeds of 

approximately 800 nm and was described by the British biologist Robert 

Brown in 1866.
82

 The relation connecting Brownian motion and the 

diffusion coefficient was derived by Einstein and Smoluchowski 

simultaneously. It is possible to use a comparison between the one-

dimension random walk statistics and the movement of a particle. The 

walk statistics is used as a model to find where a particle is going to 

move in a one-dimension length during a certain amount of time by 

random motion. The final result is an expression relating the root mean 

square of the distance traveled by a particle to the diffusion coefficient:
64
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Or for three dimensional movement 
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This diffusion coefficient is related only to Brownian motion and it is 

not related to other interactions like particle-particle relations. Therefore, 

it’s called self-diffusion coefficient that might differ from the actual bulk 

diffusion coefficient for concentrated systems. 

Incidentally, the root mean square displacement, evaluated from a 

statistically meaningful number of observations, permits this 

translational D to be calculated and this principle is used by nanoparticle 

tracking analysis NTA and explained in Paper I and Paper II. 
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3.2. Colloidal stability 

The van der Waals - London dispersion (vdW-Ld) interaction is the 

universal, long range, interaction that is ubiquitous to all materials and is 

originated from the resulting fluctuating electromagnetic field generated 

from the interaction of dipoles.
83

 The forces that arise can be attractive 

or repulsive depending on the configuration of the surfaces system. 

The vdW-Ld interactions usually generate attractive forces in aqueous 

suspensions which can be calculated using the Hamaker coefficients. A 

Hamaker coefficient is a property of the material that encompasses 

London dispersion forces, Debye forces and Keesom forces which are 

all originated by the polarizability of the constituent atoms of the system 

and the consequent fluctuations of the electromagnetic field between 

them. Non-retarded Hamaker constant is the value at short distances 

when the time required for the electromagnetic interaction between the 

two surfaces can be neglected. The full spectral Hamaker coefficient, 

coming from the continuum theoretical approach of Lifshitz (or DLP) 

theory,
84, 85

 is a function of the separation distance from the surface 

where electromagnetic retardation takes place. The effect of ions in 

solution is also important because these screen the electromagnetic 

interaction due to charge-fluctuation
85

. 

Electrostatic forces arise when the non-specific ions (i.e. ions that do not 

have specific affinity for the material surface) are “ordered” next to the 

surfaces due to the electrical potential forming a so-called electrical 

double layer (EDL). These arrangements of counter-ions and co-ions 

generate an osmotic deficit that results in a force that is directed in the 

opposite direction of both surfaces (repulsion). This repulsive force can 

be derived mathematically by a number of approximations that depends 

on the way to solve the Poisson-Boltzmann equation (P-BE). The 

linearized P-BE is the most used for deriving the solutions and this 

implies that the surface potentials are low (<25 mV) and that the internal 

electrical fields are neglected. Linear superposition approximation is a 

good approach for large separation distances.
86

 Another approximation 

that can be applied is the Derjaguin approximation which gives good 

results for small separation distances. The assumption of constant 

surface charge or constant surface potential needs to be done when 

solving the electrical forces by using the Helmholtz free energy 

approach.
87

 Since flocculation occurs at low distances, the Derjaguin 
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approximation is adequate for calculating theoretical stability ratios (or 

inverse aggregation efficiencies). 

The sum of attractive and repulsive potentials as a function of distance 

between the surfaces of two particles will determine the tendency for 

aggregation and duplet formation: 

  (   )    (   )    (   ) 24 

Where V is the potential usually expressed dimensionless in scaled kBT 

units and the subscripts T, R and A stand for total, repulsive and 

attractive, respectively. The potentials are a function of the 

dimensionless distance κ.H with κ, the inverse Debye length defined 

previously (equation 13), and H the interparticle distance. 

If only electrostatic repulsive interactions and Van der Waals attractive 

forces are considered, the total interaction potential (known in this form 

as DLVO-potential) is thus a function of the Hamaker coefficient, the 

particles diameter, the surface potentials, temperature and the electrolyte 

valence and concentration. Because of the nature of these two forces the 

resulting potential can contain one or two maxima values, known as 

energy barriers, and one or two minima known as primary and secondary 

minimum. An example of the interaction potential for TiO2 spheres of 20 

nm in diameter (like those used in Paper VII) is presented in Figure 5. 

It is possible to observe that at 100 mM of monovalent electrolyte the 

particles with 25 mV surface potential are destabilized while the same 

type of particles with 60 mV surface potential still possess a significant 

interaction potential (> 5 KB.T). This destabilization was also observed 

for bare TiO2 NP in Paper VII when the pH was closer to the IEP. 

By finding the maximum value of the first energy barrier (closest to 

H=0) it is possible to estimate the order of magnitude of the stability 

ratio, W, or inverse collision efficiency, , by using the approximation:
40
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Where ai and aj are the radii of the particle i and j, respectively and max 

is the height of the energy barrier. For this equation it is assumed that the 

major contributions to the interaction potential come from the proximity 

of the maximum potential. 

In Paper VII calculations were done using the Derjaguin approximation 

as a function of monovalent electrolyte concentration for equal-sized 

spherical TiO2 NP of 20 nm in diameter and varying surface potential (5, 

20, 40, 60 mV). The results are presented in Figure 6. 

 

Figure 5. DLVO calculations for TiO2 using Derjaguin approximation. The 

different concentrations of monovalent electrolyte (symbols) and surface 

potentials (25 and 60 mV) are presented. 
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Figure 6. Theoretical stability ratios, W, as a function of electrolyte 

concentration, between two TiO2 spheres of 20 nm diameter found with equation 

27 after determining the height of the energy barrier using Derjaguin 

approximation. The curves are truncated in log(W) 5 and 0 to allow better 

visualization. 

Hamaker constants can be evaluated more thoroughly for a complete 

quantitative treatment using continuum theory and it should be 

encouraged to evaluate as such for more complex nanoparticulate 

systems (e.g. complex shape or nanocomposites).
60, 85, 88

 Other long 

range forces have been recognized as source of important interaction 

contribution (also known as non-DLVO contributions): 1) steric 

interactions due to adsorbed layers of polymers, surfactants or 

polyelectrolytes; 2) magnetic forces especially important on Fe-based 

NM; and 3) hydration forces come into play in structures that have 

bounded water (biomolecules, hydrophilic material or functional groups) 

and generates a repulsive interaction.
89

 

DLVO forces act only until the primary minimum has been reached. 

Further fate of aggregated or deposited particles depends on the 

interaction at short range and then chemical specificity plays a big role. 

The usefulness of DLVO theory is that vdW-Ld and EDL forces are 

long-ranged and asymptotical. Then DLVO works fine until the energy 

barrier even if no good experimental or theoretical basis predicts this 

potential accurately up to contact between surfaces.
90

 

However, short-range non-DLVO interactions play an important role in 

the case of break-up of aggregates or detachment of deposited particles. 

At short range the phenomena that can come in play are:
90
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 Electrostatic interactions that generate attractions by correlations. 

Briefly, if the interaction between ions is strong then there will 

be correlation between them and the attractive ion correlation 

force will be significant. 

 Density variations that can generate attractive and oscillatory 

forces which can be due to molecular packing, capillary phase 

separation, and depletion due to non-adsorbing solute. 

Additionally, adsorption of a charged surfactant normally leads 

to the formation of a charged surface that generates EDL 

repulsion, as mentioned previously. However, if a surfactant 

adsorbs on an oppositely charged surface, it can make the surface 

electrically neutral and hydrophobic. Conversely, adsorption of a 

non-ionic surfactant makes a hydrophobic surface more polar, 

and the force between two such surfaces typically shows short 

range repulsion. Polymers adsorbed can induce attraction or 

repulsion depending on the balance between the polymer-

polymer and polymer-solvent interactions .
90

 

 Surface roughness or inhomogeneity that can generate a 

phenomenon called “steric energetic effect” preventing to reach 

full VdW adhesion energy (e.g. polished surfaces adhere easily). 

3.3.  Effects of NOM on colloidal stability 

It is possible to include the steric or entropic contribution to the 

repulsion potential in DLVO theory. Some models have been formulated 

and investigated for this purpose, for example by including empirical 

parameters in the attachment efficiency or including an extra DLVO 

parameter for accounting for the steric contribution.
78, 91

 

NOM can be considered as a soft nanoparticulate that is present in 

almost all natural systems. Aquatic NOM consists of both refractory 

residual macromolecules from microbial degradation (humic 

substances), and also fresh exudates from microalgae (mainly acidic 

polysacharides).
92-94

 These different classes of NOM have been shown to 

have very different properties with respect to sorption and to colloidal 

stabilization or flocculation behavior.
79, 95, 96

 Mosley, et al. 
70

 showed 

that interparticle forces for iron oxide and alumina coated with 

Suwannee river humic acid (SRHA) were dominated by electrostatic 

repulsion at low ionic strength arising from negative functional groups 

on the NOM. However, at very small separations (<10 nm) steric forces 
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from the NOM molecules were also present. Contrastingly, steric 

repulsion forces dominated and adhesive bridging between surfaces by 

adsorbed NOM was observed at high ionic strength where the 

electrostatic repulsion is reduced or at low pH where the SRHA is 

protonated. Bridging flocculation between SRHA- and alginate-coated 

surfaces in the presence of Ca
2+

 has also been reported,
97-100

 suggesting 

that these two aquatic components are highly influential in the final fate 

of ENP in the environment. These observations are consistent with the 

results obtained in Paper VII for TiO2 and NOM. 

3.4. Collisions between particles 

Particles in aquatic media move randomly according to their Brownian 

motion. In the eventuality of a collision with other particles aggregation 

can occur. Under the assumption of neglected three body collisions 

(diluted conditions), the number of collisions is a second order reaction 

rate: 

              26 

Where kij is a second-order collision rate constant and ni and nj is the 

number concentration of particles of the class size i and j respectively; kij 

is referred as a cluster kernel when the integro-differential equation for 

population balances is used as a model for aggregation 
101

. 

In the presence of energy barriers, not all collisions will lead to 

attachment and the aggregation will be reaction limited (RL). An extra 

term is introduced to account for this: the collision efficiency, . If 

attractive or repulsive forces are neglected then every collision will lead 

to a successful attachment and this is called the diffusion limited colloid 

aggregation, DL. Under DL and assuming irreversibility in the 

attachment the following expression can be written for the variation in 

concentration of the k-fold aggregate: 
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The theoretical rate constant of aggregation of two dissimilar particles 

due to perikinetic collisions can be evaluated as:
40

 

                28 

with Dij the mutual diffusion coefficient of particles i and j that takes the 

form (Di+Dj) if the viscous drag is ignored 
102

 (it can be included 

empirically in the collision efficiency); Rij is the collision radius which 

can be approximated to (dvi+dvj)/2 for spheres. 

A very simple solution of the irreversible population balance equation 27 

can be found to evaluate the aggregation dynamic of a destabilized 

colloidal suspension assuming that the particles are spherical, 

monodisperse and that only dimers would be formed at a rate k11. Then 

the change of total number of particles at a given time, t, is:
40

 

   
  

  
   
 

     
 

29 

where k11 is the collision rate constant for duplets evaluated with 

equation 28, equivalent to 1.23x10
-17

 m
3
.s

-1
 at 25 C. n0 is the initial 

number of particles. It follows that the half-life time of the reaction is: 

  
 ⁄
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This value is also called the characteristic time. The initial particle 

number concentration can be calculated combining equations 10 and 11: 
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where C0 is the initial mass concentration of particles ρ is the density of 

the particles and dv is the number-averaged volumetric diameter. 
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Expected aggregation rates for titania NP 

From the equations mentioned above it is possible to determine the time 

required to get the number concentration halved depending on the initial 

mass concentration of particles. This is presented in Figure 7 for 

monodisperse titania particles used in Paper VII at different starting 

number-averaged volumetric diameters and mass concentrations. 

 

Figure 7. Half-life time of monodisperse titania NP undergoing fast 

aggregation as a function of size for different starting concentrations. 

This half-life time indicates that once this time has passed the total 

number concentration will have been reduced to half the initial value. 

This will happen mostly by formation of duplets but there will also be 

formation of triplets and quadruplets. Assuming that all primary particles 

have disappeared to form duplets during that characteristic time, the 

duplet formation could be followed in different consecutive 

characteristic times and, in this way, an approximate value of the 

number-averaged diameter can be found with equation 7 assuming a kf  

of 1 and a fractal dimension, Df, according to typical values. 

Usually, fast aggregation (DL) results in aggregates with fractal 

dimension of 1.8 (open structures) and slow aggregation (RL) results in 

values near 2.1 (compact structures).
103

  Both values were evaluated for 

the particles used in Paper VII and the results can be found in Table 3 

(20nm initial diameter titania at a concentration of 100 mg/L (6.11x10
18

 

part/m
3
) and a temperature of 25C). In this case aggregation occurs very 

fast because the initial concentration is relatively high. In less than one 
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minute aggregates approaching 1 μm are achieved. This has implications 

for the measurements of aggregation rates since many techniques require 

measurement times that can be larger than the characteristic time of 

reaction in order to obtain meaningful results. 

The expected behavior during this type of batch aggregation process 

differs slightly from the one depicted in Table 3. First of all, not all 

primary particles will collide to form duplets during the first 

characteristic time (especially in diluted systems). Many primary 

particles remain unreacted and the polydispersity increases. As larger 

particles become more abundant they will have slightly higher 

aggregation rates with the smaller ones (going from O[-17] for k1-1 to 

O[-16] for k1-10 and O[-14] for k1-1000) favoring collision of these with 

the remaining smaller ones that are predominant at least at the earlier 

time. Eventually, the concentrations drop and the collisions are more 

scarce leading to a semi-stable particle size distribution that in some 

cases can have a bimodal distribution, with a population towards the 

smaller particles (which did not react) and a population of larger ones 

that were favored during the earliest stages of the reaction. 

Table 3. Simplified evolution of average hydrodynamic diameter and total 

particle number concentration for 100 mg/L TiO2 NP at different levels of duplet 

formation. 

t1/2, seconds 
Elapsed time, 

seconds 
i 

di, nm 

(Df 1.8) 

di, nm 

(Df 2.1) 

1x10
6
 

part/mL 

0.03 0.03 2 29.4 27.8 305.52 

0.05 0.08 4 43.2 38.7 152.76 

0.11 0.19 8 63.5 53.8 76.38 

0.21 0.40 16 93.3 74.9 38.19 

0.43 0.82 32 137.2 104.2 19.09 

0.85 1.68 64 201.6 144.9 9.55 

1.70 3.38 128 296.3 201.6 4.77 

3.41 6.79 256 435.5 280.4 2.39 

6.81 13.60 512 640.0 390.1 1.19 

13.62 27.22 1024 940.6 542.6 0.60 

27.25 54.47 2048 1,382.5 754.8 0.30 
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The results obtained with this simplified method are not meant to be 

precise because of the reasons explained above. They are rather meant to 

give an idea of the expected size within a given time frame for this 

particular system consisting of an intense pulse feeding. An overall 

underestimation of particle sizes in the first stages of aggregation is 

expected due to the underestimation of aggregation rates for dissimilar 

particles as they are created. In contrast, at larger times the diameters 

predicted are larger than those measured experimentally. An appropriate 

population balance should be used to estimate the size evolution more 

precisely.
101, 104, 105

 

Aggregation rate constants for other mechanisms of collision 

The aggregation rate constant can be modified to include three types of 

collision mechanisms: 1) perikinetic collisions occurring because of 

Brownian motion. This is the most relevant mechanism for very small 

particles and was studied in the previous section; 2) orthokinetic 

collisions originating from shear stress and velocity gradients and 3) 

collison by differential settling. 

The collision rate constant for spheres can be calculated as:
29

  

 32 

where ai and aj are the radii of particles i and j respectively, G is the 

shear rate, and ρp and ρw are the densities of the particles and water, 

respectively.  

3.5. Sedimentation 

The sedimentation of small particles can be formulated in terms of a 

control volume from which particles are lost owing to sedimentation and 

particles are gained from diffusion upwards (if the upper limit is 

considered closed, e.g. air interface). The corresponding mass 

conservation equation is: 
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where x is the distance in the direction of the gravity field. Equation 33 

is known as the Mason-Weaver equation and has a number of analytical 

solutions available.
106-108

 vs is the Stokes (terminal) velocity: 

   (  
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Where p and f are the particle and fluid density, respectively, and g is 

the standard acceleration of gravity (9.81 m/s2), m is the mass of the 

particle (for spheres m=p.dv
3
.π/6 with dv the volumetric diameter) and f 

is the friction coefficient which, at small Reynolds number, can be 

expressed as a function of the hydrodynamic diameter f=3.π.μ.dH. 

Replacing the values for equivalent spheres in equation 1, 
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The last term corresponds to the Stokes diameter squared, ds
2
.
 
For the 

idealized case of spheres without any coating dv=dH=ds. In some cases it 

is necessary to correct the sedimentation velocity to account for 

fluctuations due to long-range hydrodynamic interactions, especially for 

high volume fractions of particles, φ,
109

 or for slip factor for large or 

dense particles. However, expected aquatic environmental 

concentrations of NP (ENP plus NNP) are not very high to apply 

corrections for hydrodynamic interactions (perhaps in proximity of walls 

it is necessary) and the expected aggregates are relatively light to apply 

slip factor corrections. However, electrophoretic retardation should be 

revised carefully as NP in aquatic environment tend to have a charge 

(either coming from the surface charge or the coating) and it will 

generate an electrical field as they transport causing an electrophoretic 

force in the opposite direction of the movement.
64
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A practical way to evaluate if the settling motions dominate those due to 

Brownian diffusion is calculating Péclet numbers (Pe) evaluated at a 

length equal to the hydrodynamic diameter. If Pe>>1 then 

sedimentation is more important to determine the particle fate while for 

Pe<<1 thermal fluctuations dominate. 

   
     
 

 
       

  (     )   
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The hydrodynamic and volumetric diameters have been separated in 

order to maintain a general equation useful for non-spherical particles as 

it is the case for illite (from Paper V and Paper VI) and for fractal 

aggregates (Paper VI). 

Evaluating sedimentation for aggregates 

Aggregates of colloidal particles usually have a fractal structure that was 

defined in equation.7 As mentioned before, fast aggregation (DL) 

presents values of hydrodynamic fractal dimension of 1.8 and slow 

aggregation (RL) of 2.1.
103

  In Paper VI, the critical number of 30nm Au 

NP necessary to reach a Pe equal 1 were evaluated assuming kf=1 for the 

hydrodynamic diameter of the cluster and varying fractal dimensions 

between 1.8 and 3. The results can be found for a temperature of 20C in 

Figure 8. 

Figure 8 shows that, at lower fractal dimensions (i.e. faster aggregation 

rate) less particles are needed to generate aggregates that are more prone 

to settle. This implies that intermediate aggregation rates might result in 

more compact aggregates that are removed more rapidly compared to 

non-compact aggregates. This has very important implications for the 

fate of ENP and the final aggregation state in aquatic environment. 
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Figure 8. Critical number of particles in a fractal cluster required for 

achieving Pe numbers of 1 as a function of fractal dimension for Au NP 30 nm. 

For Pe >>1 sedimentation is dominant over diffusion. Diamonds correspond to the 

case where hydrodynamic diameter is calculated with kf=1 and squares 

correspond to values obtained by Lattuada, et al. 
68

: kf=2.37 for Df=1.86 and 

kf=1.81 for Df=2.05. Adapted from Paper VI. 

The aggregates structure for the clay particles used in Paper VI is more 

complex to predict since the plates can agglomerate either face-face or 

face-edge and this behavior is highly dependent on the pH of the 

solution. The clay faces bear a permanent charge due to isomorphic 

substitution while the edges are charged due to proton dissociation of the 

aluminum oxide which is pH dependent. More highly charged 2:1 clay 

minerals like illite are more likely to stack in order due to increased 

electrostatic attractions between the layers mediated by the interlayer 

cations. The stacking of illite particles is more likely to happen in a face-

face mode forming thicker and larger spheroids and at the same time 

reducing the aspect ratio as more compact structures are being 

generated.
110

 It has also been reported that aggregates of illite particles 

will have fractal dimensions above the suggested values for spheres.
111

 

3.6. Large scale models 

The population balance models are based on colloid stability theory and 

particle collision theory and algorithms for sedimentation rate.
29
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colloid stability and aggregation processes can either be modelled from 

the DLVO theory 
40

 or derived from experimental data. The collision 

theory formulated by Arvidsson, et al. 
29

 is based on the early works by 

Smoluchowski,
41

 Friedlander 
112

 and Grant et al.
113

 The governing 

equation for this model is: 
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where nj is the particle number concentration of particle class j, αi,j and 

αi,j-i are collision efficiencies, Ki,j and Ki,j-i are rate constants, vs is the 

sedimentation rate of primary particles, β is a form factor (2/3 for 

spherical particles), d is the depth of the water compartment, Ij is the 

inflow of particles, γ is the collision efficiency, H is the rate constant for 

collisions between natural colloids and synthetic nanoparticles (which in 

principle could be calculated in the same form as kij), and ci is the 

concentration of an agglomerate with i primary natural colloids. The first 

term on the right side of the equation describes the formation of particle 

j through agglomeration of particles i and j-i. The second term describes 

the loss of particle j through agglomeration with other particles i. The 

third term describes sedimentation, and the forth term for the inflow of 

particles. The equation is based on the assumption that the particles are 

spherical. The effects of NOM are usually included empirically via the 

collision efficiency, . The effects of dissolution, breakage or flotation 

are not included. 
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4. ENP fate platform on a continental 

watershed scale 

In Paper IV a geographically distributed classification of surface water 

chemical parameters influencing fate and behavior of nanoparticles and 

colloid facilitated contaminant transport was introduced. A compilation 

of river quality geochemical data with information about multi-element 

composition for near 800 rivers and streams in Europe 
114

  was used to 

perform a principal component analysis (PCA) and define 6 contrasting 

water classes (model natural waters, MNW) using 12 chemical 

parameters from 66 available in the database. These included pH, 

electric conductivity, HCO3
-
/ alkalinity (alkalinity determined by 

titrating 100 ml of water with H2SO4 to pH 4.5 and expressed as HCO3
-
 

mg/L ), Cl
-
, SO4

2-
, NO3

-
, K

+
, Na

+
, Mg

2+
, Ca

2+
, SiO2 (total Si, 

recalculated to SiO2) and NPOC (non-purgeable organic carbon, filtered 

through 0,45 µm, acidified and sparged; equivalent to dissolved organic 

carbon, DOC). EC is given in mS/m and all the other parameters in 

mg/L. 

Critical factors for the stability of NP and colloids in a suspension are a 

combination of particle specific properties (size, shape, surface charge, 

Hamaker coefficients, and functionalization) and solution composition 

(ion concentration, affinity to the surface and valence, DOC quantity and 

quality, suspended solids and colloids). As it could be seen in the section 

2 (equation 24), the electrostatic colloidal stability of NP in the 

environment is dependent on the Debye-Hückel parameter. Even for NP 

with a coating of NOM, it has been shown that the stability provided by 

the natural coating is partly due to electrostatic repulsion. For that reason 

in Paper IV it was decided to introduce the Debye length (which is 

inversely proportional to the square root of IS, see equation 13) as a 

preliminary indicator of the stability (or instability) of NP and colloids in 

river waters. The distribution of Debye length in the six MNW is 

presented in Figure 9. 
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Figure 9. Histograms of the distribution of Debye lengths in all sample points 

differentiated by model natural water (MNW) class. 

With the aid of geographical information system algorithms, it was 

possible to analyze how the different sampling locations were 

predominantly represented within each European Water Framework 

Directive (WFD) drainage basin.
115

 The map representing the proportion 

of sampling sites within each MNW in each river basin is presented in 

Figure 10. These water classes and their associated Debye-Hückel 

parameter can be considered as determining factors to evaluate the large 

scale fate and behavior of nanomaterials and other colloid-transported 

pollutants in the European aquatic environment. 

The MNW presented in Paper IV can be used in fate studies in 

microcosms under controlled conditions to identify the final location and 

state of NP, with the advantage over natural surface waters, that 

experiments with the 6 MNW would be reproducible over a broad range 

of European natural river waters. 
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Figure 10. Geographical distribution of the different water classes in major 

European river-basin districts. Areas that are not covered are either not covered 

by the River basin districts database or no sampling points fall into the specific 

district. The classes are colored according to IS with red  representing the lowest 

IS (MNW I) and dark green the highest IS (MNW VI). The chart pies show the 

percentage of each class in the respective WFD river basin district. Adapted from 

Paper IV with permission. Hammes et al 
25

, copyrights ELSEVIER 2013. 
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The composition suggested for the MNW is presented in Table 4. 

Suwannee River NOM is suggested to be used as a source of NOM in 

order to increase reproducibility between different experiments. 

However, it has been demonstrated in this study and by others that 

different qualities of NOM can have very distinct effects on the stability 

and transformation of ENP. 

Table 4. Composition of the model natural waters (MNW) generated in Paper 

IV.  Ionic strength and ion composition in mM. Adapted with permission. 

Hammes et al 
25

, copyrights ELSEVIER 2013.  

Parameters I II III IV V VI 

pH 7.01 6.2 7.29 8.15 8.01 8.02 

Ionic strength 0.247 0.430 2.60 3.16 6.47 16.5 

HCO
3

-

 0.076 0.186 0.732 0.515 1.237 3.260 

Cl
-

 0.026 0.106 0.527 0.166 0.716 5.121 

NO
3

-

 0.002 0.009 0.197 0.072 0.330 0.478 

K
+

 0.007 0.015 0.085 0.029 0.086 0.282 

Na
+

 0.049 0.131 0.557 0.228 0.696 2.977 

Mg
2+

 0.017 0.033 0.179 0.180 0.380 1.917 

Ca
2+

 0.044 0.094 0.507 0.549 1.512 2.845 

SO
4

2–

 0.022 0.018 0.227 0.347 0.901 1.894 

DOC, mg/L 1.84 12.48 11.05 1.75 4.6 8.63 

These MNW were used in the microcosms in Paper VI for the 

assessment of heteroaggregation and sedimentation under quiescent 

conditions of citrate-coated Au NP with illite particles. This 

methodology for the identification of geographically distributed surface 

water chemical parameters can be extended to different regions in larger 

or smaller scale. Furthermore, the Debye length combined with 

microcosm experiments can be used as an input for mathematical models 

in order to predict environmental fate and transport of NP and colloids. 

The Debye length, pH, NOM content and quality and colloidal 

concentrations in a water body could likely be utilized as early indicator 

of potential NP and colloids stability and mobility. 
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5. Fate processes 

Fate processes in ENP risk assessment here refers to the transport, 

transformation and accumulation in the environment. For ENP several 

transformations processes were identified in Paper III and those relevant 

for water environment are listed below: 

 Photochemical transformations either by generation of free 

radicals,
116

 by direct interaction with other components of the 

ENP 
117

 or dynamically interfering with the interaction of ENP 

with environmental components. 

 Redox reactions can occur if the reaction is thermodynamically 

favorable and the reactants can reach the surface of the ENP (i.e. 

diffusion limitations). 

 Dissolution or the production of individual ions or molecules that 

are soluble in water.
118, 119

 The dissolution process can involve 

reaction of the surface molecules and ultimate release of the ionic 

form 
120

 or direct dissolution of the constituent materials, 

followed by diffusional transport of the dissolved compounds.
121

 

Dissolution has been recognized as an important processes in the 

aquatic fate of Ag NP in oxidizing environments 120 and for ZnO 

NP. 

 Re-precipitation is the formation of new solid phase after 

dissolution has taken place. It can be a solid heavy enough to 

precipitate or a new suspended colloid or NP. The formation of 

these particulate materials adds another level of complexity to 

the evaluation of fate of the original ENP. The formation of Ag2S 

in WWTP is a renowned case in this category.
122-124

 

 Adsorption / desorption the process by which substances attach 

to the surface of solids by means of Van der Waals attractions 

(i.e. physisorption), electrostatic interactions (i.e. ion exchange) 

or chemical bonding (i.e. chemisorption). The sorption of NOM 

is considered one of the most relevant cases for environmental 

transformation and this can lead to further stabilization or 

coagulation of ENP. Sorption of contaminants to nanomaterials 

is considered an important process that can lead to enhanced 

transport or changed bioavailability of the contaminant.
22, 25

 

Significant desorption of adsorbed substances will occur only if 
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the equilibrium with the medium is altered and the dissociation 

kinetics are not too slow. 

 Biotransformation or biodegradation may induce transformation 

of the ENP 
125

 or the transformation product. 
126

 

 Physical forces (e.g. turbulent fluid regimes or strong collision of 

solid materials) can induce the breakdown of the original 

material and the release of ENP or ENM-containing particles in 

different shapes and sizes.
127-129

 Shear stress can also break apart 

aggregates depending on the strength of the cohesive forces .
130

 

These processes are highly related to the water chemistry, hydrodynamic 

conditions (number of contacts) and the presence of other interfaces (e.g. 

suspended solids, rocks, biofilms, and gas-water interfaces). For 

example, it has been observed that ENP can undergo dissolution and 

acquire a coating of Ag2S under certain circumstances.
131

 

The transport and accumulation of NP includes deposition, aggregation 

and agglomeration (usually referred in that form for the reversible and 

irreversible attachment, respectively) and the advective and convective 

mobility. This implicates that pristine or transformed ENP mobilizes as 

the transformation processes occur and the extent to which all of these 

processes (transformation and transport) occur will be defined by the 

relative extent of their characteristic times; they are parallel processes 

and they depend on each other. 

In the sections below a set of experimental and theoretical works is 

presented which contains the main finding on the investigations of some 

of these transformation and transportation processes. 

5.1. Aggregation and agglomeration 

Aggregation and agglomeration of ENP in the environment has been 

considered as a universal fate process that will determine the final 

concentrations in natural waters.
132

 The aggregation and 

heteroaggregation rates of NP and colloids can be characterized by the 

collision efficiency, , defined in equation 25 which describes the 

likelihood of a collision between particles that lead to a permanent 

attachment.
29

 When the collision efficiencies are 1 the system is 
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completely destabilized and the limiting factor in the aggregation is the 

number of collisions (diffusion limited). 

One of the most common ways to estimate attachments efficiencies is by 

using time-resolved dynamic light scattering, TR-DLS. 

TR-DLS collision efficiency. 

In Dynamic Light Scattering, DLS technique, the intensity of the 

scattered light by an ensemble of particles is measured at a given angle 

as a function of time. The Brownian motion of the dispersed particles 

determines the rate of change of the scattered light intensity.
61

 

Autocorrelation functions of the fluctuations in scattered light are 

obtained and the exponential decay of the first order autocorrelation 

function is related to the ensemble-averaged diffusion coefficient. The 

Cumulants analysis 
133

 uses the initial part of the exponential decay 

curve of the autocorrelation function to determine the intensity-weighted 

average hydrodynamic-diameter. The diameter obtained by this method 

is usually called zeta-average diameter. 

A fixed concentration of NP is thoroughly mixed with the media 

containing electrolytes and other constituents and the rate of increase of 

the zeta-average hydrodynamic diameter is measured. If the initial 

number concentrations are kept constant and at low levels so that the 

aggregation times of the most unstable conditions can be followed, then 

the collision efficiency can be calculated as the ratio between the slopes 

obtained at a given concentration versus the maximum slope (diffusion 

limited):
134
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Where α is the collision efficiency and dH is the hydrodynamic diameter. 

Since the hydrodynamic diameter is a zeta-averaged value that is biased 

towards larger sizes then the value for the collision efficiency is also a 

zeta averaged value. Nevertheless, this method provides a good indicator 

for the tendency of the particles to aggregate in the media tested. 
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In Paper VI equation 40 was used to evaluate the aggregation rates of Au 

NP in model natural waters containing illite particles. The concentrations 

of Au were 1 order of magnitude higher than illite and NOM and 

therefore the illite signal was mitigated. In order to compare the 

aggregation rates in natural waters, the aggregation of Au NP in NaCl 

was evaluated and the maximum rate was used as the denominator for 

these zeta-collision efficiencies. 

In Paper VII the aggregation rates of TiO2 NP were measured using a 

more complete analysis in order to counteract the effects of higher 

aggregation rates since the particle number concentrations required for 

detection were 2 orders of magnitude higher than the ones used for Au in 

Paper VI. The approach was to follow the original derivations of  

Borkovec et al.
134

 and combining variations in zeta-averaged 

hydrodynamic diameters and intensity scattered provided by the 

instrument (Zetasizer Nano ZS, Malvern instruments, UK). The final 

result expressed for the stability ratio, W=1/, is: 
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where No is the initial particle number concentration, Rh(t) is the 

hydrodynamic radius evaluated at time t, the expression (Rh2–Rh1)/Rh2 

corresponds to the relative change between the primary particle and the 

duplet. I is the scattering intensity which was obtained from the mean 

photon count rate. 

Results obtained for NaCl, Na2SO4 and CaCl2 at varying values of pH 

range are presented in Figure 11. 
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Figure 11. Variations in stability ratio, W, at different values of pH (symbols) 

and pH range (columns). 

In general, all additions of electrolytes without NOM followed the 

DLVO theory and the order of magnitude of the calculated stability 

ratios (Figure 6). Positively charged NP at low pH were more prone to 

destabilization by SO4
-2

 compared to Cl
-
 and the opposite holds for Ca

+2
 

compared to Na
+
 at high pH. If the pH of the suspension is away from 

the IEP (in this case around pH 6) the particles have a higher charge 

(either positive or negative) and this leads to slower aggregation rates at 

similar electrolyte concentration than particles closer to IEP. 

5.2. NOM-sorption: effects on stability 

In Paper VII it was shown that at sufficient NOM/TiO2 ratios (i.e. molar 

ratio HA/TiO2 above 283), adsorption of NOM on the surface provided a 

negative net surface charge of the suspended particles and particles 

aggregates. In the same paper, the stability ratios of TiO2 were 

calculated after different additions of biopolymeric (sodium alginate) 

and refractory macromolecules (humic and fulvic acids); all the 

macromolecules were added in excess of the NOM/TiO2 stability ratio. 

The results are resumed below: 

  Low pH Medium pH High pH 

     

N
a

C
l 

    

C
a

C
l 2

 

    

N
a

2
S

O
4
 

    

  

   



Fate processes Julián A. Gallego Urrea – 2013 

48 

 The addition of NOM-stabilized suspensions presented increased 

stability of the systems with respect to NaCl and Na2SO4. 

 Ca
2+

 presented indications of bridging coagulation between the 

organic molecules. Calcium is known to bridge the molecules in 

the alginate network (β-D-mannuronate and α-L-guluronate) to 

form gel like aggregates. Particles with HA have also shown low 

stability in the presence of calcium.
135

 Other studies with silica 

particles (150 nm z-average) have shown that Ca
2+

 ions 

destabilize the suspension in the presence of alginate and humic 

acid but not with fulvic acid.
136

 

 The presence of NOM increased the stability in the presence of 

Na2SO4 in a more efficient way than for the other 2 electrolytes. 

 HA was less effective in stabilizing NP at low pH. HA is, by 

definition, not stable in suspension at pH below 2 and, therefore, 

at low pH the overall surface charge were low and there was 

reduced electrostatic contribution to the repulsion. 

 FA was better stabilizer even at low pH probably because FA 

possesses more charge at low pH than HA leading to an 

improved electrostatic stabilization. 

Given the considerations presented above, it is important to highlight 

that the surface coverage of NP with NOM will be highly dependent on 

the ratio between the number of NP and natural macromolecules (or 

available surface area more precisely). Therefore, it is more appropriate 

to speak in terms of environmentally relevant concentration-ratios 

instead of speaking of environmentally relevant concentrations only. 

Unfortunately, it has to be recognized that the number of scenarios 

which have environmentally relevant NOM/ENP ratios can be large and 

difficult to test and predict because of the great variability of NOM 

concentrations and quality in different aquatic environments (not to 

mention the presence of natural aquatic colloids) and the uncertainty 

regarding the expected concentrations of ENP (Paper III). 

5.3. Sedimentation 

In Paper VI on the fate of 30 nm citrate-coated Au nanoparticles (NP) 

was evaluated using the six MNW developed in Paper IV. Model natural 

freshwater covering the range of European water chemistry and artificial 

seawater were used to assess the environmental fate of Au nanoparticles. 
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Au NP were chosen because they are easily followed by NTA and ICP-

MS and it is a dense material which amplifies the effects of 

sedimentation allowing to perform analysis in shorter times than for 

other materials. The evaluation of heteroaggregation and sedimentation 

behavior was performed with the addition of the clay mineral illite as a 

model natural colloid which is often present in freshwater 

environments.
137, 138

 

TR-DLS was used to determine the aggregation rates of gold 

nanoparticles in separate batch tests at a concentration of 10 mg/L and 

compared with the maximum aggregation rate obtained with NaCl to 

determine zeta-averaged collision efficiencies (equation 38). The 

obtained results are presented in Figure 12. 

 

Figure 12. Zeta-collision efficiencies calculated for AuNP. Values below 0.01 

are presented as 0.01. The upper x-axis corresponds to the Debye-length 

calculated as a function of ionic strength. Vertical dotted lines correspond to the 

composition of the different water chemistries and are drawn as a guide. 

The concentrations of Au used in TR-DLS were much higher than those 

of illite in order to achieve good signal intensities for the measurement 
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with DLS and, therefore, Au dominates the scattering intensity and the 

rates of aggregation reflect mostly the aggregation of gold. In MNW I to 

V the rates were significantly reduced in the presence of NOM 

indicating some increase in stability. The suspensions in MNW VI and 

artificial seawater (ASW) 

In separate experiments low concentrations of gold nanoparticles (80 

μg/L) were thoroughly mixed with one liter of the different MNW as 

receiving medium (one set containing 650 μg/L illite as a model natural 

particle and the other without).  

The resulting suspension was then introduced into microcosms 

(modified Imhoff cones) and kept at constant temperature for nearly two 

months under still conditions. Parallel experiments were carried out with 

illite only as controls. The sampling from the microcosms was done at a 

point located 4 cm below the surface of the water column (Figure 13). 

 

Figure 13. Photography of the experimental setup for the evaluation of 

sedimentation and aggregation of ENP in MNW. Photo: Julia Hammes 

Aggregation and sedimentation were evaluated using NTA and ICP-MS 

measurements from samples taken at regular intervals. The results 

obtained for the experiments containing illite are presented in Figure 14 

for ICP-MS measurements of Au. NTA measurements at the start and 

end of the experiments for MNW I and VI (1 replicate and control) are 

presented in Figure 15 and Figure 16. 

The main observation from the ICP-MS measurements is the consistent 

presence of elemental Au in all water classes even 2 months after the 

start of the experiments. MNW V and VI exhibited the maximum rates 
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of removal from 60 μg/L in the first day to concentrations in the last day 

of 39 and 30 μg/L, respectively. 

 

Figure 14. Elemental measurements of Au in the microcosms for 6 artificial 

natural waters during a period of 60 days using illite as a model natural colloid. 

Three replicates are presented for each treatment. Adapted from Paper VI. 

The results from NTA showed that Au NP and illite particles could be 

detected separately by using the intensity plots in Figure 15 and Figure 

16. The number concentrations remained stable for the length of the 

experiment for MNW I, II, III and IV. MNW V did not show the 

“intensity signal” for Au NP but illite remained in suspension. 
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Figure 15. Density plots of particle size and scattered-light intensity 

distribution combined with PSD. Au NP and illite particles in MNW I measured 

with NTA. Upper and lower panels present the results with and without Au, 

respectively. The PSD is presented for more clarity on the amount of particles 

corresponding to each intensity. Adapted from Paper VI. 

MNW VI showed a large reduction of the particle number concentration 

(both illite and Au NP) even from the start of the experiment and the 
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PSD showed that the smaller particles were significantly less than for the 

other treatments. 
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Figure 16. Density plots of particle size and scattered-light intensity distribution 

combined with PSD. Au NP and illite particles in MNW VI measured with NTA. 

Upper and lower panels present the results with and without Au, respectively. The 

PSD is presented for more clarity on the amount of particles corresponding to 

each intensity. Adapted from Paper VI. 
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While some aggregation was observed, mostly consistent with the IS, the 

sedimentation of gold nanoparticles appeared limited in all water classes, 

regardless of the presence of illite as shown by the elemental gold 

measurements. The Debye-Hückel parameters of the different water 

classes appeared to be determining factors to evaluate the large-scale 

fate and behavior of NP and other colloid-transported pollutants in the 

MNW containing illite particles. 

In principle, it could possible to fit rates of sedimentation to total mass 

loss 
44

 in Figure 14 but doing so would cover the effects of the different 

fate processes highlighted in the theory section. There is concomitant 

aggregation plus sedimentation and both are summed to create an overall 

mass loss. The relative contribution of these differs depending on the 

water composition. 

For example, MNW V presented a decline of elemental Au from the 

water column from the first day and reached a final semi-stable 

concentration of about 39 μg/L; contrastingly, MNW VI had an initial 

plateau the first days and then decayed at a faster rate than MNW V and 

reached a semi-stable mass concentration around 30 ug/L. According to 

NTA measurements, there was illite left in the suspension with MNW V 

after 50 days (see Paper VI) while in MNW VI illite and gold settled out 

of the water column. 

One possible explanation for that phenomenon is that illite remained 

relatively stable in suspension in MNW V (no interactions with Au or 

other illite particles) while Au NP were less stable and aggregated to 

form compact and heavier aggregates which settled faster but the process 

was self-inhibited as the number of particles decreased. This would be in 

accordance to the theory of fractal aggregation for RL conditions (i.e. 

slow aggregation produces more compact aggregates, Figure 8). 

Conversely, in MNW VI both illite and Au were unstable which could 

have led to 1) more open structures of Au NP aggregates and 2) 

heteroaggregates of Au and illite, both of which have less effective 

density than a compact aggregate of Au NP. Therefore, these aggregated 

particles, differently from the ones in MNW V were less prone to settle 

but instead continued the process of aggregation for longer times 

collecting more Au NP until they became heavier and settled out leaving 

in this form less particles. The effects of possible differential 



On the exposure assessment of engineered nanoparticles in aquatic environments 

55 

sedimentation flocculation can also be more important for these larger 

structures. 

This case exemplifies the complexity involved in the exposure 

assessment of ENP in aquatic environments. It appears thus promising to 

try to fit kinetic models like those presented in the theory section to 

results obtained in experimental tests for fate of ENP in model natural 

waters. 

However, ENP fate in real aquatic systems are even more challenging to 

predict due to the presence of other parameters like velocity gradients 

that are always present in natural rivers, different types of NOM, larger 

solids carried by the turbulent streams and the presence of 

microorganisms. 
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6. Concluding remarks and future 

perspectives 

The environmental risk assessment of materials derived from the use of 

nanotechnology requires a thorough understanding of the 

physicochemical aspects governing the fate processes which ultimately 

will lead to exposure of organisms and determine the environmental 

concentrations. A theoretical framework in connection with the 

physicochemical aspects of NP in aquatic environments was presented. 

These physicochemical characteristics were then coupled to the different 

fate and transport processes that can influence the environmental 

concentrations of ENP. 

Paper I provided the initial assessment of the dynamic aspects of NP in 

aquatic media. With help of a novel analytical technique, NTA, it was 

shown that NNP are ubiquitous in the environment and approximate 

number concentrations and PSD were provided. Paper II introduced the 

applicability of NTA for measuring NP in natural samples and 

ecotoxicological tests and provided some insight into the capabilities and 

limitations of this technique in terms of scattering properties of the 

material and its dependence on hydrodynamic diameter. Further, in 

Paper V it was demonstrated that NTA capabilities to detect NP in water 

will not only depend on size and material but also on the shape of the 

NP, i.e. a spherical particle with a given hydrodynamic diameter will 

scatter light more efficiently than a high-aspect ratio particle with the 

same hydrodynamic diameter. It was also shown in Paper VI that NTA 

offers the possibility to evaluate different populations of contrasting NP 

using the differential scattering properties mentioned above. However, it 

is unclear to what extent in terms of different size this differential 

scattering identification can be used since the control volume, where 

particles can be identified and counted, is also variable and depends on 

the scattering properties. 

The theoretical framework and the results from Paper V have served to 

illustrate the importance of identifying the differences in the actual shape 

of a particle for determining to which extent the fate processes will be 
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important and for correctly interpreting the results from characterization 

of particles using different instrumentation. It was shown that shape can 

influence the aggregation rate constants by means of the hydrodynamic 

diameter and the radius of contact, the sedimentation propensity through 

the Stokes diameter and the potential of interaction between surfaces by 

means of the structural configuration.  

The quality and quantity of NOM existing in the aquatic environment 

will determine the stability that they can provide to ENP. Fulvic 

compounds, refractory organic matter and rigid biopolymers are some of 

the most common components of NOM
51

 and their molecular structure 

will depend on the biogeochemical characteristics of the surrounding 

landscape. The NOM/ENP mass ratio will determine the degree of 

sorption and the process of mixing can lead to different states of 

aggregation, e.g. NOM sorption can induce small and stable aggregate 

formation during the mixing process if the number of collisions between 

particles is relatively high. 

Predominantly, electrolytes and pH determine the extent of repulsion by 

electrostatic or electro-steric mechanisms and NOM can provide some 

additional stabilization or cause aggregation depending on the surface 

coverage of the particles. The effects of these parameters on the stability 

of titania nanoparticles were studied in Paper VII with three types of 

macromolecules and three electrolytes commonly found in natural 

waters. Results showed that calcium aided the coagulation of particles 

when HA and ALG were present probably by bridging between NOM 

molecules. The implications of this study are that different types of 

NOM will have different interactions with the constituents of the water 

body and the ENP.  

One of the most influencing parameters on nanoparticle stability is the 

IS and the corresponding Debye length. In those water classes presented 

in Paper IV that have low IS, aggregation and sedimentation rates are 

expected to be low and exposure of aquatic organisms to NP or small 

aggregates will be more likely than in waters with high IS. On the 

contrary, in high IS waters there will be loss of NP by sedimentation but, 

if small concentrations of NP are present they will require longer times 

for generating settable aggregates and these will remain in the water 

column in the form of large particulate matter as it was shown in Paper 
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VI. This could have implications in contaminant transport and transitory 

release of ions as the aggregates dissolve and redistribute. The effects of 

other hydrodynamic conditions different than the quiescent waters 

tested, as well as the presence of different types and quantities of NOM 

and NNP may lead to different outcomes. 

The aggregation rates measured in Paper VI (Figure 12) showed that 

high concentrations of NP are needed to obtain statistically significant 

hydrodynamic diameters with TR-DLS. The results obtained in these 

tests, even though helpful to identify trends in aggregation of ENP, 

might not be easily extrapolated to real aquatic environments owing to 

the high dependence of aggregation on the number of particles. As the 

aggregation process continues larger particles have a higher reaction rate 

with smaller particles and the aggregation will be enhanced and perhaps 

not directly comparable to real aquatic environments where lower 

concentrations are expected. The ratio between ENP, NOM and NNP 

will also be different and the surface coating with NOM and reactions 

rates with NNP will have a different effect on the overall aggregation 

process. 

The heteroaggregation and sedimentation processes studied in Paper VI 

showed that aggregation of ENP can lead to different outcomes 

depending on the initial concentration and the chemical constituents of 

the water body. It was shown that different aggregation regimes will 

generate aggregates with a different fractal structure which in turn will 

be reflected in a different settling behavior. Slow aggregation will likely 

result in compact structures, fast aggregation will generate more open 

structures and heteroaggregation, in turn, will form lower density 

aggregates that can be open or compact. Compact structures results in a 

larger Stokes diameter (equation 3) leading to faster sedimentation and 

flocculation slows down as the number of particles diminishes leading to 

a larger concentration of gold remaining in the water column compared 

to the fast aggregation case. In the fast aggregation case, open structures 

may remain longer time in the water column, enhancing thus 

aggregation since unequal spheres have higher aggregation rate 

constants and sedimentation flocculation can take place. The open 

structures grow and settle leaving smaller aggregates in the water 

column which is reflected in a lower concentration of elemental gold 

than for the slow aggregation case. 
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Analytical techniques able to investigate the fate processes of NP in the 

environment are lacking. The dynamic nature of the processes involved 

require the continuous monitoring of number concentrations, PSD and 

elemental composition in a wide range of particle sizes that are not yet 

available. More sensitive methods which allow measuring dynamic 

behaviour for lower concentrations are in need. 

The effects of hydrodynamic interactions in the fate of NP in aquatic 

environments are a topic that has not been fully studied. Turbulence is 

present in almost all natural waters to certain degree and experimental 

and theoretical frameworks are needed to understand the effects that 

mixing can have in the different fate processes. 
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