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1G E N E R A L I N T R O D U C T I O N

1.1 what are nanoparticles?

This thesis concerns the release, transport and fate of engineered nano-
particles in the aquatic environment. Engineered nanoparticles have
been increasingly used in consumer products over the past few decades
(Schmid and Riediker, 2007; Hendren et al., 2011). They are used be-
cause of their particular properties that are distinct from the same ma-
terials in bulk or dissolved form.

Even though nanoparticles are made of well-known substances, con-
cern has grown over the possible consequences of the presence of
nanoparticles for the environment and human health because of these
properties (Kumar et al., 2011). For instance, silver nanoparticles are
often applied in medical textiles but also in high-end sports clothing
for their antimicrobial properties (Benn and Westerhoff, 2008). There-
fore, if these silver nanoparticles are released into the environment as
a consequence of the textiles being washed, they might have unwanted
negative effects on the organisms that come into contact with them.

1.1.1 Definition of nanoparticles

Nanoparticles are just one product of nanotechnology. In a broad sense,
nanotechnology is the science and technology of manipulating mat-
ter at very small scales, down to a few nanometers of even smaller
(Ashby et al., 2009). Many applications of nanotechnology have been
suggested, such as smart medicines that deliver the active ingredients
at the right location in the human body. To date most actual applica-
tions are found in consumer products like cosmetics (Botta et al., 2011),
food and food packaging (Chaudhury and Castle, 2011), paints and
coatings (Kaiser et al., 2013; Som et al., 2011), while interest for use
in the water and soil treatment is growing (Carpenter et al., 2015; Liu
et al., 2013; Crane and Scott, 2012).

To illustrate in which way material at a nanometer scale differs from
material on a micrometer or millimeter scale, consider the following:
gold is ordinarily an inert metal, but once gold particles get small
enough, they start to be chemically reactive (Shah et al., 2015). One
consequence is that gold nanoparticles exhibit antimicrobial properties
(Zhanga et al., 2015). The same holds for silver nanoparticles. Most liter-
ature attributes these properties to the release of gold and silver ions or
to the presence of organic complexes, rather than to the nanoparticles
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2 chapter 1

themselves. The large specific surface area for these small particles will
play an important role.

Another property that finds practical use, is the fact that the colour
of gold and silver nanoparticles depends not only on their size but also
on the dielectric properties of the surrounding medium (Oliveira et al.,
2015). This property can be exploited in sensors to detect the presence
of certain substances, viruses, bacteria and parasites in water (Bridle
et al., 2015).

A difficulty regulators and environmental researchers face is that
engineered nanoparticles often consist of substances for which regula-
tions already exist and that there is no commonly accepted definition
of nanoparticles in general or engineered nanoparticles in particular.
The Scientific Commission on Emerging and Newly Identified Health
Risks (SCENIHR) of the European Union recommends the following
definition (European Commission, 2011):

’Nanomaterial’ means a natural, incidental or manufactured
material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50 % or more
of the particles in the number size distribution, one or more
external dimensions is in the size range 1 nm-100 nm.

In specific cases and where warranted by concerns for the
environment, health, safety or competitiveness, the number
size distribution threshold of 50 % may be replaced by a
threshold between 1 and 50 %.

They also remark that the upper limit of 100 nm is an arbitrary value,
for which there is no scientific rationale. Thus the dichotomy between
"nanomaterial" and "bulk" material is somewhat artificial and vague.
This may be one of the reasons that very few publications are avail-
able that indicate how much nanomaterial is being used in consumer
products. Another reason is that many substances that are now used in
the form of nanoparticles have been used for many decades before the
term "nanomaterial" or "nanoparticle" became popular. For example,
titanium dioxide has a long history as an additive in food and other
consumer products. It is mainly used as an intense white pigment and
food-grade titanium dioxide has the EU code E171. Weir et al. (2012)
found the substance in almost all foods, personal care and general con-
sumer products they examined, with the primary particles ranging in
size from 40 to 200 nm.

1.1.2 Types of nanoparticles

A precise definition for the concept of "nanoparticle" or "nanomate-
rial" as given above is required for regulatory and legislative purposes.
In practice most researchers use a simpler definition: particles smaller
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than (roughly) 100 nm in at least one dimension are nanoparticles.
That includes the quantum dots and the nanoparticles of metallic silver
mentioned above. But also so-called fullerenes and related molecules
such as carbon nanotubes and functionalised fullerenes are considered
nanoparticles. Fullerenes are molecules of typically 60 carbon atoms
arranged more or less along the surface of a sphere. Carbon nanotubes
are sheets of graphite, one atom thick, that have been rolled up into a
tube. These tubes can actually consist of one or more of such sheets. Mi-
celles, being aggregates of surfactant molecules dispersed in a liquid,
are also used in nanotechnology for purposes such as drug delivery.

The simplest engineered nanoparticles consist of just one substance,
metallic silver or titanium dioxde, to name two. But quite often they are
coated with substances like polyvinylpyrrolidone or citrate, to make
sure they have the desired properties or to suppress undesirable prop-
erties. In some cases nanoparticles are coated with a metallic layer, like
aluminium hydroxide (Virkutyte et al., 2012). For example, titanium
dioxide nanoparticles are photocatalysts that generate reactive oxygen
species (ROS) under the influence of UV or sunlight. As ROS can be
harmful to the human skin, these nanoparticles are coated with alu-
minium hydroxide when they are applied in sunscreens.

In the literature on nanoparticles one finds in addition magnetic
nanoparticles, where the magnetic properties are used for instance to
separate the particles from the water in which they are suspended (Li
et al., 2014), but also so-called Janus nanoparticles, formed from two
different materials and therefore having the properties of both materi-
als (Landgraf et al., 2015). Also the crystal structure may be important,
as it influences the properties of the nanoparticles and the effects on
their surroundings. As Warheit et al. (2007) describe, the two most com-
mon crystalline forms of titanium dioxide, anatase and rutile, have dif-
ferent photoreactivities and therefore exhibit different ecotoxicological
effects.

On the basis of the chemical and physical properties as well as ap-
plications, nanoparticles can be globally categorized as follows:

• Metals and metal oxides – commonly encountered nanoparticles
in this category are iron, silver, copper and gold, zinc oxide, tita-
nium dioxide, cerium dioxide and various iron oxides, but also
quantum dots, made of cadmium selenide or lead sulfide, for
instance. The applications for this category vary widely: silver is
known for its antimicrobial properties and is therefore often used
in medical textiles and instruments but also in high-end sports
textiles. Zinc oxide and titanium dioxide are applied as white
pigments in paint and coatings (not necessarily in the nano size
range) and as UV filters in sunscreens. Cerium dioxide is used as
a catalyst in fuels in some countries, but it also finds application
as an abrasive.
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Zero-valent iron nanoparticles are being investigated for the treat-
ment of contaminated groundwater (Crane and Scott, 2012), whereas
magnetite nanoparticles may be of use in the removal of metal
ions like chromium (VI) from drinking water (Simeonides et al.,
2015).

The main area of application for quantum dots is electronic de-
vices, such as flexible displays, as already mentioned above, but
also photovoltaic cells. Furthermore, research into the applicabil-
ity to quantum computing is being conducted.

• Carbon-based – this category contains fullerenes and their func-
tionalised derivatives, that is, fullerenes with small organic and
inorganic groups attached, but also carbon nanotubes. Many med-
ical applications have been proposed for these nanoparticles. Cur-
rently the following applications for fullerenes are more or less
wide-spread: as contrast agent for high-performance magnetic
resonance imaging, targeted drug delivery, photodynamic ther-
apy. Applications for nanotubes are twofold: they are used in
bulk for the strengthening of materials, but in that case an un-
sorted collection of long and short nanotubes is used. The im-
provement in the properties of the material is not optimal. On
the other hand, it is much easier than selecting equally-sized
nanotubes. Both functionalised fullerenes and nanotubes are ex-
tensively used in photovoltaics, e.g. in solar panels.

A second type of applications exists: for instance probes in an
atomic force microscope – this use exploits the electrical con-
ductivity properties of carbon nanotubes. Since the conductiv-
ity changes if molecules adsorb to the surface, carbon nanotubes
may also be used to detect organic pollutants such as PAHs (Pra-
kash et al., 2013).

• Organic nanoparticles – this group encompasses liposomes, mi-
celles and dendrimers among others. Each such nanoparticle has
its own pros and cons, especially where it concerns stability and
functionalisability. One typical application is the delivery of gold
nanoparticles to diseased tissues. Gold nanoparticles can render
radiation therapy more effective, but the problem is to deliver
them to the right location. Since the organic nanoparticles are
biocompatible, delivery is easier.

A completely different application concerns the use of polymeric
shell-like nanoparticles that contain fertilizers or pesticides in
agriculture (Kah et al., 2014). The idea here is that the shell re-
leases the active ingredients in a controlled way over a period of
time instead of the ingredient being released immediately. Thus
the fertilizer or the pesticide is not lost when the weather circum-
stances are unfavourable.
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• Nanoclays and silicon dioxide – natural clay minerals like mont-
morillonite fall within the definition of nanomaterials adopted by
regulatory bodies, as they typically consist of layers of 1 to sev-
eral nm. They are often used in combination with polymers to
enhance the strength or the chemical resistance. Silicon dioxide
nanoparticles are instead used for drug delivery and biosensing
(Slowing et al., 2007).

As the various types of nanoparticles are composed of ordinary ma-
terials and are applied in consumer products in fairly low concentra-
tions, detecting their presence and quantifying the concentrations is a
real challenge. For instance, the concentration of zinc oxide nanopar-
ticles can in principle be measured by measuring the concentration
of zinc via well-established techniques such as inductively coupled
plasma mass spectrometry (ICP-MS). But zinc has other anthropogenic
sources and is also naturally present in surface water and there is no
method known to distinguish that from the contribution by engineered
nanoparticles. One has to rely on combinations of techniques to achieve
that, for instance by employing single-particle ICP-MS (Hadioui et al.,
2015).

Carbon-based nanoparticles provide a similar but even larger chal-
lenge, due to the abundance of organic carbon. However, here quite
some progress has been made by exploiting the very specific structure
of fullerenes. Again by a combination of techniques fullerenes and sev-
eral derivatives can be detected in water and soil (Kolkman et al., 2013;
Carboni et al., 2014).

While the above categories involve nanoparticles that are deliber-
ately produced for their specific properties, accidental or unintentional
nanoparticles are formed as a side effect of industrial or household
processes and many other circumstances. For instance nanoparticles
may be the result of combustion or cooking. Wear from car tires may
produce a significant amount of fine particles of synthetic rubber con-
taining zinc (with sizes in the order of 10 to 20 µm), as reported by
Councell et al. (2004), but also particles in the nanorange (VTI, 2015).
Tire wear in the Netherlands alone is estimated to contribute about 17

kton of rubber per year (Verschoor et al., 2014). No information was
given however on a possible nanosized fraction.

Other sources of unintentional nanoparticles can be found in work-
places: Martin et al. (2015) for instance describe observations of nano-
particles emitted by photocopiers. Research into the exposure to both
engineered and accidental nanoparticles in working environments was
done among others by Broekhuizen et al. (2011) and Schmid and Rie-
diker (2007).

Still another category of nanoparticles consists of plastic particles in
the nanorange. These particles together with plastic particles in the mi-
cron to millimeter range, so-called microplastics, are a further topic of
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research. Nanoplastic and microplastic are manufactured for use in cos-
metics for instance, but they are also generated by the wear and partial
degradation of plastic debris. As plastic in general is very persistent,
they present yet another environment risk.

1.2 research objective and questions

The purpose of the research reported in this thesis was to gain insight
in the potential release of engineered nanoparticles into the environ-
ment and more specifically the aquatic environment, in the paths along
which the nanoparticles enter water systems and in the transport and
fate of these nanoparticles in the aquatic environment. Thus the re-
search aimed at answering the following questions:

• can we predict the emission of engineered nanomaterials from the use in
consumer and industrial products?

• what is the contribution of nanomaterials, currently and in the foresee-
able future, to the overall contamination in aquatic systems?

• can we predict where nanomaterials will end up, once they have entered
the aquatic enviroment?

The wider goal is to be able to include nanoparticles in water quality
studies using mathematical modelling. For this to succeed it is nec-
essary to understand the sources of nanoparticles, the kinds of nano-
particles that may be expected to be present as well as the processes
they are subject to. As discussed in the subsequent chapters several
processes influence the form in which these particles are present in the
aquatic environment and this influences how they are transported and
thus where they end up in the various compartments – do they stay in
the water or do they accumulate in the sediment?

In Chapter 2 an overview is given of the various modelling tech-
niques that are applied to deal with the issue of nanoparticles in the
environment. In this thesis one particular type of modelling is central,
however: a mathematical description of the processes for these nano-
particles in combination with a detailed hydrological or hydrodynamic
model specific for the aquatic system that is being studied. This differs
from other modelling approaches where often a more global (less de-
tailed) or a generic model is used. A possible use of such detailed
models is to study the transport and fate of a contaminant, in this case
engineered nanoparticles, in the area and to analyse, if desirable, the
impact of concrete measures to mitigate the effects of the contamina-
tion.
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1.3 context

The research described here was financed partly by NanoNextNL, a
micro and nanotechnology programme of the Dutch Government that
runs from 2010 to 2016 (www.nanonextnl.nl), and partly by the Deltares
R&D programme "From land parcel to sea" (www.deltares.nl/en/issues/
land-parcel-sea). Within these programmes many subjects are being in-
vestigated, but risk assessment is an important issue for NanoNextNL
and the appearance of new contaminants in the environment is a spe-
cific concern for Deltares as one of its goals is to be able to understand
the functioning of aquatic ecosystems and especially the influence of
human activities on these systems.

In the course of the research project, a group of European researchers
formulated a so-called COST action, ENTER or "Engineered NanoMa-
terials (ENMs) from wastewater Treatment & stormwatEr to Rivers"
(www.es1205.eu). COST is a European programme to facilitate the co-
operation between researchers, engineers and scholars (www.cost.eu)
and this particular COST action made it possible to meet other re-
searchers in the area of the effects of nanomaterials on the environ-
ment.

1.4 approach and outline

The literature on nanomaterials is vast, not only as far as laboratory
experiments concerning their behaviour in controlled settings is con-
cerned, but also the methods that are used to model the environmental
aspects of the use of nanomaterials. Modelling is an important tool to
understand these aspects, certainly given the large uncertainties that
exist vis-à-vis nanoparticles. Chapter 2 provides an overview of the
various modelling methods.

As described above, there are many different types of nanoparticles
and there are hundreds of products in which nanoparticles are used.
An important problem, however, is the lack of tangible data regard-
ing production volumes and actual use. Therefore the first step in the
research was to identify which types of nanoparticles would be the
most interesting to study and to determine how much of the particles
is being used in consumer products, thus leading to estimates of the
emissions. The results are described in Chapter 3. Of the many types
of nanoparticles described in the literature, three were chosen because
for these the most data were available and they are among the most
commonly used and may have the largest environmental impact: ti-
tanium dioxide, zinc oxide and silver nanoparticles. Other categories
of nanoparticles received little attention within the research reported
here.
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The processes that nanoparticles are subject to, such as aggregation
and sedimentation, have been investigated in many publications, often
experimentally. Results from several of these publications were used to
develop an easy-to-use mathematical model describing these processes.
This development is described in Chapter 4.

The estimates of the emissions were subsequently used to study the
potential transport in a large European river, the Rhine (see Chapter 5).
The mathematical model that was developed based on the laboratory
experiments was used to describe the processes in this river system.
Since actual measurements of (engineered) nanoparticles in the aquatic
environment are not available yet, the model study can only predict the
concentrations of nanoparticles and the form in which they would be
present. The model is, however, capable of satisfactorily reproducing
the total concentrations of zinc and suspended solids along the Rhine,
for which measurements are available. Two scenarios are in fact inves-
tigated to establish ranges for the concentrations of nanoparticles:

• in the first scenario it was assumed that nanoparticles enter the
river system via the effluent of wastewater treatment plants and
via a small fraction of untreated wastewater. While nothing is
known about a seasonal pattern in the emission of these nano-
particles, a pattern was assumed to take into account that an im-
portant application of nanoparticles is in sunscreens. Thus the
release into the water is assumed to be higher in summer time
than in winter time. This gives a recognisable increase in the con-
centration.

• in the second scenario an additional source of nanoparticles was
assumed: sewage sludge has been and is being used as fertilizer,
although the EU rules for this use are stringent to minimize en-
vironmental hazards. This application on agricultural land could
lead to a runoff of nanoparticles. As a large portion of the nano-
particles present in wastewater is retained in the sludge from
treatment plants, this could be an important source. In the sce-
nario it was assumed that 30% of the total amount of nanopar-
ticles present in sewage sludge would enter the river via such
runoff. There are currently no data to determine whether this is
realistic, but it does give an idea about the contribution of such
a source. Instead of point sources, like with the wastewater treat-
ment plants, this source was distributed evenly over the entire
part of the river.

One persistent problem regarding nanoparticles in the environment
is that it is very difficult to detect them and to measure their concentra-
tions. Various techniques have been developed and have been applied
to this very problem, such as field-flow fractionation (FFF) combined
with inductively coupled plasma mass spectrometry (Meermann and
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Laborda, 2015) and electron microscopy in transmission or scattering
mode (Peters et al., 2014). Nonetheless, actual measurements of nano-
particles in an aquatic system are rare. Therefore samples were col-
lected in the river Dommel, a small, well-studied river in the Nether-
lands, and subsequently analysed using several such techniques. Chap-
ter 6 describes this part of the research. From these measurements it
was concluded that nanoparticles do occur in this river, as electron mi-
croscopy made evident, but that they are almost all attached to larger
particles. By employing filters with different mesh sizes information
was obtained on the sizes of the particles that were present, but only a
small amount of particles smaller than 0.5 µm was found.

Finally, in Chapter 7 the results of this research are reviewed and put
into perspective.
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R E V I E W

abstract

Engineered nanoparticles, that is, particles of up to 100 nm in at least
one dimension, are used in many consumer products. Their release
into the environment as a consequence of their production and use has
raised concern about the possible consequences. While they are made
of ordinary substances, their size gives them properties that are not
manifest in larger particles. It is precisely these properties that make
them useful. For instance titanium dioxide nanoparticles are used in
transparent sunscreens, because they are large enough to scatter ultra-
violet light but too small to scatter visible light.

Practical problems arise when trying to detect nanoparticles in the
environment, as current methods are insufficient. Modelling the trans-
port and fate of these particles is therefore an important tool to gain in-
sight in the occurrence and possible consequences, apart from offering
the possibility of prediction. The questions to be answered range from
the very global, like what is the order of magnitude for the concentra-
tion of nanoparticles to expect in the near future, to the very local, like
what happens to the nanoparticles in sewage sludge that gets inciner-
ated in waste incineration plant, or even down to the microscopic scale,
like what are the mechanisms behind aggregation and how do the en-
vironmental circumstances influence these? Many different modelling
approaches have been developed to address these and other questions.
This article provides an overview of the techniques involved and the
areas of application.

2.1 introduction

Nanoparticles are a product of nanotechnology. In a broad sense, nan-
otechnology is the science and technology of manipulating matter at
very small scales, down to a few nanometers of even smaller. This
leads to nanomaterials, where structures of a few hundred nanome-
ters or less are used for the actual functionality and more specifically
to nanoparticles, roughly particles up to 100 nm in size in at least one

This chapter has been submitted.
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12 chapter 2

dimension. Their small size causes them to have specific properties
that are useful for widely varying purposes, such as antimicrobial and
semiconductor properties or a colour that depends on the particle size
as well adsorbed substances. Not only the size and composition char-
acterise nanoparticles, but also the crystalline structure, the form and
the coating that is applied for functionalisation are important features
(Baumann et al., 2014; Jarvie and King, 2010).

Many applications of nanotechnology have been suggested, such as
smart medicines that deliver the active ingredients at the desired loca-
tion in the human body. However, to date most actual applications are
found in consumer products like cosmetics, food and food packaging,
paints and coatings.

With the increasing use of nanoparticles in consumer products and
industry the need to understand the possible consequences for human
and environmental health is also increasing. This is reflected in the
number of publications that concern the possible toxicological and eco-
toxicological effects of these relatively new materials but also in the
number of publications devoted to the transport and fate of nanopar-
ticles in the environment (Peralta-Videa et al., 2011). Of the many types
of nanoparticles that have been studied, a small number is most com-
monly described in the literature: nanoparticles based on metal oxide,
titanium dioxide, zinc oxide and cerium oxide, nanoparticles based on
metal, silver and iron, and carbon-based nanoparticles, fullerenes and
their derivatives, as well as carbon nanotubes. They are also the types
most commonly applied in consumer products.

At present an important issue that influences any research into these
questions is the fact that there are currently no suitable measurement
techniques to detect and quantify nanoparticles in such complex ma-
trices as natural waters or soils, although new techniques are being de-
veloped Wagner et al. (2014). Mathematical modelling techniques can
be used to accommodate for this situation and in addition they can be
used to analyse scenarios about current and future developments with
respect to the use of these materials.

In this article publications on the various modelling approaches are
reviewed. We focus on publications that describe models for the trans-
port and fate of nanoparticles in surface water and soil. In particular,
no attempt was made to comprehensively review the literature on mod-
elling toxicity or ecotoxicity of this type of contaminants.

For the review the publications have been grouped along different
lines:

• Spatial scales range from the world as a whole down to experi-
mental set-ups in laboratories. Articles concerned with the large
scale include: estimation of the production of nanoparticles, life
cycle analysis and multimedia models that consider "generic" en-
vironmental compartments. With respect to smaller spatial scales,



review of modelling approaches 13

articles can be distinguished that deal with a particular region – a
continent, a country or a river basin – and articles that deal with
laboratory experiments.

To some extent the spatial scale is correlated with the level of
detail or the complexity of the modelling approach (see Fig. 1):
the larger the spatial scale the less details are included in the
modelling with respect to the processes that nanoparticles are
subject to, and vice versa.

• Several common theories recur, especially within the literature
that deals with laboratory experiments. The DLVO theory, devel-
oped by Derjaguin, Landau, Verwey and Overbeek, is commonly
used to predict or explain the stability of dispersions of nanopar-
ticles by means of the potential energy caused by van der Waals
forces and electrostatic repulsion. For transport of nanoparticles
in soil almost all articles use the classical colloid filtration theory.
The literature on nanoparticles in surface waters can be divided
into two groups: one group is based on mass concentrations and
differential equations describing the development and the other
group is based on population balance theories, where size classes
of nanoparticles and aggregates of these particles are considered.

• The environmental compartments most commonly encountered
are: soil and fresh water as well as "technical" compartments like
wastewater treatment plants and waste incinerator installations.
Surprisingly, no articles were found that specifically consider ma-
rine or estuarine environments.

It is not always possible to strictly distinguish between modelling
techniques. Often an actual model will combine several of the tech-
niques described here. For instance, a "global" technique such as life
cycle analysis requires some understanding of the behaviour of the
contaminants in the environment and a model focusing on the trans-
port of nanoparticles in a river system relies on estimates of emissions
obtained perhaps from analyses of production data. The classifications
presented here serve as a tool for discussion and interpretation.

In the present article we provide an overview of the modelling ap-
proaches that have been published to date. These modelling approaches
all have their pros and cons, while none is suitable to answer all ques-
tions. Which one to choose depends on the particular questions that
need to be answered. Spatial scale and level of detail as well as the en-
vironmental compartment of interest determine to a large extent which
approach is suitable. Therefore the article concludes with some sugges-
tions as to how to choose the most appropriate model.
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Figure 1: Schematic classification of the various modelling methods. The ver-
tical axis represents the level of detail these methods provide or
require, whereas the horizontal axis represents the spatial scale at
which they are typically applied.
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Figure 2: Sketch of the most important processes that nanoparticles are subject
to. (Reproduced from (Markus et al., 2015)).

2.2 previous overviews and critical publications

The literature on nanoparticles has been summarized in many reviews,
concentrating on specific aspects. The subject of modelling the trans-
port and fate of nanoparticles is no exception. Each group of authors
of course has their own emphasis and goal with these reviews. For in-
stance, Hendren et al. (2013b) have reviewed the various approaches
to modelling environmental exposure with specific emphasis on the
use for risk-based decision making. A particular point of attention is
whether the approaches allow for handling uncertainty: the scarcity of
experimental and environmental data regarding the fate of nanopar-
ticles make it necessary to explicitly deal with this issue. They plea
for the use of methods such as probabilistic modelling and sensitivity
analysis and for a closer cooperation between modellers and experi-
mentalists.

The overview by Wagner et al. (2014) is meant to highlight the dif-
ferences and the similarities between engineered and natural nanopar-
ticles. They describe the range of environmental processes that nano-
particles are subject to and use generally encountered modelling con-
cepts to illustrate these processes.

In a more or less similar way, but with emphasis on the modelling
techniques, Dale et al. (2015a) present an introduction to the current
state of fate models for nanoparticles. Their message is that while much
progress has been made over the past years, existing fate models con-
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centrate on processes such as heteroaggregation, dissolution and sedi-
mentation (see Fig. 2). However, current models cannot account for the
influence of coatings or the various environmental conditions, such as
pH, temperature and the presence of oxygen and sulfide.

Praetorius et al. (2014) argue about a particularly common approach
to deal with one aspect of the fate of nanoparticles, i.e. the adsorption
of nanoparticles to suspended particulate matter (SPM), and the mis-
use of the concept of partition coefficients in models to describe this
phenomenon. They observe that, unlike ordinary, dissolved, contam-
inants, nanoparticles form an unstable suspension, where there is no
thermodynamic equilibrium. The absence of such an equilibrium is the
reason partition coefficients cannot be properly used for describing the
adsorption of nanoparticles.

Other aspects of the fate of nanoparticles in the environment have
been the subject of critical examination too. Goldberg et al. (2014) con-
clude after examining the performance of various models for the trans-
port of nanoparticles in saturated soil, that none of the existing mod-
els is really satisfactory. Instead of abandoning these models, however,
they suggest to investigate the performance of the models separately
for retention profiles and breakthrough curves. Furthermore they sug-
gest to critically examine the available data and to make sure that the
data are sufficient for calibrating the models.

General guidelines with respect to the use of multimedia models
can be found in a publication by Buser et al. (2012). While they do not
consider nanoparticles, their advices should hold for any model that
employs the multimedia idea (see also Section 2.4.1). The gist of these
guidelines is:

• The purpose of the modelling should be clear, that is: what decision-
related questions are considered, what substances are relevant in
what environmental setting and what are the technical require-
ments for the modelling.

• The modelling should be reproducible by independent researchers,
so that it is necessary to describe what model is used and what
input is used, besides emission data also the model parameters.
Also document the origin of these data.

• Describe the output of the model and show via a sensitivity anal-
ysis what input data have the largest influence on the output.
Furthermore the limitations of the model and the limits of the
applicability of the results should be clarified. This will help re-
searchers and decision makers to interpret the results.

A comprehensive comparison between experimental studies and mod-
elling studies has been made by Gottschalk et al. (2013), with the con-
clusion that the two types of research are in fact largely in agreement
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as to the expected concentrations of engineered nanoparticles in the
environment. They refer to knowledge gaps and scarcity of data with
respect to production, application and release, but also to the prob-
lem that model results and measurements do not always allow for a
comparison due to the differences in particle size and form that are
studied.

2.3 small-scale modelling

Crucial to most if not all modelling techniques is the idea that some
form of conservation law applies. Often it is the mass of a substance
that must conform to a balance equation. If a substance leaves one com-
partment due to transport, then the mass that is removed from that
compartment must be added to that in the receiving compartment, un-
less some chemical process transforms the substance into a different
substance. Population balance models, however, deal with the number
of particles (the population) of similar size and composition instead of
the mass. With this type of models the number of particles evolves
according to a conservation law. Particles can aggregate into larger
particles, thereby changing to a different size – the number of small
particles is reduced and the number of large particles is increased.

Both the number of particles and the mass of the particles are use-
ful measures, but they require different modelling approaches. As dis-
cussed in Subsection 2.6.3, which measure is the most appropriate for
quantifying the exposure is a matter of debate (see also (Grieger et al.,
2010), but the model types can both be used in combination with a
hydrological model to predict the transport of nanoparticles.

2.3.1 Population balance models

One of the processes that determine the fate of the nanoparticles in the
environment, is the clustering of these particles, either forming homo-
geneous clusters, homoaggregation, or clusters with clay and organic
particles in the micrometer range, heteroaggregation (see Fig. 2). Many
authors seek to describe these processes in terms of the number of
particles and clusters of a particular size, e.g. Degueldre et al. (2009).

The "free" nanoparticles and the nanoparticles in clusters are divided
into size classes and equations are developed to describe the evolution
of the number of particles and clusters in each size class (Quik et al.,
2014):

dNj

dt
=

1
2

i=j−1

∑
i=1

ki,j−i Ni Nj − Nj

i=∞

∑
i=1

ki,jNi (1)
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where:
ki,j rate coefficient for the (successful) collision of particles in size

classes i and j

Ni concentration of particles in the size class i

The first term in this equation represents the formation of larger
clusters from individual particles or smaller clusters. The second term
represents the reduction in number of the particles and clusters due to
the formation of these larger clusters. No provision is made here for
the disintegration of these clusters.

The collision rate coefficients kij can be related to the properties of
the particles and the surrounding water (Praetorius et al., 2012; Arvids-
son et al., 2011). Eq. 1 can also be extended to include such processes
as sedimentation to or resuspension from the water bottom, as these
processes also influence the number of particles in surface water sys-
tems.

In principle one needs to distinguish size classes of all sizes, but in
practice a reasonable limit is chosen, based on the idea that ever larger
clusters are very rare. The introduction of SPM like clay or organic
particles to describe heteroaggregation makes the population balance
equation more complicated and some simplifications must be made.
Quik et al. (2014) for instance analysed the equations for possible sim-
plifications and on this basis applied the assumption that only clusters
of nanoparticles exceeding a critical size and nanoparticles attached
to SPM, are subject to sedimentation. This simplifies the mathematical
model, as now essentially only two classes have to be distinguished. In
a follow-up study, using a numerical model which could deal with the
extra complexity, Quik et al. (2015) did distinguish several size classes.

Atmuri et al. (2013) combined the population balance approach with
the DLVO theory (see Section 2.3.5), to predict different regimes of ag-
gregation, at varying salt concentrations. Some tuning of the various
model parameters was required and the aggregation rates they pre-
dicted were much faster than those observed.

2.3.2 Mass concentrations

A drawback of population balance models is that they involve a large
number of parameters (the collision rate coefficients for the various in-
teracting classes), even if simplifying assumptions like one value for
all collision rate coefficients kij can be made, but also require arbitrary
choices, such as the number of size classes to distinguish. A further
drawback is that the number concentration is much less intuitive than
the mass concentration. In some areas of environmental science the
number concentration is widely used, for instance in atmospheric pol-
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lution studies, but it is not often used in connection with the aquatic
environment.

The classical representation of concentrations as mass concentrations
can, however, be used for nanoparticles just as it is used for dissolved
substances. For instance, Brunelli et al. (2013) used a first-order differ-
ential equation to find the sedimentation rate coefficient of titanium
dioxide nanoparticles in the diverse natural and synthetic waters in
their study:

dC
dt

= −kC (2)

where:
C mass concentration of nanoparticles

k sedimentation rate coefficient

In this equation the term on the right hand side represents the sedi-
mentation of the nanoparticles.

Markus et al. (2015) used differential equations linking the mass con-
centrations of various fractions of nanoparticles to develop a more ex-
tensive model of the sedimentation and aggregation processes. They
applied it to published laboratory experiments.

2.3.3 Dissolution

An important property of nanoparticles is the solubility of the mate-
rial, as it determines the rate at which ions are released and therefore
determines at least part of the toxicity. The solubility depends on the
material the nanoparticles are made of, including the coating, and can
be influenced by other chemical transformations, such as the forma-
tion of sulfides in the case of silver (Dale et al., 2013; Levard et al.,
2012). Both silver and zinc oxide nanoparticles are known to dissolve
to some degree. Other commonly used inorganic nanoparticles, such
as cerium dioxide and titanium dioxide, are much less subjected to
chemical transformations or dissolution.

Dissolution of silver nanoparticles turns out to be a complex pro-
cess, which involves the oxidation of silver to silver ions and may lead
to the formation of silver sulfide (Levard et al., 2012; Liu et al., 2011b).
In general the rate at which nanoparticles dissolve depends on the size,
as shown experimentally by David et al. (2012), as well as Zhang et al.
(2011). The use of the Oswald-Freundlich equation, which relates the
solubility to the curvature of the particles’ surface, to explain the size-
dependence was criticised by Kaptay (2012). The thermodynamic ex-
posé he presents shows that the effect is caused by the specific surface
area instead. Mihranyan and Strømme (2007) nevertheless invoked this
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Figure 3: Illustration of the interaction energy according to the DLVO theory,
with different ionic strengths. The secondary minimum, visible in
one curve, can cause the particles to form loose aggregates.

same equation to study the solubility of nanoparticles with a rough sur-
face, instead of the often assumed ideal spherical shape. They found
that the solubility is significantly enhanced with respect to the classical
theory.

Zhang et al. (2010) also studied the effect of size on the dissolution
of nanoparticles, but they included the effects of pH. The net effect is
rather complicated, as it is influenced by the chemistry of the nanopar-
ticles and the coatings that are applied. What is clear, however, is that
both particle size and pH strongly influence the dissolution. To explain
the effects, Zhang et al. (2010) used a thermodynamic analysis.

David et al. (2012), Zhang et al. (2011) and Zhang et al. (2010) have
presented data on the dissolution kinetics that show a timescale of one
to several hours before the equilibrium concentration is reached. This
means that dissolution is a fast process, at least in the circumstances
they studied.

2.3.4 Chemical and physical reactivity

As already mentioned in the introduction, to date few, if any, models
are capable of handling the various environmental factors that influ-
ence the fate of nanoparticles (Dale et al., 2015a). This includes the pH
and the ionic strength of the water. Work by Kaegi et al. (2011), Brunetti
et al. (2015) and Dale et al. (2013) has shown the importance of sulfi-
dation for silver nanoparticles. As silver sulfide is virtually insoluble



review of modelling approaches 21

in water, whereas silver is soluble, this has consequences for the fate
of silver nanoparticles. Due to sulfidation a shell is formed around the
nanoparticles and the nanoparticles persist as particles, whereas zinc
oxide nanoparticles may completely dissolve.

Other aspects of the interactions between nanoparticles and their
surroundings, such as the photocatalytic properties, receive only lit-
tle attention in the context of modelling. As an exception, Hotze et al.
(2010) developed a framework for predicting the reactivity of aggre-
gates of nanoparticles, for instance the generation of reactive oxygen
species (ROS) by fullerenes and their derivatives. According to their
theory aggregates of nanoparticles may be much more reactive than
one would expect from measurements of the ROS generation by sep-
arate nanoparticles. As nanoparticles mostly exist as aggregates, this
insight has important consequences.

2.3.5 DLVO theory

The most common theory that is used to explain the aggregation be-
haviour of nanoparticles is the classical DLVO theory developed by
Derjaguin and Landau and independently by Verwey and Overbeek,
in the 1940s, with or without extensions specific to nanoparticles (Wiki-
pedia, 2015a). Petosa et al. (2010) provided an overview of the different
approaches to describe aggregation and deposition of nanoparticles,
including the various phenomena that do not belong to the classical
theory. In their publication deposition is to be understood as the de-
position of nanoparticles on macroscopic surfaces or the surfaces of
particles in the micro- and millimeter range.

In its simplest form the DLVO theory predicts the potential energy
between a colloidal particle and a (macroscopic) surface or between
two colloidal particles as the sum of electrostatic and van der Waals
forces. If furthermore the particles are assumed to be identical and
therefore have the same surface potential and radius, then the interac-
tion energy can be expressed as (Macpherson et al., 2012; Wikipedia,
2015a):

W(h) = WvdW(h) + Wdl(h) = −
AR∗

6πh
+ 2εε0Rψ2

0e−κh (3)

R∗ =
R1R2

R1 + R2
=

1
2

R (4)
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where:
A the Hamaker constant

h distance between the particles’ surfaces

R radius of the particles

ε0 the electric permittivity of vacuum

ε the dielectric constant of water

κ the inverse Debye-Hückel length

ψ0 the surface potential of the particles

In this equation the first term is the contribution of the van der Waals
forces and the second term is the contribution of the electrostatic forces,
as modelled via the double-layer theory. The Debye-Hückel length
and the Hamaker constant both depend on the ionic strength of the
medium. The Hamaker constant also depends on the characteristics
of the colloidal particles and the surfaces in question. The theory is
used to examine if there is a minimum in the potential energy, which
indicates whether the colloidal particles remain separated or instead
aggregate in this minimum (see Fig. 3).

While DLVO theory generally includes these two forces to describe
the stability of a suspension of nanoparticles, one frequently needs to
deal with magnetic forces, e.g. when iron nanoparticles are involved,
steric interactions as well as hydration forces. These effects lead to extra
terms in the expression for the potential energy.

Magnetic forces in particular have been studied by Phenrat et al.
(2007). Their experimental evidence confirms that the magnetic attrac-
tive forces of iron nanoparticles cause an enhanced aggegration com-
pared to non-magnetic nanoparticles. This has consequences for the
application of such particles in soil remediation projects. They recom-
mend to use the aggregation size rather the size of individual particles
to characterize the nanoparticles in analyses.

Li and Chen (2012) applied an extended form of the DLVO theory
to their experiments with the aggregation of cerium dioxide nanopar-
ticles in aqueous solutions with varying ionic strengths and concen-
trations of humic acids. They concluded that this extended theory fits
the experimental results well. Of particular interest is that humic acids
in some circumstances appear to hinder aggregation but in other cir-
cumstances promote aggregation. The latter occurs when a sufficiently
high concentration of a divalent electrolyte is present.

Besides postulating as it were the form that the potential energy
expression should have, given the various forces acting on the nano-
particles and determining from that the behaviour of a suspension,
one can also simulate the behaviour of collections of nanoparticles (see
also Section 2.3.6). Two publications relating the DLVO theory to such
simulations are: Macpherson et al. (2012) who investigate the effect of
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the Hamaker constant and the particle concentration on the aggregates
that are formed and Dahirel and Jardat (2010) whose review describes
under which circumstances DLVO theory is simply not an adequate
approach. The particle tracking techniques on which these articles rely
may in principle allow us a better understanding of the aggregation
behaviour, but they also show that the details of the process depend
on many aspects of the medium and of the nanoparticles in question.
At present particle tracking is not suitable for studying practical ques-
tions.

2.3.6 Particle dynamics

Several publications have been dedicated to the structure of the aggre-
gates that are formed during the aggregation process with the intention
of better understanding the properties of these aggregates and how
they are related to the properties of the nanoparticles. Two modelling
approaches are described:

• Model the motion of individual nanoparticles as a consequence
of Brownian motion and the forces between the nanoparticles, for
which the DLVO theory with or without extensions is commonly
used. An example of this approach is given by Peng et al. (2010)
and to a lesser extent, as it focuses on particles of micrometer
scale, by Satoh and Taneko (2009). In both cases simulation of
the motion of individual particles and the subsequent formation
of aggregates is used to determine how fast the aggregates are
formed and what the size and other characteristics are.

Tracking individual particles is a computationally intense method,
since a large number of particles is involved with interactions be-
tween pairs of particles or aggregates. Liu et al. (2011a) mention
that for their simulations concerning a population of 10000 parti-
cles, where new particles were inserted into simulation after an
aggregate was formed to keep the population at the same num-
ber, the computer required 15 days to complete the task.

An alternative mathematical approach, used by Lattuada et al.
(2006) seeks to describe the dynamics not in terms of individual
particles, but rather as size populations. While this approach is
closely related to the population balance models (Section 2.3.1),
they emphasize the process of aggregation as influenced by the
forces between the particles, not the effects on the size distribu-
tion.

• Use the idea of fractals to characterize the geometry of the ag-
gregates – a large fractal dimension means that the aggregates
are compact, whereas a small fractal dimension indicates a loose



24 chapter 2

structure. Zhou and Keller (2010) used this concept to determine
the character of aggregates that result in the so-called reaction-
limited regime of aggregation (RLCA) and the diffusion-limited
regime (DLCA).

Furthermore, the concept of a fractal dimension was used by Di
et al. to describe the effect of aggregation on the dissolution of sil-
ver nanoparticles (He et al., 2013). This gave the authors a model
to predict the release of silver ions under different environmen-
tal circumstances, which is important for the prediction of the
toxicity of this type of nanoparticles to organisms.

2.3.7 Probabilistic methods

In general the fate of nanoparticles in natural waters or in technical
installations, like wastewater treatment plants is ill understood, as a
consequence of the difficulty of measuring the concentrations and the
wide variety of circumstances that influence the processes. In order
to deal with these uncertainties probabilistic methods are often used,
where inputs into the system and process coefficients are varied, to
gain insight in the range of emissions and concentrations.

In the literature one can find at least three categories of probabilis-
tic modelling approaches: Bayesian frameworks, "direct" probabilistic
modelling and Monte Carlo simulations (MC). The first type is de-
scribed in Section 2.4.5. MC simulations are often used to quantify the
distribution of the output parameters the authors are interested in. For
instance Barton et al. (2015) used the technique to estimate the removal
of three types of metal and metal oxide nanoparticles in wastewater
treatment. The reason for using an MC technique is that the parame-
ters involved are not known with any precision. They applied a large
number of random values for these parameters and then determined a
probability distribution of the emission of nanoparticles (see also Sec-
tion 2.4.2).

Hendren et al. (2013a) also used this technique for modelling the
fate of silver nanoparticles in wastewater treatment. One characteristic
of this approach is that one needs to assume a reasonable distribution
for the various parameters, so that the output is more or less realistic.
Choosing such a distribution may not be trivial.

Probabilistic modelling can take a different form as well, as illus-
trated by Jacobs et al. (2015). They used the results of a previous deter-
ministic study regarding the use of silica nanoparticles in food to quan-
tify the various sources of uncertainty. The most important were the
uncertainty in the dose causing effects (the benchmark dose), variation
among individuals and the extrapolation from subchronic to chronic
effects. All parameters do not have an equal contribution to the total
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Figure 4: Example of the set-up used in multimedia modelling. The area of
interest is conceptually divided into "boxes", called "unit worlds" in
Mackay et al. (2001), between which matter is exchanged. Adapted
from (Mackay et al., 2001).

uncertainty and by focussing on the most important parameters efforts
to reduce the uncertainty become more efficient.

2.4 large-scale modelling

As stated in the introduction, several techniques are used for answering
or analysing large-scale or even global issues. They have in common
that the details of the behaviour of nanoparticles are captured into
empirical formulae or very general concepts like transfer coefficients.
Furthermore there is in general little or no attention for geographical
details. The exception to this is the use of GIS as a modelling tool.

2.4.1 Multimedia models

The purpose of multimedia models is to determine the distribution
of a contaminant, in this case of nanoparticles, over various environ-
mental compartments but often also over so-called technical compart-
ments. The latter type is used to be able to deal with relevant indus-
trial processes, such as the production of nanoparticles or the effects
of wastewater treatment on the emission into the environment. In this
context environmental compartments include: surface water (mostly
inland waters), effluent, sludge, air and soil (see Fig. 4).

The interaction of one compartment with another is often very com-
plex. For instance incineration of sewage sludge may bring nanopar-
ticles into the atmosphere (Buha et al., 2014), so that they are spread
via the wind but later they are deposited on the soil due to rainfall or
sedimentation of the particles. Taking all the details into account is an
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almost impossible task and therefore multimedia models aggregate all
the details into a small set of exchange processes that work on "generic"
compartments. Instead of describing every single river or agricultural
area, a generic river and a typical piece of arable land are considered.
A mass balance calculation is then used to calculate the final (average)
concentrations that occur in each compartment as a function of the
inputs into the whole system.

Within the literature specifically concerned with nanoparticles two
articles in particular apply this type of modelling: Meesters et al. (2014)
and Liu and Cohen (2014). The models differ in the emphasis on par-
ticular processes: Meesters et al. (2014) used a mechanistic approach,
so that aggregation in surface water and deposition through rain on
soil are explicitly described, while Liu and Cohen relied exclusively on
exchange coefficients.

Some authors argue that the processes that need to be taken into ac-
count can be described via simple first-order expressions (Quik et al.,
2011). The main argument for this approach is that to date there is too
little quantitative information to justify a more complicated descrip-
tion.

Multimedia models are particularly suited for screening purposes:
identify where contaminants will end up and estimate at least the or-
der of magnitude of the concentration in the entire environment. If
one seeks a more or less global approach, then multimedia models are
certainly a good candidate (Westerhoff and Nowack, 2013).

2.4.2 Material flow analysis and exposure modelling

The goals of material flow analysis (MFA) are less all-embracing than
those of multimedia models in the sense that the focus is on tracing
mass flows for instance from wastewater produced by households to
receiving surface waters, instead of considering all environmental com-
partments. But in common with multimedia models MFA uses transfer
coefficients to describe the flow of contaminants from one compart-
ment to the next. More emphasis is put on dealing with the uncer-
tainties in the transfer coefficients and emission estimates by using
probabilistic techniques (Sun et al., 2014; Gottschalk et al., 2010a,b).

Basically, for each transfer coefficient a likely probability distribu-
tion is estimated, which can be as straightforward as a uniform distri-
bution, defined by a minimum and a maximum value or which can
have a more complicated form. The model is then run for a large num-
ber of values for the transfer coefficients drawn from the probability
distributions and from these runs one can determine the shape of the
distribution of emissions to or the concentrations in the environment.

Fig. 5 shows the possible sources and pathways of contaminants in
waste (Dutch national government, 2015). Each source may contribute



review of modelling approaches 27

Figure 5: Sketch of the contributions and pathways of wastewater containing
nanoparticles (Dutch national government, 2015).
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Figure 6: Probability distribution of the fraction of the total emitted to the
aquatic environment, calculated based on Eq. 5.
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to the total emission via the given pathways. Such a schematisation
may be used as the basis of a probabilistic calculation. To illustrate
the technique, the schematisation has been simplified and some fairly
arbitrary numbers used:

• Only sources and pathways via the sewer system or the surface
water are considered.

• All sources are assumed to be known exactly, but the percent-
age of wastewater that is being treated, ftreated is assumed to be
between 70 and 90%.

• Similarly, the wastewater treatment plant retains a large fraction
of the nanoparticles in the sewage sludge, thereby reducing the
emission to the surface water. This fraction is assumed to be be-
tween 85 to 95% ( fretained).

• A fraction of the sewage sludge, between 15 and 25% is assumed
to be used as fertilizer ( f f ert) and 15 to 25% of the nanoparticles
contained in the sludge is assumed to eventually leach into the
surface water ( fleach).

The total fraction of the nanoparticles in the original wastewater that
enters the aquatic environment is:

femission = ftreated · (1− fretained)+ (1− ftreated)+ fretained · f f ert · fleach (5)

If for each of the fraction a uniform distribution is used, this leads
to a probability density like the one given in Fig. 6. The assumption
of a uniform distribution may be replaced of course by any other suit-
able distribution. While the uniform distribution is often regarded as
the simplest possible, Ferson et al. (2001) argue that even with this dis-
tribution implicit assumptions are made that have to be justified with
actual data or theoretical analyses. The alternative they propose is to
analyse the bounds on the various output parameters that result from
the bounds of the input parameters. This way implicit assumptions
about statistical distributions can be avoided, while retaining all the
information that is actually available.

Müller et al. (2013) used such a probabilistic technique to gain in-
sight in the fate of various types of engineered nanoparticles during
waste handling processes such as the incineration of sewage sludge.
Buha et al. (2014) compared their model results based on probabilistic
MFA with their measurements of particle sizes in fly ash. Their study
demonstrated that nanoparticles may survive the incineration process
and even that new nano-sized particles may be formed.

Koehler et al. (2011) considered the incineration process in greater
detail, showing that these models are not limited to global set-ups but
can be used for detailed analyses. That does not mean, however, that
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such models are applicable everywhere: the transfer coefficients the
model relies on have to be measured or estimated in some way and
often the lack of detailed information will hinder such estimation. If
the transfer of material from one compartment to another cannot be
described as a linear process, the modelling needs to be adjusted to
accommodate an alternative mathematical description or a different
approach needs to be taken.

Müller et al. (2013) included both waste incineration plants and land-
fills in their study. While some aspects are specific to the situation in
Switzerland, notably the fact that almost all sewage sludge is inciner-
ated, their analysis predicted that most engineered nanomaterial will
end up in the slag resulting from the incineration process and there-
fore eventually in landfills. Other mass flows were smaller by at least
an order of magnitude. Of the nanoparticles they examined, titanium
dioxide is the most important one – the mass flows of zinc oxide, sil-
ver and carbon nanotubes are smaller by at least one or two orders of
magnitude.

Furthermore, they concluded that most data in the literature relate
to mass as the determining quantity, whereas often the number of parti-
cles is preferred, especially in the context of ecotoxicology. This point
was also addressed by Arvidsson et al. (2012), who used a variant of
MFA to directly predict the number concentrations of titanium dioxide
nanoparticles (see also (Arvidsson, 2012) and Subsection 2.6.3).

A necessary input for material flow analysis to provide an estimate
of the emissions of nanoparticles to any environmental compartment
is that we have estimates or, preferably, tangible data about the num-
ber or concentration of nanoparticles or any other contaminant that is
being put into the waste. To this end several authors have attempted
to make an inventory of the use of nanoparticles in consumer products
and industrial processes at various scales: local, regional and global
(Keller and Lazareva, 2014; Robichaud et al., 2009; Lorenz et al., 2011;
Piccinno et al., 2012). Some of these efforts consider only a single type
of nanoparticle, like Robichaud et al. (2009), who focussed on titanium
dioxide nanoparticles, while others consider a very broad spectrum,
like Lorenz et al. (2011), who identified the possible exposure of con-
sumers in Germany to engineered nanoparticles in general.

The problem is that no reliable sources of information on the actual
use of nanoparticles in consumer products exist. Even a much quoted
database as the one from the Woodrow Wilson Institute is inaccurate
and incomplete (Berube et al., 2010). This is partly due to the listed
products having a short life time – quite often one cannot find a par-
ticular product anymore – and partly due to the manufacturers not
providing information. Boxall et al. (2007) provided some of the more
comprehensive estimates published to date, but it remains a significant
problem.
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Publications such as by Boxall et al. (2007) but also by Lorenz et al.
(2011) enabled Markus et al. (2013) to predict the relative contribution
of engineered nanoparticles to the total metal load of the Rhine and
Meuse rivers. Their conclusion was that based on the available informa-
tion engineered nanoparticles released within the Netherlands might
contribute 5 to 10% to the total load of these metals, in terms of mass.

2.4.3 GIS approaches

Geographical information systems (GIS) are frequently used for analys-
ing environmental problems, for instance Hüffmeyer et al. (2009) and
Comber et al. (2013)), but they seem not very popular in relation to
nanoparticles. In the European project NanoFATE water bodies have
been classified by their hydrochemical characteristics (Hammes et al.,
2013). First the water bodies were examined for similarities between
pH, alkalinity, electric conductivity and other parameters, using princi-
ple components analysis. The analysis led to the definition of six classes
of water bodies, which especially differ in ionic strength and organic
content. All water bodies were assigned to one of these classes. The
classification was then used to predict the fate of nanoparticles, that
is predict the tendency of colloidal and nano-scale particles to aggre-
gate. Generally speaking, a high ionic strength means the particles are
likely to aggregate and a low ionic strength means that the suspension
is more stable. The authors used a georeferenced database containing
chemical information about 800 European rivers for their analysis.

A different approach was taken by Dumont et al. (2015), who used a
combination of a GIS and a hydrological model (called GWAVA) with
a water quality component. The latter was used to calculate the con-
centrations of silver and zinc oxide nanoparticles from the emission of
nanoparticles as a function of the population density. Akin to this is
the use of the GREAT-ER model by Kehrein et al. (2015), although they
focussed on micropollutants, rather than nanoparticles.

The combination of GIS systems with associated databases regarding
population, land use and such, is a powerful one, though the amount
of work to gather the relevant hydrological information, which may
be missing from these databases, and to turn that into a useful model
result should not be underestimated.

2.4.4 Life Cycle Assessment

Life cycle assessment (LCA) holds the potential to answer questions
as: what are the energy requirements for producing nanoparticles suit-
able for a particular purpose and how much waste is produced in this
process (Hischier and Walser, 2012). Especially this latter aspect is of
importance for the modelling of the transport and fate in the environ-
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ment, as data on the emission but also on the actual use of nanopar-
ticles are very scarce. In the context of nanoparticles notably Gavankar
et al. (2012); Keller et al. (2013) and Hischier and Walser (2012); Walser
et al. (2011) have published on the subject.

To perform a life cycle assessment, it is important to delineate the
boundaries of the system that is to be analysed: LCA requires a large
amount of detailed information and the more aspects are included, the
more work is required to gather the relevant information and to inter-
pret it. As Hischier and Walser (2012) reported, in the area of nanopar-
ticles significant knowledge gaps exist. These gaps in fact exist over
the whole spectrum: usage of nanoparticles in products is poorly doc-
umented, emissions still need to be quantified and the impact of nano-
particles on health and environment is currently unclear. As Gavankar
et al. put it, LCA is widely recommmended as a tool, but only very few
studies actually succeeded (Gavankar et al., 2012).

2.4.5 Decision Frameworks

A completely different type of modelling is found in decision support
systems or decision frameworks. Such systems are meant to help pol-
icy makers to analyse the risks involved with nanoparticles and the
options they have for taking measures. In such systems overall indica-
tors, such as what materials are involved and at what concentrations,
are used to determine if measures should be taken. All knowledge is
compressed into a number of easy-to-handle rules. Such an approach
is useful for dealing with the uncertainties inherent to nanoparticles
and their potential risks.

Many techniques have been proposed for setting up a decision sup-
port system, notably Bayesian networks (Money et al., 2012, 2014) but
also decision trees (Som et al., 2013; Tolaymat et al., 2015b,a). Bayesian
networks have the useful property that the data on which the proba-
bilities are based can easily be extended and the probabilities updated.
Ideally, the conclusions reached via these networks are therefore con-
sistent with the latest insights. Updating decision trees based on new
insights possibly means restructuring them. Decision trees have the
advantage, however, that they may be easier to understand, as often
yes/no questions are involved.

So far most, if not all, of the articles concerning such systems propose
their own methodology to come to a practical system, without actually
providing it. The issue is that we are still searching for the right char-
acterisation of nanoparticles and what properties really determine the
risks (Bottero et al., 2015).
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2.5 environmental and technical compartments

2.5.1 Groundwater and soil

Various authors, for instance Müller et al. (2013) and Gottschalk et al.
(2013), have concluded that most nanoparticles end up in landfills, be-
cause the ash left after sewage has been incinerated will be stored there,
or in soil, when sewage sludge is used as fertilizer. Thus, understand-
ing the fate of nanoparticles in these environmental compartments is
of paramount importance. Quite a few publications have been devoted
to this problem, but the majority focuses on the behaviour in idealized
soils, for instance glass beads or clean sand (Ben-Moshe et al., 2010; Li
et al., 2011). While such artificial soils are much easier to define, the
question is whether they can indeed be representative for what hap-
pens in real soils. Also the preparation of the columns in which the
experiments are performed may influence the results: columns made
out of glass beads will not have the sort of inhomogeneities that real
soils have, such as cracks, inclusions of other material and so on (Fang
et al., 2009)

When it comes to modelling the transport of nanoparticles in soils,
be they real or idealized, most authors use classical filtration theory
to explain the form of the breakthrough curves and retention profiles
– properties like the time the contaminants appear in the water that
has passed through the column and the total amount of contaminants
that actually leave the column versus the amount that was injected
(Liang et al., 2013). The classical filtration theory can be summarised
as follows.

The retention of nanoparticles, that is, either adsorption to the soil
particles or blocking because the nanoparticles are too large for the
canals between the soil particles, is most often described via an ex-
change between a mobile fraction and an adsorbed fraction. It is then
assumed that the exchange is governed by first-order processes (ad-
sorption or, as it is often also called, deposition to the soil particles and
release into the water phase), whose rate coefficients have to be deter-
mined empirically (Li et al., 2011). The relevant equations, linking the
concentration of nanoparticles in the porewater (C) to the concentra-
tion of nanoparticles retained in the soil (S), then become:

∂C
∂t

+
ρb
n

∂S
∂t
− ∂

∂z
D

∂C
∂z

+ v
∂C
∂z

= 0 (6)

and:

ρb
n

∂S
∂t

= kattC− kdetS (7)
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where:
ρb soil bulk density

n porosity

v velocity of the porewater

C concentration of nanoparticles in the porewater

S concentration of adsorbed nanoparticles

D diffusion coefficient

katt adsorption (attachment) rate coefficient

kdet desorption (detachment) rate coefficient

This model formulation allows an arbitrarily high concentration of
adsorbed nanoparticles, whereas in reality the adsorption capacity is
finite. To accommodate a limited adsorption capacity, a blocking func-
tion may be introduced which effectively reduces the rate of adsorption
as a function of the concentration of adsorbed nanoparticles (Liang
et al., 2013; Kasel et al., 2013). Experience with such experiments has
shown that the adsorption often depends on the distance from the en-
trance, leading to expressions like:

ψ =
(
1− S

Smax

)(d50 + z
d50

)−β (8)

where:
Smax capacity (maximum concentration) for the adsorption

(deposition)

d50 size of the soil particles

z distance to the entrance

β shape parameter

and katt in Eq. 7 is replaced by kattψ.
Little is known about the adsorption and desorption rate coefficients,

but Tufenkji and Elimelech (2004) have developed a semi-empirical for-
mula for the collision rates of colloidal and nano-sized particles with
the soil as a consequence of various transport mechanisms. Unfortu-
nately, to calculate the net attachment rate, one also needs to know
the efficiency by which such collisions lead to a permanent attachment.
El Badawy et al. (2013) actually used the theoretical relations presented
by Tufenkji and Elimelech to estimate the adsorption efficiency:

katt ∼ 10−3.25NLO
0.51NE1

−0.27NDL
1.06 (9)

where:
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NLO the London number, relating the Hamaker constant, the

viscosity of the fluid, the flow velocity and the

particle diameter

NE1 the first electrokinetic parameter, which depends on the

surface charge of the particles

NDL the ratio of the particle diameter and the

Debye-Hückel length

Goldberg et al. (2014) published a critical overview of the various
model formulations that have been used to explain the observed re-
tention profiles and breakthrough curves. Their conclusion was that
complicated models do not necessarily explain the laboratory experi-
ments better than simpler models. A crucial point of concern is that
the data obtained in the experiments must enable the determination of
the various parameters in the model.

Besides column experiments several authors present studies of the
transport in two or three dimensions. Bai and Li (2012) for instance
studied the distribution of fullerenes (nC60) using a groundwater model
extended with the relevant attachment processes (MT3DMS) and Cullen
et al. (2010) modelled the mobility of carbon-based nanoparticles (fuller-
enes and various types of carbon nanotubes) in a field with heteroge-
neous permeability to mimick the environmental conditions. The basic
description of the processes involved is in both cases very similar to
what was described above.

Areepitak and Ren (2011) and Boncagni et al. (2009) also used col-
loid filtration theory to describe the exchange of nanoparticles between
a stream and its streambed. There is an additional complication, how-
ever, namely that water is exchanged between the stream and the bed
under wave action. Just as in the column experiments discussed above
the adsorption efficiency is an important parameter.

The NanoRem project NanoRem (2015) takes a markedly different
approach. The purpose of this project is to further develop methods
for soil remediation using nanoparticles like nano zero-valent iron. Be-
sides experiments to elucidate the behaviour of nanoparticles in the
soil and the ecotoxicological aspects the project involves modelling the
behaviour of nanoparticles at pore level. The advantage of this scale
is that fundamental physical laws can be applied to describe the be-
haviour of the particles. The phenomena that are observed on this mi-
croscopic scale are then to be translated to a macroscopic scale, so that
they can be applied in a groundwater like MODFLOW (USGS, 2015).
This is work in progress.
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2.5.2 Surface waters

The current literature contains a small number of publications that fo-
cus on the modelling of the transport of nanoparticles in freshwater
bodies. No publications were found that consider marine or estuarine
waters.

Praetorius et al. (2012) developed a model for titanium dioxide in
the river Rhine, based on earlier work by Blaser et al. (2008). The hy-
drodynamics of the Rhine was modelled schematically, using a series
of boxes, in which river flow, bed load transport and interaction with
the sediment are distinguished. The processes nanoparticles are sub-
ject to, sedimentation, homoaggregation and heteroaggregation, were
modelled using a population balance approach (see Section 2.3.1 for
some details and Fig. 2). Crucial in this model is the efficiency of the
heteroaggregation process. To gain insight in its effect on the distribu-
tion of the titanium dioxide nanoparticles, they used a range of values,
0.001 to 1, for the aggregation efficiency in their model simulations.
Other influences on the aggregation process, were modelled explic-
itly: Brownian motion, fluid motion and differential settling (Elimelich
et al., 1998).

The same modelling technique was applied to the lower Rhône river
in France by Sani-Kast et al. (2015). Their purpose is to overcome some
limitations of the models to date, namely the lack of spatial and tempo-
ral variability and to analyse the effect of widely varying environmen-
tal conditions, that is, variations in the water chemistry. To this end the
model was run with a wide range of conditions and the results were
analysed using cluster analysis. Heteroaggregation was found to be a
significant factor: if the circumstances favour the attachment of nano-
particles to SPM, then other factors like the water chemistry had little
influence on the transport and fate.

A different approach was taken by Dale et al. (2013) in their study
of the fate of silver nanoparticles in freshwater sediments. The objec-
tive was to develop a model that can predict the distribution of these
nanoparticles in the sediment and the speciation of the silver. Chemical
transformation of silver into silver sulfide is a relevant environmental
process, because it influences the toxicity of the silver: silver sulfide
is almost insoluble and therefore not biologically available, whereas
metallic silver and especially silver ions are. The model they developed
predicts that the resulting coating of the nanoparticles with silver sul-
fide reduces the release of silver ions. In a later publication (Dale et al.,
2015b) they elaborated on this work, including the chemical transfor-
mations that zinc oxide nanoparticles are subjected to.

Quik et al. (2015) used a population balance model with five size
classes of both engineered nanoparticles and natural suspended solids
to describe the transport of nanoparticles in rivers, using a Dutch river
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for a case study (see also Section 2.3.1). Their main conclusion is that
both spatial heterogeneity and particle size distribution should be ex-
plicitly modelled. They found that ignoring this factor could lead to an
underestimate of the concentrations in the sediment by a factor 20.

In a follow-up study Markus et al. (2016) describe the application
of their model for the aggregation and sedimentation processes to the
transport and fate of metallic nanoparticles (zinc oxide, titanium diox-
ide and silver) in the river Rhine (Markus et al., 2015). The basis for
this work was a hydraulic model of the Rhine from Basel in Switzer-
land up to the central parts of the Netherlands. They studied two sce-
narios regarding the release of nanoparticles through wastewater: one
assuming only release via the wastewater treatment plants and one as-
suming an additional diffuse emission due to leaching of nanoparticles
from land-applied sewage sludge. The model calculations showed that
the contribution of zinc oxide nanoparticles in terms of mass is likely
in the order of 5 to 10% of the observed zinc concentrations.

2.5.3 Wastewater treatment plants and other technical compartments

The so-called technical compartments, wastewater treatment plants (ab-
breviated WWTP), waste incineration plants (WIP) and others, are a
subject of study for several reasons. First of all, they form a buffer
between the waste stream from households and industry on the one
hand and the environment on the other. The most important aspects
are then: can they filter out the engineered nanoparticles and to what
extent does the passage alter the character of these materials? Secondly,
one can actively use nanoparticles to clean the wastewater, for instance
using the photocatalytic properties of titanium dioxide nanoparticles
to reduce organic micropollutants (Mohapatra et al., 2014).

Benn and Westerhoff (2008) investigated the release of silver from
commercial textiles and the fate of this silver in a WWTP. They used
a straightforward mass-balance model with non-linear sorption to pre-
dict the distribution of the silver over effluent and sewage. The conclu-
sion was that much of the silver will be retained in the sewage sludge,
which as a consequence may no longer be suitable as a fertilizer. Note,
however, the critique by Praetorius et al. (2014) as this model assumed
a thermodynamic equilibrium (see Section 2.2).

A comparable approach was taken by Yang et al. (2015) to analyse
the experimental results they obtained with a sequential batch reac-
tor (SBR) to simultaneously remove nanosilver and fullerenes from
wastewaster. In the experiments 95% of the fullerenes and 90% of the
silver was removed. The authors claimed that the distribution coeffi-
cients they found can be used to predict the removal of nanoparticles
in such installations.
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Mahmoodi et al. (2008) used titanium dioxide nanoparticles, fixed to
polymer membranes, to degrade an organic pollutant of agricultural
origin, fenitrothion, via the photocatalytic action of these nanoparticles.
The degradation process was modelled using first-order decay. Their
full model was one-dimensional, in order to describe the complete ex-
perimental set-up, but they made no effort to model the photocatalysis
explicitly.

The role of waste incineration in the fate of nanoparticles has been
discussed above (see Section 2.4.2). Roes et al. (2012) indicates that not
all nanoparticles will actually be caught in the residue but will instead
escape via the off-gas. This holds especially for particles smaller than
100 nm. The authors use a conceptual model of WIPs and results from
previous studies, combined with technical details of the various types
of WIPs in use to arrive at their conclusions.

2.6 discussion and conclusions

The collection of articles on the modelling of nanoparticles in the envi-
ronment, as presented here, shows that many different approaches are
used to answer the question of how to predict the transport and fate
of engineered nanoparticles in the environment. An important motiva-
tion for these modelling efforts is that we lack actual empirical data on
the fate and occurrence of these contaminants, except under controlled
circumstances.

Each of the modelling approaches described in the literature has its
pros and cons. For instance, if the problem is to determine the dis-
tribution of nanoparticles produced by traffic over air and soil, then
– due to the spatial scale – it is not feasible, given current computa-
tional resources, to use a model that tracks the position of individual
nanoparticles as a consequence of air flow and Brownian motion. That
would require tracing the position of billions of particles over a con-
siderable period. Instead a multimedia model would be a more suit-
able choice. However, such a model is not suitable for answering ques-
tions about the size distribution of aggregates of nanoparticles. That
is a question that might arise when considering the potential conse-
quences of nanoparticles for bottom-dwelling organisms (Schaumann
et al., 2015). Large aggregates will quickly sink to the bottom of a lake
whereas small aggregates and individual nanoparticles are likely to
stay in suspension for a long time.

2.6.1 Data on use, production and emission

We do not have reliable data on the production volumes, the applica-
tion in consumer products or the subsequent release into the various
environmental compartments. All we have are estimates of produc-
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tion and use and, based on experiments on laboratory and pilot scale,
insights in transport of nanoparticles through wastewater treatment
plants and waste incineration plants.

Several of the modelling approaches discussed here are relevant for
this particular problem. Life cycle analysis is a typical example: stock
is taken of the amounts of raw materials and energy that go into the
manufacturing of nano-enabled products and estimates are made of
the various mass flows (Section 2.4.4). LCA studies work on products
and production methods, not on a geographical entity. In contrast the
method of material flow analysis is often used to examine the mass
flows through a natural or technical compartment, like waste inciner-
ation plants or landfills (Section 2.4.2). This presumes at least some
knowledge of the amounts of nanoparticles involved, however. Multi-
media models encompass more than one such compartment and again
rely on some knowledge of emissions (Section 2.4.1).

In a sense these methods are complementary. What they have in com-
mon is that they take a "generic" approach: not a particular production
line or a specific incineration plant, but an average production system
or an average incineration plant. This leads to generally applicable re-
sults and insights, but for a given natural system or installation, things
may turn out quite differently.

Modelling efforts using GIS systems have the advantage that they
can provide regional and even local details about population density
or land use to estimate the emission to a river system in detail, for
instance. Such estimates can be used to feed a hydrological model for
the river system at hand.

2.6.2 Processes in the environment

Once the nanoparticles – of widely different shapes, sizes and materials
– enter the environment, they are subject to a whole range of processes.
Some are important only for certain types of nanoparticles, such as
dissolution and chemical transformations, others are quite general –
aggregation to SPM for instance. One can study these processes in
laboratory settings and derive a mathematical model, but actual field
data are required to verify that such a model is indeed adequate. A
related problem is that coatings that have been applied for the proper
functionalisation, and environmental factors like pH, the presence of
oxygen, sulfide and natural organic matter as well as ionic strength
all have influence on the fate of nanoparticles, but quantifying these
influences turns out to be beyond our present capabilities.

That does not mean that nothing is possible. On the contrary, the
various publications referred to in this paper show that we know a lot
about the fate of nanoparticles. The models that are currently available,
however, do not handle several important details, as indicated above.
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Approaches based on differential equations for the concentration and
approaches based on particle population dynamics are both suitable
as an add-on to surface and groundwater models. Choosing the right
parameters to describe the processes may be a challenge, given the va-
riety of environmental factors, but general techniques like probabilistic
modelling and sensitivity analysis will help.

2.6.3 Open questions and guidelines

Notwithstanding the variety of modelling studies and their findings as
well as the available experimental studies, several important questions
remain to be answered.

While some researchers prefer to use number concentrations, oth-
ers work with mass concentrations. There is currently no clarity about
which is to be preferred. It is not even clear if another measure should
be used, such as the total surface area (Grieger et al., 2010):

• For silver nanoparticles consensus is that silver ions are the cause
of the toxicity. Therefore a suitable measure would be the mass
concentration.

• On the other hand, if the toxic effect of nanoparticles is due to dis-
ruption of the cell wall, as is reportedly the case of such materials
as carbon nanotubes, then the number concentration seems more
appropriate. This is also the measure that is used most often in
the context of atmospheric pollution.

• But if the toxic effect is caused by the formation of reactive oxy-
gen species at the surface of the particles, the total surface area
might serve a better role.

Currently there is a bias towards mass as the relevant measure, as
noted by Müller et al. (2013). This is true for modelling as well as for
measurements and published data. A conversion between the three
measures is possible if the size distribution is known. To illustrate this,
consider a set of nanoparticles ranging from almost zero to 200 nm.
The number distribution is assumed to be uniform. Then:

• Half of the particles will be below 100 nm in size.

• The mass of these smaller particles represent is 1/64 of the total
mass.

• The surface area of these smaller particles is 1/24 of the total
surface area.

These fractions will differ for different size distributions, but the exam-
ple gives some insight in the order of magnitude small particles will
contribute to the various measures.
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The fact that we have too little concrete data and therefore rely on a
large number of assumptions, albeit reasonable ones, leads to the reali-
sation that the consequent uncertainty will influence the predictions of
our models and that we need to explicitly deal with it.

Fortunately the variety of model approaches makes it possible to
study the subject from different perspectives, thus providing a multi-
tude of insights. In a nutshell:

• For a "quick" scan of possible issues, use methods like multime-
dia models or material flow analysis, as they do not require de-
tailed data about a particular area. They do require proper insight
in the phenomena at play, such as how much material is typically
exchanged between compartments.

• For a more specific study of the transport and fate, use modelling
techniques based on differential equations for the mass concen-
tration or population balances for the number concentration. The
model set-up includes a schematic representation of the area un-
der study as well as a comprehensive mathematical description
of the processes that play a role.

• Consider the use of GIS systems to provide the regional informa-
tion needed. The underlying databases will need to provide the
correct level of detail, of course, but the data are already organ-
ised with respect to the geography and that is what is needed for
a schematisation.

The most important consideration is that the model approach matches
the questions that need to be answered. No single approach is suitable
for every purpose.
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abstract

Although nanoparticles are being increasingly used in consumer prod-
ucts, the risks they may pose to the environment and to human health
remain largely unknown. One important reason for this is the lack of
quantitative techniques for identifying and measuring the amount of
nanomaterials in environmentally relevant circumstances. Such tech-
niques should also discriminate between manufactured and naturally
occurring nanoparticles, so that the influence of human activities can
be identified.

This article describes a technique for estimating nanoparticles by cal-
culating the potential releases of nano-forms of zinc, titanium and sil-
ver, the three metals that are widely used for nano-enhanced products,
and comparing them to the total loads, based on measurements of the
total concentration. We use the Netherlands for our case study.

Combining the scarce available data (indicative figures on the con-
tent of nanomaterials in various products and usage profiles found in
an unrelated category of research) we were able to estimate the total
use of such materials in the Netherlands and therefore the potential
release into the environment.

The calculations indicate that nanomaterials contribute a small but
discernible fraction (5 to 20 %) to the total loads of zinc and titanium in
the Dutch reaches of the Rhine and Meuse. For silver the contribution
is at most 3%. The contribution is, however, close to the minimum that
can be detected, given the variability in the measured concentrations.

This chapter has been published as A.A. Markus, J.R. Parsons, E.W.M. Roex, G.C.M.
Kenter, R.W.P.M. Laane, 2013, Predicting the contribution of nanoparticles (Zn, Ti, Ag)
to the annual metal load in the Dutch reaches of the Rhine and Meuse, Science of the
Total Environment 456-457 (2013) 154-160, 10.1016/j.scitotenv.2013.03.058
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3.1 introduction

The development of nanotechnology in recent decades and the sub-
sequent use of nanoparticles in a range of products have raised con-
cern about the possible consequences for the environment and for hu-
man health. To date, however, there is very little solid evidence that
these new materials are actually to be found in the aquatic environ-
ment (Müller and Nowack, 2008). Even when it is known what types
of nanoparticles are used, the quantities used in various products, such
as cosmetics and textiles, are largely unclear, due to lack of data. Rough
estimates can be obtained from overviews of the use of nanomaterials
in personal care products and the usage profiles of these products (Box-
all et al., 2007; Weir et al., 2012). In addition several publications are
available on the nanosilver content of commercial textiles (Lorenz et al.,
2012).

There are two main reasons for the scarcity of data on contamination
by nanoparticles. Firstly, no currently available quantitative analytical
technique can measure the amount of manufactured nanoparticles in a
water system. Even distinguishing between metal or metal oxide nano-
particles and their dissolved forms is a challenge (El Badawy et al.,
2010). Although techniques such as transmission electron microscopy
(TEM) may be used to identify and analyze individual particles, quan-
tification remains almost impossible (Liu et al., 2012). Secondly, the
predicted concentrations are below the detection limits of most current
techniques for determining the metal concentrations (Gottschalk et al.,
2011; Müller and Nowack, 2008).

New applications of nanotechnology are emerging rapidly and lead-
ing to increasing numbers of commercially available products that con-
tain nanomaterials. Surveys such as the one by the Institute (2012) have
shown that the most commonly used types of nanoparticles (ranked ac-
cording to the number of consumer products that contain them) consist
of silver, carbon (fullerenes and nanotubes), titanium, silicon, zinc and
gold. Here we focus on zinc, titanium and silver, as extensive monitor-
ing data are available on these metals (Rijkswaterstaat, 2012).

In this paper we describe how we estimated the contribution of nano-
particles to the total load of these metals in the Dutch reaches of the
rivers Rhine and Meuse. We compared the estimated contributions of
zinc, titanium and silver nanoparticles within the Netherlands to the
total discharges, which can be derived from the available monitoring
data. We also discuss which changes in the total discharges can be
detected, given the variability of the measured concentrations.



predicting contributions 43

3.2 materials and methods

3.2.1 Estimating releases of nanoparticles

The release of nanoparticles from consumer products is calculated from
the concentration of nanomaterials in categories of consumer products
and the typical amounts of these products that people use.

In the Netherlands the registered total emissions of silver and zinc
during product manufacture are very limited (Dutch national govern-
ment, 2015). According to a report on titanium dioxide production
methods (Stewart et al., 2007), the only (large) producer in the Nether-
lands is situated in the Rotterdam area, and their website indicates that
they produce only pigments, not nanoparticles. A report by the Neth-
erlands Organisation for Applied Scientific Research TNO indicates
that on the whole there is limited manufacture of products containing
nanomaterials in the Netherlands (Pronk et al., 2011). The authors of
that report surveyed 350 companies representing the various industries
using nanomaterials, but only 28 reported actually using these mate-
rials for their end products. Furthermore the volume and frequency
of nanomaterial use in these companies was generally remarkably low.
We therefore ignored the release of nanomaterials to the environment
during product manufacture.

It has been reported that sewage treatment plants (STP) are capable
of retaining a large proportion of most metals in wastewater (Benn and
Westerhoff, 2008; Kiser et al., 2009; Tiede et al., 2010). Typical figures
range from 70 to 95%. As almost all wastewater in the Netherlands is
treated in STPs, this was taken into account via two scenarios:

• The "maximum" scenario assumed that all consumer products
contain an average amount of nanomaterials and that no nano-
particles are retained in STPs.

• The "STP" scenario assumed that 70% of the nanoparticles are
retained in the sewage sludge and do not enter the water system,
directly or indirectly.

Combining these two scenarios yields a range for the contributions
of nanoparticles to the total metal load.

The resulting estimates were compared with the average annual con-
centrations and loads of zinc, titanium and silver in the Dutch reaches
of the Rhine and Meuse in 2003–2011, as measurements for all three
metals are available for this 9-year period.

3.2.2 Measurements of zinc, titanium and silver concentrations

The two major rivers considered here, Rhine and Meuse, enter the
Netherlands at Lobith and Eijsden, respectively (Fig. 7). The Dutch Wa-
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Figure 7: Map of the Netherlands, showing the rivers Rhine and Meuse and
the monitoring points at Lobith and Eijsden.

ter Authorities monitor the water quality at these locations as part of
their monitoring program (Rijkswaterstaat, 2012). The measurements
for zinc have been performed since 1972, for titanium and silver the
measurements have been performed since 2003.

The following three concentrations are measured for all three metals:
total concentration, concentration after filtration over a 0.45 µm filter
and concentration of metal adsorbed to particulate matter (expressed
as mg/kg or g/kg instead of µg/L). In the past the concentrations were
measured with AES and AAS; since 2000 they have been measured
with ICP-MS. Until 2010 the detection limit was 1 µg/L; since 2010 the
detection limit is 0.1 µg/L (Waterdienst, 2009).

Using data on the flow rate of the rivers Rhine and Meuse, measured
daily at fixed times of the day (Rijkswaterstaat, 2012), we calculated the
average flow rate for each of the nine years. See Figs. 8 and 9.
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3.2.3 Calculation of the loads

To calculate the annual average loads we use the so-called direct method,
which calculates the load from the average flow and the average con-
centration per calendar year (Van Duijnhoven and Venema, 2011). By
doing so, any correlation between the flow rate and the concentration
of a substance is ignored. It is a practical method and its accuracy
largely depends on the frequency of the measurements (Baggelaar and
van der Meulen, 2010; De Vries and Klavers, 1994).

3.3 results

3.3.1 Releases of nanomaterials

Both scenarios were based on the amount of nanomaterials in con-
sumer products reported in Boxall et al. (2007), Weir et al. (2012) and
the usage data from Lorenz et al. (2011) and Loretz et al. (2006) (Table
1). Zinc oxide is used mainly in sunscreens and paints or coatings. Us-
age data published by Lorenz et al. (2011) indicate that about 40% of
the German population can be expected to use sunscreen, for about 20

days a year. It can be reasonably assumed that the same applies to the
Dutch population.

According to Lorenz et al. (2011), an application of sunscreen is ap-
proximately 8 g on average. Assuming that half of all sunscreens con-
tain 15% zinc in the form of nanoparticles (the other half is assumed to
contain nano-titanium), the annual use of sunscreen in Germany and
thus also in the Netherlands is 5 grams nano-ZnO per person.

Boxall et al. (2007) report a range of 0.09 to 0.36 ml for the yearly
per-capita use of paint in the UK. This range is based on data from
the paints and coatings industry and estimates of how much paint is
released during cleaning (1 to 4%). Boxall et al. report a concentra-
tion of 60 to 100 g nano-zinc oxide/kg paint. Using a "typical" value
of 0.15 ml/pc/a and a "typical" content of 80 g nano-zinc oxide/kg
paint, we obtained an annual contribution of 12 mg per person. This is
negligible compared with the estimated contribution from sunscreens.

Titanium dioxide is mainly used in sunscreens, toothpaste and paints
or coatings (Boxall et al., 2007). Using the same reasoning as above (in
this case sunscreen and toothpaste are the major contributions; con-
tribution from paints seems negligible) results in an annual use of
3.7 grams nano-TiO2 per person.

Prominent uses of silver in consumer products are in textiles (sports
clothes and medical care), antiperspirants and shampoo (Boxall et al.,
2007). For the last two types we can use the same line of reasoning as
before, resulting in 35 mg silver per person per year. For the release of
nano-silver from textiles we have to consider the life cycle of textiles in
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some detail. It has been shown that silver nanoparticles can be released
during washing (Benn and Westerhoff, 2008; Kaegi et al., 2011). The
form and the amount, however depend on the precise circumstances
(Lorenz et al., 2012). For instance, Peters (2011) reports that the total
release of silver from three different textiles after ten times washing
was 11, 44 and 100% of the initial silver content of the garments.

Benn and Westerhoff indicate that roughly 20% of the initial amount
of silver is washed out in the first wash (Benn and Westerhoff, 2008).
Assuming that on average 10% of the remaining silver is washed out
at each wash and that the garment is worn and washed 10 times a year
and is replaced after two years, during those two years the average
amount of silver released in each wash is 4.5% of the initial amount
per wash.

A reasonable amount of washing for a person is 5 kg of wash per
week, or 250 kg/year (Köhler and Wildbolz, 2009). We assumed that
1% or 2.5 kg of this textile contains silver. While the actual content
of silver varies widely (Table 1, (Lorenz et al., 2012)), it seems safe to
assume that a typical value is 100 mg silver/kg textile.

The average release of silver per person per year through washing
clothes would then be 4.5% of the initial amount of silver in the textile,
so: 0.045 · 100 mg/kg · 2.5 kg ≈ 11 mg.

The last item of information required to calculate the yearly dis-
charge of the three types of nanoparticles is the number of people
living in the Dutch parts of the Rhine and Meuse basins, We assumed
this was 10 million people: 6.5 million along the Rhine and 3.5 million
persons along the Meuse (Brinkhoff). See Table 1. The resulting con-
centration changes and releases of zinc oxide, titanium dioxide and
silver nanomaterials within the Dutch part of the Rhine and Meuse
catchments are also shown in Table 1.

These are the estimates for the "maximum" or worst-case scenario.
In the "STP" scenario the assumption that nanoparticles are removed
by sewage treatment plants leads to the releases being reduced by 70%
for each of the three types of nanoparticles. See Table 2.

3.3.2 Estimating the inflowing loads from concentrations

3.3.2.1 Average flow rates

The average annual flow rates for the period 2003–2011 are shown in
Fig. 8 for the Rhine and in Fig. 9 for the Meuse. The flow rate is fairly
constant during these years, except in the case of the Meuse – a rain-fed
river – in 2007 and 2008.
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Table 1: Concentration of nanomaterials in consumer products (in g/kg or
mg/kg product) and the consequent added concentration and releases
in the Dutch reaches of the Rhine and Meuse. The number of applica-
tions per year refers to the average number of applications per person.
Data from: Boxall et al. (2007) and Weir et al. (2012). Usage per year
based on Lorenz et al. (2011) and Loretz et al. (2006).

Category Zinc Titanium Silver Used per Applications

(g/kg) (g/kg) (mg/kg) application per year

(g)

Skin cream – – 20 0.84 104

Sunscreen 155 50 – 7.9 8

Antiperspirant – – 20 1.3 182

Shampoo – – 20 9.6 104

Toothpaste – 5 20 0.49 832

Paint/coatings 80 50 – 0.15 ml/a –

Textiles – – 1-2000 – –

Total usage per 5.0 g 3.7 g 46 mg – –

person per year

Concentration (µg/L)

Meuse 5.5 2.0 0.02

Rhine 1.0 0.4 0.005

Release (t/y)

Meuse 36 13 0.16

Rhine 66 24 0.31
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Figure 8: Annual average flow rate for the Rhine in the Netherlands. The bars
indicate the standard error in the sample mean.
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Figure 9: Annual average flow rate for the Meuse in the Netherlands. The bars
indicate the standard error in the sample mean.
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3.3.2.2 Zinc and titanium

The inter-annual trend of average total concentrations of zinc and tita-
nium in the two rivers during 2003–2011 is presented in Figures 10 to
13, together with box-and-whisker plots to indicate the variation in the
data per year. As much less data is available for silver, this metal was
treated separately.

The results for the loads are shown in Table 2 (Figs. 14 and 15). For
the years 2003 and 2004 fewer than 10 measurements were available
for titanium, compared with at least 38 data points for all other years.
As this inflates the error range for the titanium load at Lobith, we
excluded these two years from the analysis.

From 2007 onwards there is a more or less consistent decline in the
loads of zinc and titanium. The error bars represent the standard error
in the average concentration, multiplied by the average flow rate for
that year. These statistical errors are smaller than the decrease over the
years, indicating that there is indeed a reduction in the loads.

3.3.2.3 Silver

The total concentration of silver turns out to be below the detection
limit for the locations considered here. Data on the total concentration
have been available only since 2010, the year in which the detection
limit was improved.

The data for Lobith indicate that most of the silver is present in dis-
solved form or at least passes through the 0.45 µm filter. The adsorbed
fraction contributes less than 10%.

Using the measurements for 2010, we calculated the following total
load for silver at Lobith (none of measurements for the Meuse detected
silver):

3.3.3 Changes in the loads

Using the measured data we were able to estimate how much the load
or the concentration has to change before the change is statistically
identifiable. As the data were not normally distributed, we used the
non-parametric Wilcoxon test, which reveals whether or not two sam-
ples have the same median and is independent of the underlying dis-
tributions.

To create a second sample, we added a constant value to the mea-
surement data from the year 2010. If the shift is large enough, the test
will show that it is unlikely that the median is the same. The minimum
increases that can be identified in this way in the average concentration
and in the load were computed with a confidence level of 90% and are
shown in Table 2.
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Figure 10: Total concentration of zinc at Lobith. The box-and-whiskers indicate
the variation within the year.
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Figure 11: Total concentration of titanium at Lobith. The box-and-whiskers in-
dicate the variation within the year.
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Figure 12: Total concentration of zinc at Eijsden. The box-and-whiskers indi-
cate the variation within the year.
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Figure 13: Total concentration of titanium at Eijsden. The box-and-whiskers
indicate the variation within the year.
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Table 2: Summary of the results for zinc, titanium and silver. See the text for a
detailed explanation. (The error estimates for the river loads are shown
in parentheses.)

Zinc Titanium Silver

Estimated emission

Maximum scenario (t/y)

Meuse 36 13 0.16

Rhine 66 24 0.31

"STP" scenario (t/y)

Meuse 11 4 0.05

Rhine 20 7 0.09

River loads (t/y)

Meuse 172 (9 – 55) 60 (6.5 – 24) (no data)

Rhine 1186 (42 – 180) 1401 (56 – 203) 11.4 (4.4)

Relative contribution

Maximum scenario

Meuse 21% 22% –

Rhine 5.5% 1.7% 2.7%

"STP" scenario

Meuse 6.3% 6.5% –

Rhine 1.7% 0.5% 0.8%

Detectable change in

concentration µg/l)

Meuse 1.1 0.3 –

Rhine 1.0 1.1 0.06

Associated change

in release (t/y)

Meuse 8.0 2.2 –

Rhine 69 76 4.1
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Figure 14: Annual loads of zinc (+) and titanium (x) in the Rhine in the Neth-
erlands. The bars indicate the standard error in the mean.
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Figure 15: Annual loads of zinc (+) and titanium (x) in the Meuse in the Neth-
erlands. The bars indicate the standard error in the mean.
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Average total concentration of silver: 0.18 ± 0.07 µg/L

Average discharge of the Rhine (2003-2011): 2007 m3/s

Annual load: 11.4 ± 4.4 t/y

The conclusion is that the concentrations of zinc and titanium must
increase or decrease by about 1 µg/L (0.3 µg/L for titanium in the
Meuse) in order to be statistically discernible. The change required for
silver is much smaller, 0.06 µg/L, but relative to the average concentra-
tion it is about 30%.

3.4 discussion

We estimated the potential contribution of nanomaterials to the total
discharge of the Dutch reaches of the Rhine and Meuse. Our approach
was based on published data on the discharges of these rivers in the
Netherlands and published research on the content of nanomaterials
in consumer products and the use of these products. In terms of the to-
tal load of the three metals, the release in the form of nanoparticles
is still small: in the order of a few percents for the Rhine, but up
to 20% for the Meuse. These estimates were obtained without taking
wastewater treatment into account. As it is likely that a large propor-
tion (70% or more) of the nanoparticles released from consumer prod-
ucts are filtered out by wastewater treatment plants (Benn and Wester-
hoff, 2008; Kaegi et al., 2011; Pasricha et al., 2012), our estimates should
be regarded as worst case. Whether the nanoparticles remaining in the
sewage sludge can still enter the aquatic environment, depends on the
methods of disposal: for instance, whether or not the sludge is later
used as fertilizer. This certainly merits further study.

In the period 2003–2011 the annual average concentration of zinc re-
mained more or less constant. An examination of the registered emis-
sions in the Netherlands revealed that one of the main sources of zinc
in the surface water is atmospheric deposition (Dutch national govern-
ment, 2015). This declined over the period we investigated. All other
contributions, however, remained more or less constant. The total reg-
istered emissions in the Netherlands declined from 685 tonnes zinc in
2005 to 582 tonnes in 2010. During the period in question, the concen-
tration of titanium decreased, unfortunately, no detailed information
on emissions is available. No conclusion can be drawn for silver. It can
be concluded that for zinc and titanium, to date the increasing use of
manufactured nanomaterials has not made a substantial contribution
to the concentration of these metals in the river system.

A closer examination of the measurements and especially of the
variability within the dataset reveals that we can actually distinguish
changes in the concentrations that result from contributions of man-
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ufactured nanoparticles of the estimated magnitude. The increase in
concentration due to nanoparticles could be larger than the minimum
change in concentration that is statistically relevant, especially in the
case of the Meuse:

• Statistically a change of 1 µg/L for zinc and 0.3 µg/L for titanium
should be detectable (Table 2).

• Assuming an average flow rate for the Meuse of 209 m3/s, the es-
timated maximum releases of nanoparticles yield a contribution
of 5 µg/L for zinc and 2.5 µg/L for titanium. (If sewage treat-
ment plants do indeed filter out 70%, the contributions fall to 1.5
µg/L for zinc and 0.8 µg/L for titanium.)

Even so, the changes in the concentration we may expect are small
compared to the total concentration. If we include possible contribu-
tion in the German part of the Rhine basin, an area with a population
of roughly 20 million people, then the contribution, estimated using
the same method, is still only about 20% for zinc and 7% for titanium,
assuming the Maximum scenario. A significant rise in these percentages
will occur only when we assume a substantial increase in the use of
sunscreen containing nanomaterials: for instance, 100% of the popula-
tion using these products for 40 days a year (an increase with a factor
5). Given the expected retention by sewage treatment, even in this case
the contribution of nanomaterial will not exceed 34% for zinc and 10%
for titanium.

It is therefore justifiable to conclude that for the Rhine these nano-
particles do not currently contribute significantly to the overall contam-
ination by zinc, titanium and silver.

Some caution is, in order, however, as nanoparticles will probably
become more important in the coming years:

• Projections of the production volumes of titanium dioxide by Ro-
bichaud et al. (2009) indicate that the amount of manufactured
TiO2 nanoparticles could increase exponentially. By the year 2025

almost all titanium dioxide will be produced in the form of nano-
particles, though the total volume of the titanium dioxide pro-
duction will only increase linearly. In accordance with this pub-
lication, Arvidsson (2012) concludes that emissions of titanium
dioxide nanomaterial will increase in the near future.

• Luoma (2008) presents calculations on the contribution of nano-
particles to the silver contamination in San Francisco Bay. He con-
cludes that the use of nanotechnology in consumer products may
cause silver concentrations to rise to the high levels found in the
1980s that were a consequence of waste from the photographic
industry.
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Analyses of the type presented here necessarily rely on the scarce
data on usage that are available. The reliability of the data is also ques-
tionable because of inappropriate marketing claims about the use of
nanomaterials (Pronk et al., 2011). Another problem is that manufac-
turers are not currently obliged to report whether their products con-
tain nanomaterials, so that the reverse situation also occurs, that is,
products may contain nanomaterials but this is not reported.

Given the variability of commercially available products and the ap-
parent dynamics, there is a need for a rule-of-thumb estimation of
the level of contamination nanoparticles may cause (Wijnhoven et al.,
2009).

The shortcomings of the data we used mean that the estimates of the
releases of nanomaterials as presented here are merely indicative. To
improve our insight into the possible contamination by nanomaterials
we need more detailed and more reliable data about which nanomate-
rials are used and the amounts used. We also need more insight into
the routes followed by these materials from producer and consumer to
the environment. The next step will be to develop a numerical model
that takes the transport and the various transformation processes into
account and to apply it to the river system.
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abstract

With nanoparticles being used more and more in consumer and indus-
trial products it is almost inevitable that they will be released into the
aquatic environment. In order to understand the possible environmen-
tal risks it is important to understand their behaviour in the aquatic
environment.

From laboratory studies it is known that nanoparticles in the aquatic
environment are subjected to a variety of processes: homoaggrega-
tion, heteroaggregation to suspended particulate matter and subse-
quent sedimentation, dissolution and chemical transformation. This
article presents a mathematical model that describes these processes
and their relative contribution to the behaviour of nanoparticles in the
aquatic environment. After calibrating the model with existing data, it
is able to adequately describe the published experimental data with
a single set of parameters, covering a wide range of initial concentra-
tions. The model shows that at the concentrations used in the labo-
ratory, homoaggregation and sedimentation of the aggregates are the
most important processes. As for the natural environment much lower
concentrations are expected, heteroaggregation will play the most im-
portant role instead.

More experimental datasets are required to determine if the process
parameters that were found here are generally applicable. Nonetheless
it is a promising tool for modelling the transport and fate of nanopar-
ticles in watersheds and other natural water bodies.

This chapter has been published as A.A. Markus, J.R. Parsons, E.W.M. Roex, P. de
Voogt, R.W.P.M. Laane, 2015, Modeling aggregation and sedimentation of nanoparticles
in the aquatic environment, Science of the Total Environment 506-507 (2015) 323-329,
10.1016/j.scitotenv.2014.11.056
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4.1 introduction

The development of nanotechnology in recent decades and the subse-
quent use of engineered nanoparticles in a range of consumer and in-
dustrial products have raised concern about the possible consequences
for the environment and for human health (Aschberger et al., 2011).
Given the wide range of applications, it is almost inevitable that nano-
particles will be released into the aquatic environment (Aschberger
et al., 2011; Nowack et al., 2012).

Mathematical models that are able to describe the transport and the
processes of nanoparticles can help assess the risks to the environment,
by providing estimates of the concentrations, in what compartments
they are present and which sources contribute most.

For such models knowledge of the various sources and emissions
of nanoparticles to the environment is required, as well as of the pro-
cesses that act on the nanoparticles in the environment together with
the physicochemical characteristics of the particles.

While the sources and emissions determine to a large extent how
much nanomaterial is present in the environment, the processes de-
termine in what form it is present and in what compartment of the
water system – in the water phase or in the sediment. It is important
to know the form, be it single nanoparticles, coated or not, clusters of
nanoparticles or nanoparticles adsorbed to particulate matter, because
it determines their bioavailability and toxicity (Clément et al., 2013).
If the nanoparticles settle to the sediment, then they may be present
there for a long time, whereas suspended in the water they will be
transported and eventually diluted.

From the available publications a fairly consistent picture can be con-
structed with respect to the processes that play a role when nanopar-
ticles enter the aquatic environment. Some types of engineered nano-
particles dissolve within a relatively short timescale, for instance sil-
ver and zinc oxide nanoparticles (David et al., 2012; Liu et al., 2011b;
Lowry et al., 2012). Aggregation, the forming of clusters with other en-
gineered nanoparticles or with natural colloidal particles or suspended
particulate organic or inorganic matter, is relevant for all types of nano-
particles (Huynh and Chen, 2011; Li and Chen, 2012; Thio et al., 2011).
Sedimentation causes a flux of nanoparticles to the sediment where
they may accumulate. Furthermore chemical and biochemical transfor-
mations may affect the chemical make-up of the nanoparticles, such
as the transformation of silver to silver sulfide, which is almost insolu-
ble and therefore has a much lower bioavailability than metallic silver
(Lowry et al., 2012). Fig. 16 presents a schematic overview of these
processes.

In this paper a process-based mathematical model for metallic and
metal oxide nanoparticles is developed, that is, the processes as iden-
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Figure 16: Schematic representation of the processes nanoparticles are subject
to in the aquatic environment.

tified in the literature, have been put into a mathematical form (Fig.
16). Within the model the nanoparticles are viewed as a particulate
constituent, not as a collection of individual particles. Several fractions
of nanoparticles are distinguished to describe the phenomena. The re-
sulting mathematical model was then applied to describe the results
of several published laboratory experiments (Brunelli et al., 2013; Quik
et al., 2012). The model parameters were tuned so as to approximate
the observed concentration timeseries as closely as possible. For this
procedure the results for several initial concentrations were used to-
gether, rather than the results of individual timeseries. The procedure
used here yields parameter sets that are expected to be generally appli-
cable.

4.2 materials and methods

4.2.1 Published data

From the available literature on the behaviour of nanoparticles in aquatic
environments the two following publications are especially of interest
for the purposes of this article, because they provide information on
the kinetics of the processes described above. Other publications con-
cerning these processes mostly focus on the influence of such environ-
mental parameters as the pH and the ionic strength and present the
equilibrium results only, not the development over time.
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Quik et al. (2012) performed laboratory experiments with river wa-
ter and different initial concentrations of cerium dioxide nanoparticles.
They measured the development of the concentration of nanoparticles
over a period of 12 days to gain insight in the sedimentation behaviour.
With a height of 6 cm for the bottles the actual sedimentation velocity
can be estimated.

Brunelli et al. (2013) studied the aggregation and sedimentation of
titanium dioxide nanoparticles in various types of water. In this study
the concentration of the nanoparticles as function of time was mea-
sured at intervals of 15 minutes. There is, however, no explicit informa-
tion on the dimensions of the cuvettes that were used in the sedimen-
tation experiments. On the assumption that the cuvette was of typical
height, that is 3 cm, an absolute sedimentation velocity was estimated.
As the sedimentation velocity only occurs in the model equations di-
vided by the height of the cuvette, only this ratio has an influence on
the results, not the two separate parameters.

In these experiments filtered water was used. For the numerical ex-
periments reported here the concentration of suspended particulate
matter (SPM) was therefore assumed to be zero and the processes as-
sociated with SPM were excluded.

A few intriguing features can be noted in the original publications:

• Quik et al. (2012) report that the concentration of suspended
nanoparticles more or less stabilizes at the end of the experiment.
This could mean that the sedimentation of the nanoparticles stops
or decreases considerably, possibly because the larger aggregates
have already settled and only the very light ones remain. In a
more recent publication Velzeboer et al. (2014) conclude that the
fraction of nanoparticles that remain in suspension is actually
very small (3% or less). In the current mathematical model no
such fraction is explicitly distinguished.

• The experiment that Quik et al. (2012) present with the highest
initial concentration, 100 mg/L of cerium dioxide nanoparticles,
shows a lower end concentration than the experiments with ini-
tial concentrations of 1 mg/L and 10 mg/L. In the simulations
this phenomenon could only be approximated by an additional
homoaggregation process (cf Section 4.2.2, Eq. 18).

• Given the relatively high concentrations of nanoparticles in com-
parison to the concentrations of suspended particulate matter, ho-
moaggregation is likely the dominant process in both sets of ex-
periments.

• The measurements by Brunelli et al. (2013) indicate that even
at the lowest concentrations, noticeable sedimentation may oc-
cur within a time frame of two days. Since the sedimentation
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velocity of individual nanoparticles is expected to be very low
(cf the mathematical description), this may indicate aggregation
occurred in early stages of the experiments.

The authors of both articles used regression techniques on the in-
dividual experiments to estimate the rates of the sedimentation and
aggregation processes. In this work the measured concentrations for
all experiments as published in these articles were used to estimate the
model parameters instead (see Tables 7 and 8 and the description of
the parameter estimation method in Appendix B).

4.2.2 Mathematical description of the processes

Each of the processes described in the literature has effect on one or
more fractions of nanoparticles (Fig. 16). To describe these processes
mathematically, functional expressions were developed, which are pre-
sented below. These expressions are formulated in terms of the mass
concentration. More fundamental descriptions of the various processes
are given by Arvidsson et al. (2011) and Petosa et al. (2010), whereas
Hartmann et al. (2014) provide an extensive qualitative overview for
metallic and metal oxide nanoparticles as well other types.

Sedimentation and resuspension

Sedimentation is assumed to apply mainly to the nanoparticles ad-
sorbed to the inorganic or organic suspended solids and clusters of
nanoparticles. The sedimentation velocity for free nanoparticles is too
small to have effect on a timescale of several days. For instance, for
spherical particles with a diameter of 100 nm and a density of 5000

kg/m3, Stokes’ law predicts a sedimentation velocity of 2 mm/d (Prae-
torius et al., 2012). It would require such small particles several years
to reach the bottom of a lake with a depth of just several meters.

The sedimentation velocity of suspended particulate matter consist-
ing of particles of several µm in diameter is several m/d, which makes
it relevant for the typical time scales involved.

The sedimentation process of both adsorbed and aggregated nano-
particles is modelled via the equation below:

dC
dt

= −ws

H
· C (10)

where:
ws is the sedimentation velocity (m/d)
H is depth of the water column (m)
C is the concentration of the nanoparticles adsorbed to the suspended
solids (two different fractions actually: organic and inorganic) or the
concentration of the clusters of nanoparticles (µg/L).
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Resuspension of particles that have sedimented on the bottom can oc-
cur under the influence of shear forces due to turbulent flow. This pro-
cess can be described using a classical formulation like that of Parthe-
niades (1962):

dC
dt

= +M
( τ

τc
− 1

)
(11)

where:
M is the resuspension rate (g/m2d)
τ is the shear stress (Pa)
τc is the critical shear stress (Pa).

If the shear stress exceeds this critical value, resuspension occurs.

Dissolution and transformation

Several types of nanoparticles, notably silver and zinc oxide, are subject
to dissolution (Liu et al., 2011b; Mudunkotuwa et al., 2012). In addition,
the formation of silver sulfide, which is almost insoluble, is considered
an important process (Lowry et al., 2012; Dale et al., 2013; Kaegi et al.,
2013).

On the other hand, nanomaterials such as titanium dioxide and
cerium dioxide nanoparticles have very low solubility, so that disso-
lution can be ignored (Cornelis et al., 2011b; Quik et al., 2011), but a
different transformation plays a role for titanium dioxide: coated TiO2
nanoparticles exhibit less photocatalytic activity than bare particles (La-
bille et al., 2010; Virkutyte et al., 2012).

Dissolution and physical or chemical transformation have in com-
mon that one fraction of a nanomaterial is transformed into another.
Mathematically, they are described via the relations:

dC1

dt
= −(kdiss + ktrans) · C1 (12)

dC2

dt
= +ktrans · C1 (13)

dCdiss
dt

= +kdiss · C1 (14)

where:
C1 is the concentration of either "pristine" (Ag) or coated (TiO2) free
nanoparticles (µg/L).
C2 is the concentration of free nanoparticles with a shell (of Ag2S) that
makes them insoluble (Ag) or bare free nanoparticles that exhibit pho-
tocatalytic activity (TiO2) (µg/L). Note that the sum of the concentra-
tions C1 and C2 is equal to the total concentration of free nanoparticles,
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C f ree.
Cdiss is the concentration of the dissolved fraction (µg/L).
kdiss is the rate constant for the dissolution of the nanoparticles (d−1).
ktrans is the rate constant for the transformation of the nanoparticles
into an insoluble variety because of a shell being formed (d−1).

The transformation of titanium dioxide from coated to uncoated par-
ticles, can be modelled by setting the dissolution rate kdiss to 0.

For the dissolution of silver nanoparticles the presence of oxygen is
required as a catalyst (Liu and Hurt, 2010). In most aquatic systems the
concentration of dissolved oxygen is so high that it does not influence
the rate of the dissolution process. For that reason, in this article there
is no attempt to describe the influence explicitly. Note, that the oxygen
concentration may play a role in the sediment, as many such sediments
are anoxic or nearly anoxic.

Homoaggregation

Homoaggregation is an important process in laboratory experiments
(Brunelli et al., 2013). The mathematical form used here is:

dC f ree

dt
= −khomoagg · f (S) · C2

f ree (15)

dCagg

dt
= +khomoagg · f (S) · C2

f ree (16)

f (S) =
(S/Scrit)

2

1 + (S/Scrit)2 (17)

where:
C f ree is the concentration of free, that is non-adsorbed and
non-aggregated, nanoparticles (µg/L).
Cagg is the concentration of aggregations of nanoparticles (µg/L).
khomoagg is the rate coefficient for the homoaggregation process (L/µg.d).
f (S) is the attachment efficiency as function of salinity S (–).

The mathematical form of this function was chosen to capture the
qualitative characteristics reported about the effects of salinity or ionic
strength (Li and Chen, 2012).

The hypothesis is that free nanoparticles can collide and form a
larger cluster (Praetorius et al., 2012). These clusters may in turn col-
lide with other clusters or with nanoparticles, leading to increasingly
larger clusters.

When there are already clusters of nanoparticles present, these may
in turn capture free nanoparticles, thus augmenting the concentration
of aggregated particles. This process of "secondary" aggregation can be
approximated by the following equations:
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dC f ree

dt
= −ksec_agg · f (S) · C f reeCagg (18)

dCagg

dt
= +ksec_agg · f (S) · C f reeCagg (19)

where:
ksec_agg is the rate coefficient for the aggregation of nanoparticles to ex-
isting aggregates of nanoparticles (L/µg.d).
f (S) is again a function to capture the effect of salinity on the attach-
ment efficiency.

As these processes are unlikely to be significant with the low con-
centrations of nanoparticles that are expected for surface waters (Prae-
torius et al., 2012), they are only considered for simulating the lab-
oratory experiments (cf Section on the simulation of the laboratory
experiments).

Heteroaggregation

The adsorption of nanoparticles to organic or inorganic particulate mat-
ter, also known as heteroaggregation, depends on a number of factors,
notably the pH and the ionic strength or the salinity (Chowdhury et al.,
2012; Huynh and Chen, 2011; Li and Chen, 2012). Not all encounters
between particles lead to the formation of a persistent aggregate as a
consequence for instance of steric or electrostatic hindering. This ef-
fect is usually expressed via the attachment efficiency (Praetorius et al.,
2012).

In this article the aggregation process is modelled via these equa-
tions:

dC f ree

dt
= −kagg · f (S) · Csed · C f ree (20)

dCads
dt

= +kagg · f (S) · Csed · C f ree (21)

where:
kagg is the maximum rate of heteroaggregation (L/g.d).
f (S) describes the attachment efficiency as function of salinity S (–).
This need not be the same function as in the case of homoaggregation,
as two different types of particles are involved.
C f ree is the concentration of free nanoparticles (µg/L).
Cads is the concentration of adsorbed nanoparticles (either adsorbed to
inorganic or organic) (µg/L).
Csed is the concentration of suspended particulate matter (either inor-
ganic or organic; mg/L).
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S is the salinity (g/L).
Scrit is the salinity above which aggregation is no longer hindered by
electrostatic forces (g/L).

A distinction is made between nanoparticles adsorbed to organic
matter and those adsorbed to inorganic matter, as organic matter can
be mineralised (see the next process).

While this aggregation process resembles the adsorption of dissolved
substances like organic micropollutants or metal ions to suspended
particulate matter, an important difference is that nanoparticles are not
likely to achieve a thermodynamic equilibrium, so that a concept like par-
tition coefficients is not applicable (Praetorius et al., 2012). Instead of
an equilibrium partitioning the ongoing adsorption should be treated
as a dynamic process.

Mineralisation

If nanoparticles are adsorbed or aggregated to organic material, they
can be released as a consequence of the mineralisation of the organic
material. In mathematical form, assuming a first-order process:

dCads
dt

= −kmin · Cads (22)

dC f ree

dt
= +kmin · Cads (23)

where:
kmin is the rate of mineralisation (d−1).
Cads is the concentration of the nanoparticles adsorbed to the organic
matter
C f ree is the concentration of free, non-adsorbed, nanoparticles (µg/L).

This process does not play a role in the laboratory experiments, but
it does in the aquatic environment.

4.3 results

4.3.1 Simulation of the laboratory experiments

In the two laboratory experiments that are considered here (Brunelli
et al., 2013; Quik et al., 2012), not all processes described in the previ-
ous section are of interest. Both experiments involved insoluble nano-
materials and the organic matter in the media consisted of humic and
fulvic acids. For this reason no distinction is made in this mathematical
model between the various possible organic fractions.

The published experiments also do not allow the influence of salinity
to be examined in a systematic way. Even though Brunelli et al. (2013)
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Figure 17: Concentration of cerium dioxide nanoparticles as simulated for
Rhine water compared to the measurements by Quik et al. (2012).
The symbols represent the measurements, and the lines represent
the model results. +: initial concentration of 1 mg/L, x: 10 mg/L, ∆:
100 mg/L.

use different types of artificial or natural seawater, there are only a few
values for the salinity and other differences in the water types may
obscure the effect of salinity on the attachment efficiency.

4.3.2 Simulation of experiments with cerium dioxide

The first experiment that was simulated by this model was that of the
sedimentation of cerium dioxide nanoparticles in Rhine and Meuse
water (see Table 7; (Quik et al., 2012)). The differences between these
two water types are limited to the concentration of suspended solids,
as far as the modelling is concerned, 12 mg/L for the Rhine and 5

mg/L for the Meuse. Other differences in the chemical composition
are not taken into account.

As there are no separate measurements for aggregated and non-
aggregated nanoparticles, only the total concentration of nanoparticles
in the water as predicted by the model can be compared to these mea-
surements (see Figs. 17 and 18).

The model parameters were determined via an automatic optimisa-
tion method (Powell, 2009). For this method to work a suitable cost
function, had to be defined that measures the discrepancy between
the model results and the measurements. The chosen function has the
property that the relative errors are weighed, resulting in a more even
weighting for the whole range of observed concentrations. The details
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Figure 18: Concentration of cerium dioxide nanoparticles as simulated for
Meuse water compared to the measurements by Quik et al. (2012).
The symbols represent the measurements, and the lines represent
the model results. +: initial concentration of 1 mg/L, x: 10 mg/L, ∆:
100 mg/L.

Table 3: Parameters fitted for the sedimentation experiments with cerium diox-
ide by Quik et al. (2012) and those with titanium dioxide by Brunelli
et al. (2013).

Parameter Cerium dioxide Titanium dioxide

(Meuse and (seawater)

Rhine)

Transformation rate ktrans; d−1 – –

Homoaggregation khomoagg; L/mg.d 1.77 0.618

Secondary aggregation ksec_agg; L/mg.d 2.28 2.254

Aggregation to SPM kagg; L/mg.d 0.0073 –

Sedimentation aggregates wsed_agg; m/d 0.24 0.111

Sedimentation SPM wsed_spm; m/d 0.003 –

Sedimentation free NPs wsed_ f ree; m/d 0.002 0.034

Notes: Process parameters that were set to zero to exclude the associated processes are

indicated by "–". As there is no information on the dimensions of the cuvettes for the

titanium dioxide experiment, a height of 3 cm was assumed.
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Figure 19: Normalized contributions of the various processes, contributing to
the fate of cerium dioxide nanoparticles in Rhine water at three dif-
ferent initial concentrations.

can be found in Appendix B. The parameter values are listed in Ta-
ble 3. Error estimates regarding these parameters are presented in the
appendix.

As can be seen in the figures, the model is able to describe the ob-
served concentration as function of time quite reasonably for most
cases. Only for the case with the highest initial concentration, 100

mg/L, in Meuse water (Fig. 18), does the model result show signifi-
cant deviations from the measurements. For this case the model shows
much lower concentrations after 2 days than were measured. A spec-
ulative explanation for this is that in the laboratory experiment the
nanoparticles were partly aggregated from the start. That would result
in a relatively large mass quickly sinking to the bottom of the vessel,
leaving only the individual nanoparticles and small aggregates. Such
a situation could be simulated in the model by assuming a non-zero
initial concentration for the aggregates as well as for the free nanopar-
ticles.

To quantify the relative importance of the various processes, the
mass balance has been examined (see Fig. 19). The figure shows the
relative contribution of each process over the simulation period. For
the two highest initial concentrations, 10 mg/L and 100 mg/L, only
homoaggregation and sedimentation of the aggregates play any role.
For the lowest initial concentration, however, adsorption to suspended
particulate matter and sedimentation of that matter with the adsorbed
nanoparticles has some impact. At lower concentrations heteroaggre-
gation would become more important (see Appendix B).
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Figure 20: Natural logarithm of the concentration of titanium dioxide nanopar-
ticles as simulated, divided by the initial concentration, using the
"best" parameter set for this experiment (see Table 3). +: initial con-
centration 10 mg/L, x: 1 mg/L, ∆: 0.1 mg/L, ∇: 0.01 mg/L.

4.3.3 Simulation of experiments with titanium dioxide

The results from one set of experiments by Brunelli et al. (2013), namely
the experiments where Adriatic seawater was used, have been simu-
lated in a similar way. The results for the different types of water are
similar, so that we deemed a single set would suffice.

As mentioned before, they did not document the dimension of the
cuvette used for these experiments, so that only the combination of sed-
imentation velocity divided by depth can be determined. The result is
shown in Fig. 20, presented using the same logarithmic transformation
for the concentration as in their article (see Table 8).

In these experiments the concentration decreases, presumably as a
consequence of sedimentation, even for the lowest initial concentration
(0.01 mg/L). The calibration procedure results in a sedimentation ve-
locity of 0.034 m/d, assuming the cuvette was 3 cm, as is typical for
such equipment. This is an order of magnitude larger than predicted
by Stokes’ law (cf Section 4.2.2).

A possible explanation for this is that the nanoparticles as used in
the experiments by Brunelli et al. were initially aggregated to a certain
extent, thereby forming larger particles that can settle with a velocity
that is noticeable within the time frame of the experiments. While they
were unable to measure the sizes of the particles and aggregates at the
lowest initial concentration, it seems likely that some initial aggrega-
tion occurred for all dispersions (Brunelli et al., 2013, Table 2 therein).
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Table 4: Parameter values determined for Eq. 24. The values were found using
the same optimisation procedure as in the section on the simulation of
the laboratory experiments.

Parameter Value Unit

Cns 0.035 mg/L

Khomoagg 3.13 d−1

kagg 4.19 L/mg.d

vsed 5.06 m/d

The consequences of a zero settling velocity for free nanoparticles are
examined more closely in Appendix B.

4.4 discussion

When using regression techniques, it is common to look at each time-
series separately (Brunelli et al., 2013). This leads to parameter values
that are specific to that series. With the mathematical model and the
estimation method presented here "generic" parameter values are ob-
tained. The individual experiments are unified in a single set of equa-
tions and parameters with terms that have a physical-chemical mean-
ing. This allows one to make predictions about the behaviour in other
circumstances, for instance, when there is more or less suspended par-
ticulate matter present.

The parameters found for the cerium dioxide and titanium dioxide
experiments show some common features (see Table 3 and the section
on error estimates in Appendix B. First of all the values are more or
less in the same order of magnitude, indicating that these processes
have the same timescale: homoaggregation occurs in a timescale of 0.5
to 2 days, whereas the sedimentation velocity of the aggregates is in
the order of 10 to 20 cm per day. It remains to be seen if that is the
case with other nanoparticles and environmental matrices as well. Yet
another feature is that the model parameters seem to be fairly robust
with relatively narrow ranges with the exception of the rate coefficient
for secondary aggregation. This gives confidence in the model, in that
the parameters found in this work can be used as a first estimate in
applications.

Compared to the current model, the model described by Quik et al.
(2014) is somewhat simpler and it has a structure that allows for an
analytical solution. In the equation below the two fractions that are
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Figure 21: Concentration of cerium dioxide nanoparticles as simulated for
Rhine water using the model described by Quik et al. (2014). +: ini-
tial concentration 100 mg/L, x: 10 mg/L, ∆: 1 mg/L.

distinguished in the original article are combined to get the total con-
centration:

C = (C0 − Cns)e−At+B(e−Dt−1) + Cns (24)

where C0 is the initial concentration, Cns the concentration of nano-
particles that do not settle to the bottom and A, B, D are coefficients
related to the physical parameters (see Table 4 for the fitted parameter
values):

A = Khomoagg (25)

B =
kaggCsed,0H

ws
(26)

D =
ws

H
(27)

where:
Khomoagg is the homoaggregation rate constant (d−1).
kagg is the heteroaggreation rate constant (L/mg.d).
Csed,0 is the initial concentration of suspended particulate matter (mg/L).
H is the height of the water column (m).
ws is the sedimentation velocity (m/d).

Here the homoaggregation is assumed to depend linearly on the
concentration of nanoparticles, unlike in the current model (cf. Sec-
tion 4.2.2). Analysis of simulations of the Von Smoluchowski equation
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showed this approximately linear behaviour (Quik et al., 2014). The
concentration of suspended particulate matter decreases exponentially
with time as a consequence of sedimentation.

The solutions tend to follow the two cases with high initial concen-
trations (10 and 100 mg/L) more closely than the third case with the
low initial concentration (1 mg/L), as can be seen in Fig. 21. The conse-
quence is that the concentrations for this third case are underestimated
considerably.

A closer examination of the coefficients reveals that the one parame-
ter responsible for the sedimentation of suspended particulate matter,
D in Eq. 24, is very large in comparison to the time scale – D = ws/H
= circa 5.06/0.06 = 84 d−1 – so that the concentration of suspended
particulate matter will be almost zero according to the model and after
a short while an exponential solution is left with an offset equal to the
concentration of non-settling nanoparticles:

C = (C0 − Cns)e−At−B + Cns (28)

In Fig. 21 this can be seen as the initial very rapid decrease of the
concentration.

It should be noted that this method of determining coefficients forces
a single value for the concentration of non-settling nanoparticles. In-
stead, Quik et al. (2014) estimated this concentration as the concen-
tration after 15 days (the end of the experiment time) for each series
individually.

Descriptive models, such as Eq. 24 and the one presented in the Sec-
tion 4.2.2, can be applied in new situations, if the parameter values and
the process descriptions are "generic" enough. Also the individual con-
tributions of the various processes can be determined, giving insight
in which process requires most attention. As a next step the model is
currently used to examine the transport and fate of nanoparticles in a
large European river.

The model presented here (cf Section 4.2.2) can be also applied in
combination with models for other constituents, for instance, an algal
growth model, so that attachment to living or dead organic material
can be taken into account. When this set-up is extended even further
it may be possible to model the uptake of nanoparticles by organisms,
although the specific mathematical modelling of such processes is cer-
tainly not included in the current model.

Some caution is, however, warranted, as is illustrated extensively by
Beven and Freer (2001). In many cases models of sufficient complexity
cannot be uniquely distinguished one from the other. The data that are
available for such distinction allow different parameter sets or even a
different model structure that all give good enough fits to these data,
the so-called equifinality concept (see also Appendix B).
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With this caution in mind, the model adequately describes the exper-
imental results which cover a large range of initial concentrations and
thus is a promising tool for application to more natural water bodies.
As the number of state variables and process parameters is limited, it
should be easy to apply the model, even though data on nanomaterial
in the environment is very scarce.
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abstract

As engineered nanoparticles of zinc oxide, titanium dioxide and silver,
are increasingly used in consumer products, they will most probably
enter the natural environment via wastewater, atmospheric deposition
and other routes. The aim of this study is to predict the concentrations
of these nanoparticles via wastewater emissions in a typical river sys-
tem by means of a numerical model. The calculations rely on estimates
of the use of nanomaterials in consumer products and the removal effi-
ciency in wastewater treatment plants as well as model calculations of
the fate and transport of nanoparticles in a riverine system. The river
Rhine was chosen for this work as it is one of the major and best stud-
ied rivers in Europe. The study gives insight in the concentrations that
can be expected and, by comparing the model results with measure-
ments of the total metal concentrations, of the relative contribution of
these emerging contaminants.

Six scenarios were examined. Two scenarios concerned the total emis-
sion: in the first it was assumed that nanoparticles are only released
via wastewater (treated or untreated) and in the second it was as-
sumed that in addition nanoparticles can enter the river system via
runoff from the application of sludge as a fertilizer. In both cases the
assumption was that the nanoparticles enter the river system as free,
unattached particles. Four additional scenarios, based on the total emis-
sions from the second scenario, were examined to highlight the conse-
quences of the assumption of free nanoparticles and the uncertainties
about the aggregation processes.

If all nanoparticles enter as free particles, roughly a third would end
up attached to suspended particulate matter due to the aggregation
processes nanoparticles are subject to. For the other scenarios the con-
tribution varies from 20 to 45%. Since the Rhine is a fast flowing river,
sedimentation is unlikely to occur, except at the floodplains and the
lakes in the downstream regions, as in fact shown by the sediment

This chapter has been publised as A.A. Markus, J.R. Parsons, E.W.M. Roex, P. de Voogt,
R.W.P.M. Laane, 2016, Modelling the transport of engineered metallic nanoparticles in
the river Rhine, Water Research 91 (2016) 214-224, 10.1016/j.watres.2016.01.003
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mass balance. Nanoparticles will therefore be transported along the
whole river until they enter the North Sea.

For the first scenario, the concentrations predicted for zinc oxide and
titanium dioxide nanoparticles are in the order of 0.5 µg/l, for silver
nanoparticles in the order of 5 ng/l. For zinc and titanium compounds
this amounts to 5 to 10% of the measured total metal concentrations,
for silver to 2%. For the other scenarios, the predicted nanoparticle
concentrations are two to three times higher.

While there are still considerable uncertainties in the inputs and con-
sequently the model results, this study predicts that nanoparticles are
capable of being transported over long distances, in much the same
way as suspended particulate matter.
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5.1 introduction

Engineered nanoparticles are used in many consumer and industrial
products, in particular metal and metal oxide nanoparticles, such as
titanium dioxide, zinc oxide and silver, It is therefore inevitable that
they enter the natural environment such as rivers or lakes and finally
coastal and marine environments (Wagner et al., 2014). When entering
the environment, they will be transported along with the water but
they will also interact with the suspended particulate matter (SPM)
that is present (Quik et al., 2014; Van Koetsem et al., 2015). For a proper
risk assessment of these substances an important step is to gain insight
in expected concentrations, transport and fate of nanoparticles in wa-
ter bodies. This requires insight in the sources of engineered nanopar-
ticles as well as the pathways by which they enter the environment.
Furthermore, their interactions with the environment itself need to be
understood.

This article provides a prediction of the influences of transport, ag-
gregation and sedimentation processes on the environmental fate of
metallic nanoparticles in river systems, elaborating on work published
by us and by numerous other groups. To this end a water quality
model was adapted to incorporate these processes of specific impor-
tance to nanoparticles, while the transport component of this model
was based on an existing hydrodynamic and water quality modelling
system (Stelling and Duinmeijer, 2003; Postma et al., 2003; Smits and
van Beek, 2013; Markus et al., 2015).

The modelling approach taken here differs from that of multimedia
models, such as the SimpleBox4Nano model by Meesters et al. (2014)
or the compartmental dynamic model by Liu and Cohen (2014), in
that such modelling approaches usually focus on global aspects of the
distribution of contaminants in a generic environment. The multime-
dia approach makes it possible to study this distribution in various
environmental compartments simultaneously, but it does not easily al-
low for including complicated interactions between substances and the
environment. The generic character of the multimedia approach also
makes it difficult to include specific regional details or to compare the
results to field measurements.

Praetorius et al. (2012) present a modelling study somewhat simi-
lar to the current study, but they used a schematic representation of
the Rhine and assumed that sedimentation would take place along the
whole river. As a consequence their model predicts the distance over
which nanoparticles are expected to be transported to be fairly limited,
depending on the rate of heteroaggregation and sedimentation. They
represent the nanoparticles using several size classes and allow for in-
teraction processes such as aggregation.



78 chapter 5

In a recent publication Quik et al. (2015) also use a representation of
the nanoparticles via size classes and similar interaction processes, but
they use a detailed hydrological model of a small river in the Nether-
lands to study the effect of these processes on the transport and fate
of nanoparticles. Moreover the emphasis of their study is on the ef-
fect of spatial heterogeneity in the process coefficients on the predicted
concentrations in water and sediment.

In the present study we focus on a larger river system, namely the
Rhine as it passes through Germany, using a different modelling ap-
proach. Instead of particle size classes, three fractions of nanoparticles
are distinguished, free or unadsorbed nanoparticles, homoaggregates
(clusters of nanoparticles) and heteroaggregates (nanoparticles adsorbed
to suspended particulate matter). For these fractions interaction via
aggregation processes is modelled (for details see Appendix C and
Markus et al. (2015)). Since it is currently not possible to quantify the
influence of environmental conditions or of specific properties of the
nanoparticles on these processes, the implicit assumption is that the
conditions are sufficiently uniform and that aggregation is similar for
the considered nanoparticles. Velzeboer et al. (2014) actually found the
aggregation behaviour of different types of nanoparticles under differ-
ent circumstances to be quite similar.

For each of the three fractions the mass concentration of nanopar-
ticles is determined, based on transport, processes and emissions. The
focus of the study is on nanoparticles, but the model allows us to sim-
ulate the concentration of suspended particulate matter and the total
concentration of zinc as well, enabling a comparison with historical
measurements of these water quality parameters.

5.2 materials and methods

5.2.1 Area investigated

The area covered by the model is the catchment of the river Rhine from
Maxau near Karlsruhe in southern Germany to the eastern parts of the
Netherlands (see Fig. 22). The area was chosen for practical reasons:

• The Rhine is one of the most important rivers in Europe and the
chosen stretch is more or less self-contained – there are a number
of tributaries, such as the Mosel and the Main, but further down-
stream in the Netherlands the Rhine is joined by the Meuse and
splits into parallel branches.

• Both the hydrological and environmental conditions in the Rhine
have been studied for many years and this has resulted in exten-
sive datasets of measurements, containing information about nu-
merous substances and the flow rates (Flussgebietsgemeinschaft
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Figure 22: Map of the area of interest: the Rhine from Maxau (near Karlsruhe)
to the Netherlands. The extent of the area that has been modelled
is indicated by a dark blue line. The basin itself is shown as a thick
black line.
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Figure 23: Sketch of the schematisation of the river system. A: division of the
river into segments. B: cross-section of a part of the river, showing
how the depth profile is taken into account.

Rhein, 2015; ICPR, 2015; Rijkswaterstaat (Dutch Water Authori-
ties), 2015). Furthermore information about the tributaries and
wasteloads is available (ICPR, 2014), allowing the set-up of a com-
prehensive model.

5.2.2 Modelling the hydrodynamics and transport of substances

To investigate the transport and fate of nanoparticles in the Rhine river,
a numerical model was developed, based on an existing modelling
system, namely SOBEK-River for the hydrodynamics and DELWAQ
for the water quality (Stelling and Duinmeijer, 2003; Postma et al., 2003;
Smits and van Beek, 2013).

The modelling system solves the so-called Saint-Venant equation,
which describes the hydrodynamics of a river system (Moussa and
Bocquillon, 2000), and the one-dimensional advection-diffusion equa-
tion for the water quality in such a river system:

∂u
∂t

+ u
∂u
∂x

+ g
∂h
∂x

= g(S− S f ) (29)

∂A
∂t

+
∂Q
∂x

= q (30)

∂AC
∂t

+
∂QC
∂x

= D
∂

∂x
(

A
∂C
∂x

)
+ processes (31)

where Eq. 29 is the momentum equation for the flow velocity u aver-
aged over the cross section and the water depth h. In this equation g
is the gravitational acceleration, S represents the effect of the bottom
slope, and S f that of bottom friction. The flow rate Q is related to the
flow velocity and the width of the main channel of the river.
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Figure 24: Flow chart of the model set-up.

Eq. 30 represents the continuity equation relating the change in wa-
ter depth to the gradients in the flow velocity and the lateral inflow
q. A is the wet cross-section of the river. Eq. 31 uses the flow field
(flow velocity and water depth) and mixing or dispersion processes (as
quantified by the coefficient D) to describe the transport of a substance,
possibly subjected to specific water quality processes.

The model itself consists of a one-dimensional schematisation of the
river and some of its tributaries (see Fig. 22 for the model region and
Fig. 23A for the one-dimensional schematisation), which takes into ac-
count the shape of the river cross sections and other hydrodynamic
properties. The flow rates of the Rhine and its tributaries were spec-
ified as time series for the period of interest with as much detail as
available, so that a realistic flow field could be achieved.

The results of the hydrodynamic component are used to model the
transport of substances, both dissolved and suspended, in the part of
the river system covered by the model schematisation (see Fig. 24). Be-
sides being transported with the flow, the substances are also subjected
to other processes (Section 5.2.3).

For this study, the hydrodynamic model was run for the period
2007-2009, with detailed data on the flow rates for the Rhine at Basel
(Flussgebietsgemeinschaft Rhein, 2015) and for the larger tributaries,
Main, Mosel and Neckar. For the smaller tributaries, Lahn, Sieg, Ruhr
and Lippe, no detailed information was available. Here only long-term
mean flow rates are available (Wikipedia, 2015b).
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The section of the river thus modelled is about 600 km long and the
residence time is in the order of 6 days – with typical flow rates the
flow velocity is about 1 to 1.2 m/s. This is important because it limits
the time for the various processes to take effect: processes that take
much longer than this time will have limited effect. With the fairly low
nanoparticle concentrations in the Rhine, especially the homoaggrega-
tion process is limited by this residence time.

5.2.3 Processes specific for nanoparticles

The process model developed by Markus et al. (2015) was adopted
for this study (see Appendix C). More specifically the following pro-
cesses were implemented in the general water quality model, DEL-
WAQ (Postma et al., 2003; Smits and van Beek, 2013):

• Aggregation of free nanoparticles to homogeneous clusters of
nanoparticles (homoaggregates)

• Adsorption of free nanoparticles to suspended particular matter
(heteroaggregates)

• Sedimentation of the homo- and heteroaggregates of nanopar-
ticles to the river bed. These particles can be resuspended again
due to bottom friction.

It is known that zinc oxide and silver nanoparticles dissolve in wa-
ter, but the processes can be complicated, influenced by the presence
or absence of oxygen for instance and the rate at which the dissolu-
tion occurs seems to depend on many factors as well. Dissolution has
been reported to occur under oxic circumstances but can be hindered
if natural organic matter is present (Liu and Hurt, 2010). It has also
been reported that only up to 10% of the mass in silver nanoparticles
would actually dissolve (Cornelis et al., 2011a). The effect of dissolu-
tion would be the reduction of the concentration of nanoparticles, so
eventually no silver nanomaterial will be left. There is, however, no
clear information on the dissolution kinetics in natural river systems.
Dissolution was therefore left out of the model calculations.

The mathematical formulation of the homoaggregation and heteroag-
gregation processes as used in the present study is described by Markus
et al. (2015). Sedimentation and resuspension are modelled via a con-
stant sedimentation velocity and a constant rate coefficient, while tak-
ing the shear stress into account (see Appendix C). Basically the terms
in the equations describe how much of one fraction is transformed into
another fraction, thus preserving the total mass in the water. Sedimen-
tation is the only removal process considered. The simplified equations
below illustrate this for heteroaggregation and sedimentation:
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dC f ree

dt
= −kagg · Csed · C f ree (32)

dCads
dt

= +kagg · Csed · C f ree −
ws

h
· Cads (33)

where:
kagg is the rate coefficient of heteroaggregation (value: 0.0073/mg.d).
C f ree is the concentration of free nanoparticles (µg/l).
Cads is the concentration of adsorbed nanoparticles (either adsorbed to
inorganic or organic; µg/l).
Csed is the concentration of suspended particulate matter (either inor-
ganic or organic; mg/l).
h is the water depth (m)
ws is the net settling velocity of SPM, as the adsorbed nanoparticles
settle when the SPM particles settle (maximum value: 0.1 m/d)

With respect to this model, the following remarks can be made:
the process terms and the corresponding coefficients have been de-
termined on the basis of laboratory experiments and may therefore
be specific to the circumstances of these experiments (Brunelli et al.,
2013; Quik et al., 2014). In a water system like the river Rhine these cir-
cumstances are unlikely to be uniform in space and constant in time,
notably such parameters as the ionic strength, pH and the organic mat-
ter concentration, though for pH and ionic strength, represented by the
chloride concentration the variations in the measured values are small
(Flussgebietsgemeinschaft Rhein, 2015). However, it is not possible to
indicate what the effect would be on the rate coefficients, due to a
lack of relevant data. This is one reason for including scenarios where
the rate coefficients are markedly different from the nominal ones. An-
other thing to note is that in the laboratory experiments by Brunelli
et al. (2013) and Quik et al. (2014), the concentration of nanoparticles
was in the order of mg/l, whereas all studies indicate that the concen-
trations are likely to be in the order of µg/l or less (Gottschalk and
Nowack, 2011; Gottschalk et al., 2013). This makes quite a difference
for the homoaggregation component in the model, as the mathemat-
ical expression depends on the product of the concentrations of free
nanoparticles and of homoaggregates.

The high SPM concentrations in wastewater may lead to the adsorp-
tion of almost all nanoparticles present. Within the model desorption of
nanoparticles from SPM and disaggregation of homoaggregates are ig-
nored, as there is virtually no information about such processes. Hence,
once they are adsorbed or aggregated, they will remain so in the model
(Markus et al., 2015). To study the effect of the adsorption and aggrega-
tion processes the nanoparticles were assumed to enter the river system
as free, unadsorbed particles in the first two scenarios. In the other sce-
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narios a different distribution between free and adsorbed nanoparticles
at the source was assumed (see Section 5.2.5).

Finally, for the three types of nanoparticles considered in this study
the same values for the process coefficients have been used. This simpli-
fication is a consequence of the lack of experimental data that would al-
low estimation of specific values. For the same reason it is not possible
to relate the physicochemical properties of nanoparticles (size, surface
charge etc.) to these process coefficients. It is mitigated by two con-
siderations: first, the processes identified and implemented by Markus
et al. (2015) represent exchanges of mass from one fraction to another,
hence they do not change the total mass, and secondly, two scenarios
in the study were run with increased and decreased aggregation rate
coefficients, so that the effect of these processes on the distribution over
the fractions can be examined (see Section 5.2.5).

5.2.4 Monitoring data

For the part of the Rhine catchment that was chosen for this study, wa-
ter authorities in Switzerland, Germany and the Netherlands as well
as the International Commission for the Protection of the Rhine (ICPR)
have published measurements of the flow rates and the water qual-
ity parameters over many years (Flussgebietsgemeinschaft Rhein, 2015;
ICPR, 2015; Rijkswaterstaat (Dutch Water Authorities), 2015; Bunde-
samt für Umwelt BAFU, 2009). The data used here are summarized in
Table 5.

Simulations of the hydrodynamics were done for the years 2007–
2009. The choice of this period was based on the availability of data for
the model study.

One potential problem with the use of these data as boundary con-
ditions is that the frequency of measuring once every two weeks or
even once a month, for instance for the concentration of SPM, is low
in comparison with the variation found in the daily measurements at
Lobith (close to Bimmen, Fig. 1 in Appendix C). While some peaks
in the calculation results are missed when using a low-frequency time
series, the overall patterns agree very well (see Fig. 25). Therefore we
are confident that the low-frequency time series describes the general
picture reliably enough for use in these model calculations.

Because of the data availability, the model is driven by daily values
for the flow rate at Basel, which is considered to be representative of
the flow rate at the upstream model boundary (near Karlsruhe), and
two-weekly or monthly values for the flow rates of the tributaries. For
several smaller tributaries no detailed data were available, so instead
long-term averages were used (Bundesamt für Gewässerkunde, 2015).
The concentrations of the various observed substances at the bound-
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Table 5: Overview of measurement data used for the simulations for the period
2007-2009 for the river Rhine.

Parameters Locations Frequency Source

Flow rate at Basel Basel Daily BAFU (2009)

Switzerland

Flow rates tributaries, Several stations Every two weeks BAFG (2015b),

concentrations SPM, – Rhine and or once a month Germany

total zinc tributaries

Concentrations SPM, Lobith Daily for SPM, RWS (2015),

total zinc, titanium every two weeks the Netherlands

and silver other parameters

Data on WWTPs Rhine basin – ICPR (2014,2015),

Germany
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Figure 25: Simulation of the SPM concentrations at Bimmen, using an original
high-frequency time series as the upstream boundary conditions
and a thinned version of that time series. The green line without
dots represents the results with the high-frequency series and the
red line with the dots represents the results with the thinned series.
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aries were also two-weekly or monthly (Flussgebietsgemeinschaft Rhein,
2015).

5.2.5 Estimation of the emissions of nanoparticles

Although nanoparticles are being used in many consumer products, no
actual usage data are currently available (Sun et al., 2014). Therefore as
an alternative data on the typical use of the various types of products,
especially personal care products, and the size of the population that
contributes to the total discharge in a river basin were used (Markus
et al., 2013).

This resulted in the following estimates for the emission per inhabi-
tant for the three types of nanomaterials distinguished here:

Titanium dioxide: 3.7 g/y; zinc oxide: 5 g/y; silver: 46 mg/y
An overview of the wastewater treatment plants (WWTP) in the

Rhine basin was obtained from the ICPR (ICPR, 2014). For reasons
of simplicity, the roughly 5000 treatment plants in this database were
grouped into a set of 18 sources, each located at the Rhine river or one
of its tributaries. The total size in inhabitant equivalents per source was
then used to estimate the potential load of nanoparticles (see Table S1

in Appendix C). Two correction factors were applied, as explained in
the appendix:

• The reported total capacity of the WWTPs (86 million) is larger
than the population (50 million). The emissions were corrected
with a factor 50/86 to take this into account.

• As several publications indicate, a large fraction (in the order
of 95%) of the nanoparticles is actually retained in the sewage
sludge by the WWTPs, but a part of the wastewater does not
pass through the WWTPs. The net effect has been estimated as
15% of the nanoparticles actually entering the surface water (see
Section C.2).

These corrections led to the net total emissions for nanoparticles in
the Rhine basin (compare to Table 13):

Titanium dioxide: 28 t/y; zinc oxide: 37 t/y; silver: 0.34 t/y
Furthermore the personal care products that contain nanomaterials,

e.g. sunscreens containing titanium dioxide and zinc oxide, are likely
to be used more in summer time than in winter, which leads to a sea-
sonal pattern in the waste loads. Instead of the simpler assumption of
loads constant in time, the following discharge pattern for these two
types was chosen to reflect this typical use: in the months May to Au-
gust the concentration in the wastewater is assumed to be four times
higher than during the rest of the year. This defines the first scenario.

In the second scenario it was assumed that the sewage sludge is
used as a fertilizer and that the nanoparticles will be leached out of
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the fertilized soil continuously. This was modelled as a diffuse source
uniform along the whole river, assumed to amount to 30% of the total
influent waste. Much of the sewage sludge is incinerated or stored in
landfills, in accordance with EU regulations, and so is not likely to be
released into the environment, but the percentage varies from country
to country. The European statistics bureau indicates that on average
about 20% of the sewage sludge is incinerated, though in a country
like Germany the percentage is in the order of 60% (Eurostat, 2015).
The two emission scenarios may be considered to define lower and
upper limits for the discharge of nanoparticles.

Additional scenarios were formulated to investigate the distribution
of the nanoparticles over the three fractions at the source and the un-
certainty in the aggregation processes. The total emissions were those
of scenario 2:

• In scenario 3 the nanoparticles at the sources were assumed to be
evenly distributed over the free and adsorbed fractions, whereas
in scenario 4 the nanoparticles at the sources were assumed to be
all adsorbed to SPM.

• In scenarios 5 and 6 the rate coefficients for the aggregation pro-
cesses were set to respectively three times larger and three times
smaller than the nominal values used in the other scenarios.

5.3 results

The model results consist of two parts: one concerns the simulation of
the SPM and total zinc concentration to validate the transport model
via the available measurements and the other concerns the simulation
of the transport and fate of the zinc oxide nanoparticles (see Section
5.3.3). Here we present the results for zinc; the results of similar calcu-
lations for titanium dioxide and silver are reported in the appendix.

5.3.1 Suspended particulate matter

In the modelling of the transport of nanoparticles in a river suspended
particulate matter (SPM) is an important component, because the nano-
particles may adsorb to the SPM particles and precipitate. To verify that
the model can approximate the observed concentrations sufficiently
well, the model results were compared to the available observations
(Section C.6 and Figs. 45 to 47). While for monitoring points upstream,
like Bad Honnef, the results are quite satisfactory, for the monitoring
point at Bimmen the calculated concentrations are slightly lower than
the observed data (Fig. 26B).

According to the ICPR, the annual transport of total sediment, coarse
and fine, through the Rhine is 1.5 Mt at Basel (International Commis-
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Figure 26: Measured (+, darkblue) and calculated (o, lightblue) concentration
of suspended particulate matter at Bimmen (mg/l). (A) An extra
source of 0.37 Mt/y was included to represent erosion. (B) No extra
source was included.

sion for the Protection of the Rhine, 2011). Approximately 300 kt is lost
due to sedimentation between Basel and Iffezheim – this part of the
Rhine has a number of barrages, slowing down the flow and making
sedimentation possible. At the Dutch-German border the yearly load is
3 Mt. Thus in the German part of the Rhine erosion must occur or else
some other source must be present. Only a part of this mass transport
concerns fine cohesive sediment, that is, what is called SPM here, the
other part is coarser material, such as sand. The SPM mass balance, de-
rived in this study from the measured concentrations also indicates an
extra source: at Bimmen roughly 1200 kt/y of SPM pass through the
river, whereas the inflow at Maxau near Karlsruhe together with the
tributaries account only for 860 kt/y (Table 14). Frings et al. (2014) also
conclude from a study of the mass balance that there is a net erosion
in the part of the river considered, but the focus of their study is on
coarser material like sand and gravel.

It was therefore assumed that some form of erosion is taking place
along the whole river, thus increasing the SPM concentrations in the
downstream part. In the model a diffuse source was added with a total
load of 0.37 Mt/y (a quarter of the estimate from the ICPR). The factor
1/4 was determined by fitting the model results, but it corresponds
closely to the mass balance. The result for Bimmen is shown in Fig.
26. The calculated concentration is more in agreement with the mea-
sured concentration for this monitoring point as well as for upstream
locations. Therefore it was decided to include this extra load in the
subsequent calculations.

5.3.2 Total concentration of zinc

In a very similar way the model was used to simulate the total con-
centration of zinc over time and the results were compared to the mea-
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Figure 27: Measured (+, darkblue) and calculated (o, lightblue) total concen-
tration of zinc at Bimmen (µg/l). In the calculation a diffuse source
was included.

surements published for the river Rhine. In the model very little sedi-
mentation of SPM takes place, due to the high flow velocities. As only
zinc adsorbed to SPM would be removed from the water phase by sed-
imentation, total zinc can be regarded as a conservative substance: zinc
may be present as dissolved ions, zinc oxide nanoparticles or adsorbed
to SPM, but the total concentration is not affected by adsorption or
aggregation processes that are taking place, as these are exchanges be-
tween one form and another. The main influences on the concentration
are therefore the discharges via the tributaries and the flow rate of the
river.

The typical total concentration of zinc at Bimmen is 15 µg/l and
there are short peaks of up to 40 µg/l in the measurements (see Fig.
27). Not all of these peaks are followed accurately by the model results,
but the overall pattern agree quite closely with the measurements.

When only the discharges via the tributaries and the upstream in-
flow are used the concentration calculated by the model is systemat-
ically underestimating the measurements (Figs. 49 to 50). There are,
however, additional sources of zinc, such as atmospheric deposition,
traffic and corrosion of zinc surfaces, as indicated for example in a re-
port by Fuchs et al. (2010). They find, using the MONERIS model and
citing an earlier report by Hillenbrand et al. (2005), that the emission
of zinc in urban areas in Germany is in the order of 600 t/y. This emis-
sion can be attributed for about 50% to the corrosion of zinc surfaces.
In the model calculations in the present study, again a diffuse source
was incorporated which amounted to a total of approximately 330 t/y,
which is of comparable magnitude, though it should be interpreted as
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Figure 28: Calculated concentrations of ZnO nanoparticles at Bimmen (µg/l).
The nanoparticles are distributed by the processes over three frac-
tions, free (unattached) nanoparticles (symbol: x), homoaggregates
(clusters of nanoparticles; symbol: o) and heteroaggregates (ad-
sorbed to SPM; symbol: +). The black line without symbols is the
total of the three fractions. (A) First scenario: the emissions are as-
sumed higher in summer time. (B) Second scenario: with runoff
along the whole river. Note the difference in scale.

representing the emission of zinc in the Rhine basin, not in the whole
of Germany.

5.3.3 Zinc oxide nanoparticles

The measured concentrations for total zinc amount to approximately
15 µg/l, with occasional peaks up to 40 µg/l, as discussed above. For
the zinc oxide nanoparticles the calculated concentrations are signifi-
cantly lower: of the order of 1 µg/l in summer periods (see Fig. 28A).
As can be seen, the aggregation processes cause a significant part of
the nanoparticles to be adsorbed to suspended particulate matter. Ho-
moaggregates of nanoparticles would occur mostly when the total con-
centration of nanoparticles is high, but they make up a very small
fraction of the nanomaterial only.

This is true in particular for July 2008, where according to the mea-
surements a very high peak in the SPM concentration occurred. This
peak was observed upstream of Karlsruhe, so it was incorporated in
the boundary conditions and led to high concentrations of SPM during
a short period. As a consequence the aggregation process was acceler-
ated, leading to a larger part of the nanoparticles being adsorbed to
SPM around that time.

To get an impression of the development of the fractions over the
length of the river, a longitudinal view was created by averaging the
concentrations over the calculation period (2007–2009) and displaying
the average as a function of the distance along the river. The averaged
concentration increases with each additional discharge of wastewater,
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Figure 29: Calculated concentration of ZnO nanoparticles along the Rhine, av-
eraged over the simulation period 2007-2009 (µg/l). The fractions
are shown as cumulative. The vertical lines indicate the location
of the monitoring stations. (A) First scenario: the emissions are as-
sumed higher in summer time. (B) Second scenario: with runoff
along the whole river. Note the difference in scale.

corresponding with the location of tributaries and major cities (see
Fig. 29A). The fraction of free (unattached) nanoparticles gradually de-
creases up to the location of another discharge. Overall, the nanopar-
ticles are distributed as: roughly 60% are free and 40% are attached to
SPM. Only a negligible part is present in the form of homoaggregates.

The results above were obtained using the first release scenario, in
which the emissions are assumed to be higher in summer time than
in winter. The model results clearly show this increase in the summer
months (Fig. 28). For the second scenario, in which an extra diffuse
source of 30% of the total waste is taken into account (see Section 5.2.5),
the results are markedly different:

• The cumulative concentration level is 3 µg/l, so three times as
high as in the first scenario and the influence of the increased
use of sunscreen products in summer that contain nanomaterial
is much less pronounced (see Fig. 28B).

• The longitudinal presentation shows a steady increase in the vari-
ous fractions as a consequence of the diffuse sources (see Fig. 29B,
note the difference in scale with the first scenario). The effect of
the individual wasteloads is much less pronounced in this case.
Instead the continuous addition of nanoparticles along the river
causes the fraction of free nanoparticles to be higher than in the
first scenario, because the aggregation process takes some time
to take effect. The concentration of homoaggregates, however, is
again very low.
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Figure 30: Comparison of the six scenarios: concentration of the three fractions
at Bimmen, averaged over time. Three fractions are shown: lightblue
– free nanoparticles, green – homoaggregates and red – heteroaggre-
gates.

The estimated emissions for titanium dioxide and silver nanopar-
ticles show a similar profile as those for the zinc oxide nanoparticles
(see Figs. 59 and 60). Since the modelled processes are nearly linear
and identical process coefficients were used, the results are quite com-
parable, albeit with a different scale. For titanium dioxide the model
predicts a distribution over the fractions highly similar to that of zinc
and concentrations in the order of 0.6 µg/l. The total concentration of
titanium measured near Bimmen is in the order of 10 to 20 µg/l, so
an order of magnitude larger (see Fig. 57 and Section C.6.1). For sil-
ver the model predicts a nanoparticle concentration of roughly 5 ng/l,
whereas the measurements of the total concentration of silver near Bim-
men are around 0.2 µg/l, a difference of two orders of magnitude (see
Fig. 58).

5.3.4 Comparison of the scenarios

The state in which nanoparticles enter the aquatic environment is one
of the sources of uncertainty in the model results. While it is likely
that most nanoparticles are adsorbed to SPM as a consequence of the
high SPM concentrations in wastewater, there is no direct evidence for
this. The scenarios 3 and 4 were devised to examine the influence of
this initial distribution. Another uncertainty is the rates at which the
aggregation processes take place – either due to changing environmen-
tal conditions, such as the pH or the organic matter concentration, or
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due to the differences in physical and chemical properties of the three
nanoparticle types. Fig. 30 shows the time-averaged concentrations of
the three fractions at Bimmen, calculated for the six scenarios. There
is a slight variation in the total concentrations for scenarios 2 to 6 due
to the sedimentation of SPM in the model. In all cases the fraction of
homoaggregates is negligible.

Since in the scenarios 3, 5 and 6 the nanoparticles released into the
system are assumed to be evenly distributed over free nanoparticles
and heteroaggregates, the fraction of heteroaggregates is more promi-
nent than in the first two. In scenario 4 heteroaggregates constitute the
only fraction, as there is no disaggregation process distinguished in
the model. For the other scenarios the fraction of free nanoparticles at
the downstream region of the model ranges from 20 to 45%. Even if
the aggregation process is three times faster (scenario 5) than assumed
in most scenarios (for instance scenario 3), a fairly large fraction of free
nanoparticles would still be present. This means that the distribution
at the source has a large influence on the distribution in the river. It
also means that the precise aggregation coefficients have a fairly lim-
ited influence, at least in the studied system, which is in agreement
with the conclusions of Velzeboer et al. (2014).

5.4 discussion

5.4.1 Comparison to measurements

The model results are quite comparable to the available measurements
for zinc and SPM for the period that was selected. For suspended
particulate matter at Karlsruhe and total zinc at Mainz the model re-
sults differ significantly (see Appendix C), but the measurements them-
selves are inconsistent with the measurements at other locations. At
Karlsruhe the measured SPM concentrations exhibit significantly fewer
peaks than at locations further downstream. The measured total con-
centration of zinc at Mainz is mostly 10 µg/l, as this was the local limit
of detection.

The conclusion from the comparison with measurements is there-
fore that the model is capable of reproducing the measurements, with
a typical error of 10 to 15%, even though not all observed peaks are re-
produced or are reproduced at a slightly different time. The magnitude
of the diffuse sources in the model, obtained by fitting, is comparable
to available publications (International Commission for the Protection
of the Rhine, 2011; Fuchs et al., 2010) and the mass balance derived
from the measurements (see Section C.4).
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5.4.2 Environmental fate processes

The calculations for the transport of nanoparticles corresponding to the
first scenario assume that the nanoparticles enter the river system as
free particles, that is, unattached to suspended particulate matter and
not clustered into homoaggregates. This is of course a simplification
of the actual situation. In fact, both Kaegi et al. (2013) and Brunetti
et al. (2015) argue that nanoparticles tend to attach quickly to SPM in
sewer systems, so that it is very likely that the form in which they enter
the river water is rather that of heteroaggregates. If that is indeed the
case, the processes used in the water quality model will have a limited
influence only. The nanoparticles will remain in that form, unless dis-
aggregation occurs. To our knowledge, there is hardly any information,
if at all, about such a process.

Even if nanoparticles enter the aquatic system as free nanoparticles,
the end result is still that all will become part of homoaggregates or,
more likely, heteroaggregates. The rate at which the aggregation occurs
may depend on the precise environmental conditions, though the res-
idence time is an important factor as well. In areas of the river where
sedimentation of SPM occurs and therefore of any adsorbed contami-
nant, one may expect an accumulation of the nanoparticles in the sedi-
ment.

In contrast to the study of Praetorius et al. (2012), the current study
predicts that nanoparticles, free or as aggregates, travel much further
along the river. The difference is caused by a different settling velocity
for SPM. Praetorius et al. (2012) use a very large settling velocity (in
the order of tens of meters per second), so that the sediment and there-
fore the attached nanoparticles can only travel about 100 km. Since the
SPM concentration in the Rhine is in the order of 20 to 30 mg/l over
the whole river, this rapid sedimentation should be compensated by
resuspension to maintain the overall concentration level. A direct com-
parison of the predicted concentrations is hindered by the difference
in reference points: Praetorius et al. consider only the emission from
the city of Basel by scaling it down from estimates for Switzerland as
a whole and they present the results as number concentrations.

5.4.3 Evaluation of the scenarios

The results for the first two scenarios indicate that the contribution
of nanoparticles to the total concentration of zinc in the river Rhine
is likely to be limited to 5 to 10%, just as for titanium. For silver the
percentage is slightly lower, 2%. This has been depicted graphically for
the monitoring locations in Fig. 31. The percentage is roughly constant
along the whole of the modelled area. Because no measurements of
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Figure 31: Average concentration of zinc oxide nanoparticles compared to the
average total concentration of zinc for the monitoring locations. Con-
centration in µg/l.

titanium and silver concentrations along the Rhine are available, no
such conclusion is possible for these two metals.

A crucial element in the set-up of these scenarios is that wastewa-
ter treatment plants are capable of retaining at least 95% of the nano-
particles in the sewage sludge. This has two consequences. First, the
sewage sludge will contain a large fraction of the nanoparticles that
enter the sewage system and therefore it is important to understand
what their fate is in relation to the sludge. Leaching as assumed in the
second scenario may actually cause a significant increase in the concen-
tration. For instance, Donatello et al. (2010) have studied the possible
consequences of the incineration of sewage sludge and conclude that
such ash is not completely inert with respect to the leaching of metals
like zinc. This may also hold for nanoparticles (Koehler et al., 2011).

Secondly, the part of the wastewater that does not pass through the
treatment system has a much higher concentration of nanoparticles
than the effluent. Hence, even if the untreated wastewater represents
only a few percent of the total, it may still provide a noticeable contri-
bution. Furthermore, an error of a few percent in the estimate of the
fraction that is actually treated has a very large impact on the estimate
of the fraction that is not treated: suppose it is estimated that 90% is
treated (i.e. 10% is not). Then an error of 10% in this estimate means
the "true" fraction of treated wastewater could be 81 to 99% but the
"true" fraction of untreated wastewater could be 1 to 19% – relatively
speaking a much larger range.
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Philips et al. (2012) indicate that on a yearly basis about 10% of the
wastewater in their study area (Burlington, Vermont, USA) bypasses
the treatment plant there, but this 10% is responsible for 40 to 90% of
the annual load of hormones and other micropollutants. This is simply
a consequence of the treatment efficiency being very high. What is not
treated gains in relative contribution.

The scenarios have been set up using assumptions that each intro-
duce their own uncertainties:

• The typical amount of nanomaterials in personal care products as
used by people over a year determines the overall concentration
levels for these materials. If this amount is actually twice as high
as assumed, the concentration levels will roughly be twice as high
as well.

• Input of nanoparticles from industrial processes or runoff from
urban areas has not been considered. The reason for this is that
there are no data available on which estimates can be based to
determine a contribution.

• The estimate of what fraction of nanomaterials is retained in the
sewage sludge has been adopted from several publications, even
though in most cases a range is indicated.

• What is perhaps more important than the exact fraction that is
retained, is the fraction of wastewater that is not treated at all.
No detailed information is available.

• In scenarios 1 and 2 it was assumed that nanoparticles would en-
ter the river system as free, unattached, particles, but given the
high concentrations of suspended particulate matter in sewage
systems, it is very likely that they are for a significant part at-
tached to SPM. Then scenarios 3 or 4 would be more realistic.
This gives a range for the distribution downstream over the free
and adsorbed fractions (see Fig. 30).

5.5 conclusions

The model results indicate that all three types of nanoparticles have
a relatively small contribution to the total concentration of the respec-
tive constituent metals. Even in the case of the second scenario the
concentrations are relatively low in comparison with the total concen-
trations. On the basis of the alternative scenarios it can furthermore
be concluded that the initial distribution of the nanoparticles over free
and adsorbed fractions is likely to persist for a long time. This is a
consequence of the relative slowness of the aggregation processes. The
precise rates of the processes have only a limited effect on the down-
stream distribution, as shown by scenarios 5 and 6.
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By applying a model like this we gain insight in the potential distri-
bution of these emerging contaminants in time and space. More specif-
ically, the model allows us to examine a variety of scenarios both with
respect to emissions, like described here, and with respect to processes
or process coefficients. By varying these aspects we can quantify the
ranges for the concentrations and the distribution in the environment,
in both water and sediment, and so deal with the uncertainties that
surround the occurrence of nanomaterials. Although the influence of
the processes appears limited, coefficients specific to the nanoparticles
in question could reduce the total uncertainty. Right now, the nanopar-
ticles as considered in the model are more or less "generic". It would
also be interesting to compare the model results with field data of
nanoparticle concentrations. This would enable us to validate the de-
scription of the processes, which is now based only on laboratory ex-
periments.

The model is quite capable, however, of reproducing the observed
concentrations of SPM and total zinc in both time and space. This is
an important factor for understanding the transport of nanoparticles
in such a system, as nanoparticles appear to behave in much the same
way as SPM.
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abstract

We investigated the occurrence of inorganic nanoparticles in a natu-
ral system, the river Dommel in the Netherlands. The river itself is
well-studied as far as hydrology and water quality is concerned, easily
accessible and contains one major wastewater treatment plant discharg-
ing onto this river. We sampled the river water at various locations
along the river and collected samples of influent, effluent and sewage
sludge from the treatment plant. The sampling campaign was carried
out in June 2015 and these samples were analysed for seven metals
using inductively coupled plasma mass spectrometry (ICP-MS), ultra-
filtration and scanning electron microscopy (SEM).

From the results we conclude that there are indeed nanoparticles
present in the system we studied, as we found titanium and gold parti-
cles in the influent and effluent. The river water also contains nanopar-
ticles, although they occur in clusters or attached to natural colloids,
so that the effective size as determined from ultrafiltration is above 0.4
µm. Only 10 to 20% of the mass concentration is made up of dissolved
metal or of free metal particles with a size smaller than 20 nm.

We found evidence that there is no appreciable anthropogenic emis-
sion of cerium into the river, based on the geochemical relationship
between cerium and lanthanum. Besides, the effluent of the treatment
plant has lower concentrations of the examined metals than the surface
water upstream. The treatment plant discharges much less of these met-
als than estimated using previous publications. However, a potential
source of titanium (dioxide) nanoparticles is their use in coatings, as
the concentration of titanium increased considerably in the urbanised
area of the river Dommel.

This chapter has been submitted.
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6.1 introduction

With the increasing use of nanoparticles in consumer products and
industrial processes it becomes more and more important to know in
what concentrations they occur in the environment (Keller and Lazareva,
2014). Pathways for the release of nanoparticles into surface waters are
among others wastewater from households and atmospheric deposi-
tion (Petersen et al., 2011). For the most common types of nanopar-
ticles, titanium dioxide, zinc oxide and silver, it is likely that the main
pathway is via wastewater from households an industry, as they are
used in personal care products and textiles, as a UV filter or for their
antimicrobial properties. A fourth type, cerium dioxide is also used as
an abrasive and as catalyst in fuel for automobiles (Gómez-Rivera et al.,
2012).

One of the problems encountered with research into the occurrence
of engineered nanoparticles in the environment is the difficulties in
actually detecting and measuring them in complex environmental ma-
trices. It is also difficult to distinguish engineered nanoparticles from
particles in that size range that have a natural origin (Wagner et al.,
2014). One advantage of investigating inorganic nanoparticles is that
the elemental composition makes it somewhat easier to distinguish
them from background material, even though it is still difficult to de-
termine if they are engineered or natural.

This article reports on the use of a combination of separation and de-
tection techniques in order to determine the presence of nanoparticles
in a river in the south of the Netherlands. This river, the Dommel,
was chosen because it is easily accessible and there is one large city,
Eindhoven, with one of the largest wastewater treatment plants in the
Netherlands that discharges into it. Thus a relatively large potential
source of nanoparticles is present in the study area.

In 2013 a first sampling campaign was held along the Dommel and
the concentrations of several metals, aluminium, cerium, titanium and
zirconium, were measured using asymmetric flow field flow fraction-
ation (AF4). These measurements have been reported by Klein et al.
(2016), as part of a study into the modelling of the transport and fate
of nanoparticles in the river Dommel. The measurements analysed and
reported in this paper largely concern the same sampling points. The
current study builds on the experiences from this first campaign.

6.2 materials and methods

6.2.1 Selection of metals

The emphasis of the analyses was on detecting nanoparticles. To this
end ultrafilters of different mesh were used to determine a rough size
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Figure 32: Map of the sampling locations along the river Dommel. At the top
it joins the river Meuse. The two tributaries are the river Tongelreep
(near location D06) and the river Kleine Dommel (just north of D04).
In the inset: the location of the study area within the Netherlands.
Location D07 is close to D06 and location D10 is close to D11. On
the scale of the map the symbols would overlap.
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distribution, followed by ICP-MS for measuring the concentrations and
scanning electron microscopy (SEM) to determine if there are actual
metallic particles present. The metals that were measured were: zinc,
titanium, gold, silver, cerium, lanthanum and zirconium. Lanthanum
was chosen because of its relationship with cerium. In undisturbed,
"natural", circumstances the various rare earth elements occur in a
rather constant ratio (Klaver et al., 2014; Kulaksız and Bau, 2011). If
there is an anthropogenic influence, such as the use of cerium dioxide
nanoparticles, then a discrepancy in this ratio would occur.

6.2.2 Sampling locations

Water samples were collected at 11 locations along the river Dommel
on 4 June 2015, as well as samples of the influent, effluent and sewage
sludge of the treatment plant, collected the day before (see Fig. 32). The
river Dommel is located in the south of the Netherlands. It originates in
Belgium, passes the city of Eindhoven including the wastewater treat-
ment plant (WWTP) with a capacity of about 750,000 inhabitant equiv-
alents and joins the river Meuse after about 80 km near the city of ’s
Hertogenbosch. It is joined by several tributaries, of which the river
Tongelreep is one of the largest in terms of flow rate. The river Kleine
Dommel joins the Dommel between locations D04 and D03 and there
are several much smaller tributaries. Sampling location D04 was cho-
sen downstream of the WWTP, so that it represents the influence of the
treatment plant.

For a better understanding of the geography and the interpretation
of the results the context for the various locations is given:

• The locations D08 to D11 represent the stretch from the Belgian
border through the sediment trap Klotputten. The purpose of this
sediment trap is to reduce the load of suspended particulate mat-
ter (SPM), as the river Dommel carries SPM that is contaminated
by a former zinc factory (Petelet-Griaud et al., 2009). Location
D11 is just downstream of the sediment trap and one would ex-
pect the lowest metal concentrations in this location, at least if
the metals are attached to SPM or are present as particles that
are large enough to settle.

• Locations D07 and D05 are upstream of the WWTP, whereas D06

is the location in the tributary Tongelreep.

• Location D04 is just downstream of the WWTP and one would
expect the highest concentrations there, if indeed there are notice-
able emissions of the metals from the WWTP considered in this
study.
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• The locations D03 to D01 are downstream of Eindhoven. Before
location D03 the tributary Kleine Dommel enters, so that the wa-
ter becomes mixed with the contributions from this tributary as
well.

6.2.3 Treatment of the samples

The water samples were collected using a plastic bucket, which was
first rinsed with the river water at the site. All samples were taken half
a meter below the surface. The samples were then transferred to 60 ml
polystyrene bottles. For each location two such bottles were filled:

• One bottle was filled with filtered surface water, using a mesh
size of 0.45 µm (MDI syringe filters, 0.45 µm, type SY25NN).

• A second bottle was filled with unfiltered water but 0.6 ml of
nitric acid (68%) was added to preserve the sample.

These bottles were stored at 5
◦C until the analysis.

6.2.4 Measurement protocol

Several techniques were employed to determine if nanoparticles are
present in the river and if so in what concentrations and in what sizes.
First of all, the total concentration of the seven selected metals was
measured using inductively coupled plasma mass spectrometry (ICP-
MS), which gave an impression of the spatial distribution. Then ultra-
filtration was applied to separate the particles in size classes. The metal
concentrations in these filtered samples were again measured with ICP-
MS, to determine how much metal is present in each size class. Finally,
several samples were examined using scanning electron microscopy to
identify individual nanoparticles and clusters of nanoparticles.

6.2.4.1 Direct quantification of seven elements in surface water samples by
ICP-MS

The first round of measurements was done on the unfiltered samples
that had been acidified immediately after sampling with nitric acid and
the concentration was measured using a high-resolution inductively
coupled plasma mass spectrometer (HR-ICP-MS type ELEMENT XR,
Thermo Fisher Scientific, Breda, the Netherlands).

The samples from all locations were analysed in this step for the
seven metals zinc, titanium, gold, silver, cerium, lanthanum and zirco-
nium.
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6.2.4.2 Quantification of three elements in ultrafiltered surface water sam-
ples by ICP-MS

To investigate the presence of nanoparticles, a fast and robust method
was applied in a second round: disposable ultrafilters with different
mesh sizes were used to filter the water samples and measure the con-
centration of the metals in the filtrate with the same ICP-MS method.
With an increasingly fine mesh more particles are filtered out, thus
leading to lower concentrations. This reduction will give insight in the
mass present in particles of a given size range.

Four locations were selected that seemed of particular interest and
both the samples that were filtered in the field and the unfiltered sam-
ples that were acidified with nitric acid were analysed, as a quality
check that the preparation of the samples did not influence the results
(see, however, Section 6.3.2). The mesh sizes for the syringe filters were:
450 nm, 200 nm, 100 nm and 20 nm (type Whatman c©Anotop, from GE
Healthcare Life Sciences, Eindhoven, The Netherlands). These samples
were analysed for titanium, gold and cerium, as these turned out to
have the most interesting longitudinal profile.

In total 32 samples were measured according to the following proce-
dure:

• 10 ml of the original sample was filtered using an ultrafilter with
one particular mesh size.

• The filtered water was stored in a 15 ml polyethylene tube and
then nitric acid was added, 0.45 ml for the samples that were not
acidified on site and 0.35 ml for the ones that were acidified on
site. To all tubes 0.1 ml of hydrofluoric acid (40%) was added.

• Overnight the sample was heated to a temperature of 70
◦C for

further dissolution of the particulate matter.

• The final volume was registered for correction of the measured
concentration.

• Via the same ICP-MS device the concentration of cerium, gold
and titanium was measured.

As demonstrated by Krystek and Ritsema (2009), measurements of
comparably low concentration levels in groundwater via ICP-MS have
a total measurement uncertainty in the order of 15% for most metals.
The uncertainty is caused by measurement errors but also by devia-
tions in the treatment of the sample and other influences. This factor
of 15% has been used as the uncertainty in the current measurements.
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Table 6: Estimates of the amount of nanoparticles in wastewater, the net yearly
emission and concentrations in the influent and effluent of the WWTP.
It is assumed that 95% of the metals is retained in the sludge. The
discharge of the WWTP and the representative flow rate of the river
are taken as 1.3 and 1.6 m3/s, so downstream of the WWTP the flow
rate is 2.9 m3/s.

Metal Total Net emission Influent Effluent River

amount

Zinc 2.5 t/y 0.13 t/y 40 µg/l 2 µg/l 0.9 µg/l

Titanium 1.9 t/y 0.09 t/y 30 µg/l 1.4 µg/l 0.6 µg/l

Silver 23 kg/y 1.2 kg/y 0.36 µg/l 19 ng/l 9 ng/l

6.2.5 Estimated emissions of nanoparticles

The WWTP is expected to contribute to the concentration of several of
the metals considered in the river Dommel. Whether such a contribu-
tion can be identified on just the concentration pattern, depends on the
size of the contribution in comparison to the background concentration.
Since the WWTP was identified as a potential source of nanoparticles,
the estimates from Markus et al. (2013) on emissions via nano-enabled
products by consumers were used. Furthermore, WWTPs are likely to
retain at least 95% of the nanomaterial in the sewage sludge (Barton
et al., 2015; Kaegi et al., 2011).

Assuming a capacity of 750,000 inhabitant equivalents and a reten-
tion efficiency of 95% the concentration of nanoparticles in the influent
and the net emission can be estimated (see Table 6). As the Dommel
had a flow rate of 1.6 m3/s upstream of the discharge of the WWTP
effluent in the period of sampling, the expected contribution to the
concentration for these three metals can also be estimated (see the last
column in Table 6). Since the water of the Dommel is mixed with the
effluent from the WWTP, for which the flow rate was 1.3 m3/s in this
period, the resulting concentration depends on the concentration up-
stream as well as the concentration in the effluent:

Cresult =
Qe f f Ce f f + QupCup

Qe f f + Qup
(34)

where Qe f f and Ce f f are the flow and the concentration in the effluent
and Qup and Cup are the flow and the concentration upstream of the
WWTP. The WWTP therefore has a twofold influence: dilution because
of the volume of the effluent and an increase in the mass flux, due to
the presence of the various metals, in dissolved or nano form. This is
further discussed in Section 6.3.
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6.2.6 Electron microscopy (FEG-SEM/EDX)

To confirm the presence of titanium dioxide and gold nanoparticles in
influent and sludge from the Dommel subsamples were studied using
SEM. Droplets of 50 µl of the influent and sludge samples were trans-
ferred to nickel-coated polycarbonate filters, which were mounted on
aluminium specimen holders. First the filters were dried under a hot
lamp at 40

◦C in order to evaporate the water, after that the filters were
plasma-ashed for 1 hour at 15 W in order to remove organic material.

The filters with the subsamples were analysed using a high reso-
lution field emission gun scanning electron microscopy in combina-
tion with energy dispersive X-ray analysis (FEG-SEM/EDX). The in-
strument used in this study was a Tescan MIRA-LMH FEG-SEM (Tes-
can Benelux, Brussels, Belgium) equipped with a Bruker AXS spec-
trometer and a 10 mm2 XFlash 4010 Silicon Drift Detector (Bruker
Nano GmbH, Berlin, Germany). The surface of the filters was system-
atically examined for titanium dioxide and gold nanoparticles using
the backscattered electron imaging mode. After detection of particles
in a field of view, X-ray spectra from the detected particle and sur-
rounding matrix were acquired to determine the identity. The EM was
equipped with Scandium SIS software package (Olympus Soft Imaging
Solutions GmbH, Germany) for automated particle analysis. The size
distribution of titanium dioxide was determined in accordance with
Peters et al. (2014). From each particle or cluster of particles the pro-
jected area equivalent diameter (dpa) was measured. A magnification
of 10,000-50,000 × was chosen to measure the size range of 25-2500 nm
divided into 10 size bins.

6.3 results and discussion

Of the seven metals that were analysed in the surface water samples
during the first step, silver showed the lowest concentrations with a
maximum of only 0.03 µg/l, which is in the range of the limit of de-
tection. Therefore it will not be considered further, but it is simply
concluded that there is no evidence for emissions of silver.

6.3.1 Concentrations of five elements in surface water samples

The concentrations were measured using the unfiltered samples that
had been acidified with nitric acid in the field. The results are discussed
for each metal separately, except for cerium and lanthanum as for these
a specific relationship is to be expected. Section D.5 contains a further
analysis of the concentration using a mass balance approach.

The measured concentration of zirconium was approximately con-
stant along the river, 0.25 µg/l, with no discernible pattern (see Fig. 61).
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Figure 33: (A) Measured concentration (µg/l) of gold (A) and zinc (B) along
the Dommel.

The other metals show some intriguing patterns though (Appendix D
presents the measured values).

Gold

The concentration profile for gold is shown in Fig. 33A. It can be
seen that the concentration starts at 0.1 µg/l near the border with Bel-
gium (location D08), remains more or less constant, until the Dommel
reaches the sediment trap the Klotputten (locations D10 and D11) and
then steadily increases to a value of 0.35 µg/l at the most downstream
location D01. There is no obvious source of gold anywhere in the
basin of the Dommel or its tributaries and the concentration steadily
increases in the downstream direction. There is no obvious explanation
for this increase.

Zinc

The zinc concentration in the river Dommel is rather high, from 40 to
110 µg/l, as a consequence of a zinc factory, closed long ago, just over
the Belgian border, whereas in the river Meuse, which receives this
water, a typical concentration is 25 µg/l (Markus et al., 2013), quite
comparable to the concentration in the Tongelreep (location D06). Ac-
cording to the current measurements (see Fig. 33B), the concentration
is by far the highest upstream, 110 µg/l, and decreases steadily. The
lowest concentration is found at location D06, which is in the tributary
Tongelreep. The WWTP does not seem to contribute significantly – the
concentration in the effluent collected on that day was 52 µg/l, whereas
the concentration in location D04, just downstream of the WWTP was
56 µg/l, so the effluent contained less zinc than the river itself. At the
upstream location D05 a concentration of 47 µg/l was measured.
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Figure 34: Measured concentration (µg/l) of titanium (A) and of cerium (x)
and lanthanum (∇; B) along the Dommel.

The decrease in the concentration around the sediment trap Klotput-
ten (locations D10 and D11) indicates that at least part of the zinc is
present as free particles or adsorbed to particles that get trapped there.
The decrease between locations D02 and D01, in the downstream part,
is probably due to yet another tributary, the Essche Stroom, joining the
river Dommel. This tributary has been reported by the waterboard De
Dommel to have a mean zinc concentration of 28 µg/l (data from 2005;
(Lüers et al., 2006)).

Titanium

The concentration profile for titanium is quite different from that of
gold and zinc, in that the concentration increases significantly around
the sediment trap (location D11; see Fig. 34A): from 0.6 µg/l at location
D10 (upstream) to 1.6 µg/l at location D11 (downstream) and remains
at that level for the whole downstream section.

The increase in the measured concentration of titanium in the river
between locations D10 and D11 and the continued higher concentra-
tion downstream may be due to urban runoff (see Fig. 34A). This part
of the river passes through the city of Eindhoven and the communities
south of Eindhoven. In the several days before the samples were col-
lected on 4 June 2015 a fairly large amount of rain had fallen, however
this is not apparent from the flow rates of the Dommel river in this
period (see Section D.2). Kaegi et al. (2008) found a concentration of 10

to 15 µg/l of titanium in the stormwater in their study regarding emis-
sions from exterior facades. It is difficult to translate their observations
to the current situation, since it strongly depends on the local circum-
stances. Nonetheless, the increase in concentration that was observed
in the river Dommel is in a similar range, taking dilution into account.

The WWTP was expected to be a source of titanium in view of the
use of titanium dioxide as a food additive (EU code E171) and as a com-
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Figure 35: Correlation between the cerium and lanthanum concentrations in
the Dommel. The solid lines represent the best linear fit and the
95% confidence limits.

ponent of various personal care products. However, the effluent had a
titanium concentration significantly lower than that of the receiving
Dommel water: 0.41 µg/l compared to a concentration of 1.7 µg/l at
location D04 (Appendix D, Table 20). The influent has a concentration
of 4.1 µg/l, so effectively 90% of the titanium is retained in the sewage
sludge.

The concentrations measured in the influent and the effluent are
about 8 times, respectively 3 times lower than the estimated contri-
bution by titanium dioxide nanoparticles (see Table 6). Therefore the
estimates regarding titanium dioxide nanoparticles are likely to be too
high by that same factor. Nevertheless, the estimates given in Table 6

are in the same range as the values found by Johnson et al. (2011). They
found concentrations of titanium (size < 0.45 µm) in the sewage treat-
ment plant in Southern England they studied ranging from 17 to 40

µg/l in the influent and on average 3 µg/l in the effluent.
Klein et al. (2016) report concentrations in the order of 0.7 µg/l for

titanium for most of the reach of the Dommel. Only for the three lo-
cations most downstream a higher concentration was observed, in the
order of 1 µg/l. They first filtered the samples using a 0.45 µm filter
and the concentrations were measured using AF4-ICP-MS. As shown
in the section on the ultrafiltration results, applying a 0.45 µm filter has
a significant effect on the observed concentrations.
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Cerium and lanthanum

The concentration of cerium and lanthanum along the river Dommel is
shown in Fig. 34B. The concentration for both metals is fairly constant,
except at locations D05 and D07 where the values are considerably
higher than at the other locations. At location D06, situated in the river
Tongelreep, the concentration is somewhat lower than in the Dommel
itself. Why there should be a higher concentration at location D07 is
unclear.

De Klein et al. report concentrations for cerium that decrease from
0.27 µg/l at the most upstream point (near the Belgian border, location
D08 in this study) to 0.08 µg/l north of Eindhoven (location D02). of
the Dommel. These are two to four times lower than the concentrations
found here.

As explained above, cerium and lanthanum are expected to occur
in a fairly constant ratio, unless there is an anthropogenic influence
(Klaver et al., 2014; Kulaksız and Bau, 2011). As shown in Fig. 35 there
is in fact a strong correlation between the concentrations of these two
metals. The only exception is the concentration in the influent of the
WWTP, where the ratio lanthanum/cerium is almost 1.5 times higher
than at the other locations. The ratio in this study is 0.46, whereas
the data published by Petelet-Griaud et al. (2009) show a ratio of 0.49

for a single location in this river ("Dommel downstream", time series
data from July 2005 to July 2007). Hence there is no indication of a
significant anthropogenic source of either cerium or lanthanum in this
region. Such a source might have been the use of cerium as a catalyst
in fuel (Boxall et al., 2007) or as an abrasive in the electronics industry
(Cheng et al., 2011).

In this study the concentrations observed in the influent for cerium
and lanthanum are 0.64 and 0.42 µg/l respectively, while the concen-
trations in the effluent are 0.05 and 0.02 µg/l respectively, indicating
a retention efficiency of 90 to 95%. For both elements the concentra-
tion in the receiving Dommel is 10 times as high. This shows that the
WWTP does not contribute any significant amount for these elements.

6.3.2 Results of ultrafiltration

As described in Section 6.2.4.2, four locations were selected for a closer
examination into the presence of nanoparticles. Both series of samples
were analysed, that is, the samples that were filtered in the field and
the samples that were acidified instead. The selection of locations was
based on the concentration patterns reported above:

• D01, near the inflow into the Meuse, in ’s Hertogenbosch, where
relatively high concentrations of gold were found.
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Figure 36: Concentration of cerium as function of the ultrafilter mesh size. (A)
The original sample was acidified immediately after collection, but
not filtered. (B) The original sample was filtered, immediately after
collection, with a 450 nm filter. The concentration is in µg/l, the
mesh size in nm.

• D04, as it is just downstream from the WWTP, potentially a large
source of nanoparticles.

• D07, which is upstream of the WWTP but showed an unexpect-
edly high concentration of cerium.

• D11, which is downstream of the sediment trap but nonetheless
shows an increased concentration of titanium.

The results for cerium are shown in Fig. 36 and for titanium in Fig.
37. The data are summarised in Appendix D.

Some observations from these results:

• The concentrations of cerium and titanium found in the samples
that were filtered in the field are much lower than the concentra-
tions in the samples to which nitric acid had been added. The
difference is a factor of 10 for cerium (Fig. 36) and a factor 6 for
titanium (Fig. 37). For gold higher concentrations were found in
the samples that were filtered in the field, but the concentrations
are quite low (results shown in the Appendix).

A possible explanation for this large difference in concentration
levels is that the very first filtration, on site, already removed
a significant amount of these metals, since they are present as
particles or clusters of particles with sizes in the order of 0.45

µm or larger. In the acidified samples these larger particles were
not filtered out on site. Instead they have probably disintegrated
under the influence of the acid.

• For cerium the trend in the concentrations after ultrafiltration is
quite clear: the coarsest filter but one removes one third to one
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Figure 37: Concentration of titanium as function of the ultrafilter mesh size.
(A) The original sample was acidified immediately after collection,
but not filtered. (B) The original sample was filtered, immediately
after collection, with a 450 nm filter. The concentration is in µg/l,
the mesh size in nm.

half of the total amount present, with a particle size range of 200

to 500 nm, and the finer filters have little impact (see Fig. 36).
This is visible in both sets of samples. It can be concluded that no
significant particulate fraction of a size between 20 and 200 nm
is present.

• For both titanium and cerium a larger concentration was found
in these samples that were all treated with hydrofluoric acid than
in the corresponding samples that were only treated with nitric
acid (compare Fig. 34A with Fig. 37A for instance). The expla-
nation for this is that nitric acid alone cannot dissolve all of the
titanium and cerium, so that these measurements resulted in an
underestimation of the actual concentrations (Weir et al., 2012).

• For titanium the effect of the various filtrations is much less pro-
nounced (see Fig. 37A). The increase in measured concentration
is somewhat puzzling. An explanation could be that titanium is
present as clusters of nanoparticles or nanoparticles adsorbed to
natural colloids and the pressure exerted when filtering the sam-
ple with ever smaller mesh size destroys the bond between the
particles. It seems reasonable to conclude that titanium is mostly
present as very small nanoparticles or in a dissolved form. The
latter is more probable since Peters et al. (2014) conclude that ti-
tanium dioxide nanoparticles in food and personal care products
are almost always larger than 20 nm.

The tentative conclusion that can be drawn from these measurements is
that the nanoparticles that may be present in the river Dommel (that is,
particles smaller than 100 nm) are mostly attached to coarser particles,
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Figure 38: Representative SEM image of an agglomerate of TiO2 nanoparticles
(A), the corresponding EDX-spectrum (B) and the number size dis-
tribution of TiO2 particles (C) in the sludge and influent samples
from the WWTP.

like organic matter or clay, or aggregated into clusters of nanoparticles.
Only a very small fraction is likely to be present in unattached, free
floating form.

This can be understood from a mechanistic point of view: natural wa-
ters contain a large amount of natural colloidal particles of micrometer
size, rather than nanometer size. This is even more true for wastewa-
ter from households, in the sewerage system and in the wastewater
treatment plant. Such relatively large particles will catch nanoparticles
and these will remain attached. The rate at which this attachment oc-
curs depends on the concentration of SPM, but given enough time all
nanoparticles will become entrapped.

6.3.3 Independent confirmation of TiO2 and Au particles via FEG-SEM/EDX

FEG-SEM/EDX has been used as an independent technique for the
confirmation of nano-sized titanium dioxide and gold particles in in-
fluent and sludge samples from the wastewater treatment plant in the
river Dommel. The titanium dioxide nanoparticles that were found
were both spherically shaped and elongated and present as agglom-
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erates as well as primary particles, the latter with diameters in the
range of 50 to 300 nm. In general the agglomerates have diameters in
the range of 50 to 1000 nm with an average size of 250-300 nm (Fig.
38). The majority of gold nanoparticles were present as primary parti-
cles with diameters in the range of 10 to 20 nm (see Appendix D). On
the filter, both titanium dioxide and gold particles appeared attached
to and surrounded by organic matter and nutrients. However, it is not
clear whether this is also the case in the original influent and sludge
samples, because it could have been caused by the sample preparation
technique.

The size distribution of the TiO2 particles in the sludge and influent
samples are in the range of the particles sizes found in food and per-
sonal care products (Peters et al., 2014; Weir et al., 2012). Given this
similarity it is likely that the TiO2 particles found in the WWTP origi-
nate from these food and personal care products.

The estimated concentration of titanium dioxide nanoparticles based
on SEM/EDX particle counting is 0.6 (0.3 – 1.5) µg/l for the sludge and
0.13 (0.05 – 0.34) µg/l for the influent. In comparison with the concen-
tration of total titanium measured with HR-ICP-MS (as TiO2) this is
7.6% for the sludge and 3.3% for the influent. Only 2 – 3% of the tita-
nium dioxide particles (as primary particles and agglomerates/aggre-
gates) is nano-sized (<100 nm). After conversion to mass this is only
0.1%. This concentration estimate is two orders of magnitude lower
than that shown in Table 6. Apparently the estimates of the use of
nanomaterial in consumer products as derived by Markus et al. (2013)
are at least an order of magnitude too large.

To confirm the identity as titanium dioxide, an EDX scan has been
carried out of the conglomerate and the surrounding matrix. The re-
sulting EDX graph shows an increase in the response of titanium and
oxygen at the position of the particle, a clear indication that the de-
tected particle cluster is indeed titanium (Fig. 38B; see Appendix D for
the EDX spectrum of the gold particle).

6.4 conclusions

The analyses of the surface water samples that were collected in the
river Dommel have shown some remarkable features. First of all, the
wastewater treatment plant does not cause an increase in the concen-
tration of the considered metals. In fact the concentrations in the ef-
fluent for the examined metals are lower than the concentrations in
the river. Secondly, runoff of coated surfaces may be responsible for a
large fraction of the titanium concentration in the river in the period
after rainfall. This effect should be considered when setting up new
measurement campaigns for this region or similar regions.
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While nanoparticles have indeed been detected in both the influent
and the sewage sludge, the concentrations estimated from the SEM
images are two or three orders lower than the concentrations in the
river water itself.

Furthermore, there is no evidence of the emission of cerium in the
region. The ratio of lanthanum and cerium concentrations clearly indi-
cates that all cerium is of a natural origin.

The systematic difference in observed concentrations between the
samples that were filtered in the field and the samples that were in-
stead acidified indicates that a significant part (80 to 90%) of titanium
and cerium is present either as large particles, clusters of particles or
adsorbed to natural colloids. This part will be filtered out when apply-
ing filtration as part of the sampling procedure. The remainder is likely
to be dissolved.
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7S Y N T H E S I S

7.1 introduction

The actual and potential applications of nanotechnology are numer-
ous, even if not every suggested application will turn out to be prac-
tical or useful in the future. With such applications, especially when
it concerns consumer products, comes the potential of environmental
pollution. In this thesis the possible emissions of nanoparticles from
consumer products and industrial use, as well as the possible trans-
port and fate of these particles in the aquatic environment, have been
studied. The lack of concrete data on actual production volumes and
on use in typical products has hindered a reliable quantification of the
emissions, but despite these difficulties estimates could be made for
three types of nanoparticles.

The choice for these types, titanium dioxide, zinc oxide and silver,
metals and metal oxides, but not carbon-based, was inspired by the
following facts:

• the literature on nanoparticles in the environment indicates that
these three are among the most commonly used, although a large
number of other types are being studied and actually used in
widely available products,

• metal-based nanoparticles are, at least in principle, easier to dis-
tinguish in water samples, although detecting nanoparticles in
samples taken from an actual water system remains a tremen-
dously difficult and time-consuming task, let alone quantifying
the amount. Only now analytical methods for specific types of
carbon-based nanoparticles are beginning to emerge. For metal-
based nanoparticles our best options are combinations of tech-
niques based on electron microscopy and mass spectrometry, one
for the identification and the other for the quantification.

• for the chosen types some estimates on the production volumes
and the use in typical products could be found,

• and finally, given the applications of these nanoparticles, they are
the most likely to reach the aquatic environment.

The properties of the chosen nanoparticles that make them useful at
least for some applications, makes them harmful to organisms. Silver
in nanoparticles is mainly used for its antimicrobial properties (Beer
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et al., 2012). Applications are therefore found in medical textiles, but
also in high-end sportswear – the silver kills potentially harmful bac-
teria but also bacteria that cause the typical body odour that comes
with intense physical activity. Both titanium dioxide and zinc oxide
are known for their photocatalytic properties, properties that may be
useful e.g. in wastewater treatment, but are also potentially harmful to
the environment (Fujishima and Zhang, 2006; Mohapatra et al., 2014).

7.2 characterisation : no two nanoparticles are the same

It is easy to talk of titanium dioxide nanoparticles or silver nanopar-
ticles, but a precise definition is needed to make sure that everybody is
talking about the same things. This turns out to be more difficult than it
seems at first sight. The simple definition of nanoparticles as being par-
ticles of a size between 1 and 100 nm may characterise what we mean
by nanoparticle, but the upper bound of 100 nm is arbitrary (European
Commission, 2011). What is more, it does not say anything about the
differences between, say, titanium dioxide nanoparticles coated with
polyvinylpyrrolidone on the one hand and uncoated silver nanopar-
ticles embedded in synthetic fibres on the other hand.

Nanoparticles, more accurately, engineered nanoparticles, need to be
precisely characterised. But such a characterisation must serve a par-
ticular purpose. Properties such as the type of coating, the size or size
distribution, the shape and crystallinity, all play a role in defining ex-
actly what nanoparticles we have in our hands. But are all of these
properties important, if we are studying the presence in the environ-
ment and are trying to establish whether or not they have an adverse
effect on that environment? What is more, it is highly unlikely that
the engineered titanium dioxide nanoparticles we encounter in a wa-
ter sample all belong to the same narrowly defined type. Should we
therefore not count all such particles and present a single concentra-
tion when assessing the risk of this particular contaminant?

The other side of this coin is that the ecotoxicity of nanoparticles
depends on more properties than just the material they are made of.
For instance, the anatase crystalline form of TiO2 is more photoreac-
tive than the other common crystalline form of titanium dioxide, rutile,
(Warheit et al., 2007) and is more likely to induce effects in organisms
as a consequence. Since photoreactivity is a process that occurs at the
surface of these particles, also the surface area plays a role. Therefore,
to establish if a certain concentration of titanium dioxide nanoparticles
is harmful or not, it may be necessary to know the fraction of anatase
and the size distribution. To complicate matters further, in products
like sunscreens these nanoparticles are usually coated to prevent pho-
toreactivity. So to establish the ecotoxicity one needs to know the state
of the coating as well (Suresh et al., 2012; Labille et al., 2010).
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For certain types of nanoparticles, such as fullerenes (Carboni et al.,
2014; Kolkman et al., 2013), suitable techniques to measure mass or
number concentrations are becoming available, while for others we
need to rely on combinations of techniques that require careful prepa-
ration or only provide qualitative information. Details about the pres-
ence of a coating and other properties are very hard to determine. But
even if we are able to measure these properties to refine the risk assess-
ment, we have no information on the properties of the nanomaterials
that are actually used in consumer products. This hinders any attempts
to predict the concentrations of anything but the broadest categories of
nanomaterials. Therefore in the modelling approach described in this
thesis nanoparticles have only been distinguished on the basis of the
constituent metals.

7.3 predicting the emissions to the environment

One of the goals of this research has been to quantify the emissions
of nanoparticles to the aquatic environment. As has been mentioned
before, such a quantification is rather difficult to make as there are
very few tangible data available. Most, if not all, publications use esti-
mates of one kind or another instead of direct data from manufacturers.
Still, the fact that the various estimates of both emissions and concen-
trations result in data having similar orders of magnitude gives some
confidence: either they are all bad or they are all on the right track
(Gottschalk et al., 2013).

That said, from the research cited in Chapter 5 we can conclude that
nanomaterials from households and industry are for a large part re-
tained in the sewage sludge of wastewater treatment plants, so that it
is important to trace the fate of that sludge and that of the nanomateri-
als it contains. Several publications describe what happens to nanopar-
ticles in waste incineration plants (Buha et al., 2014; Impellitteri et al.,
2013), but incineration is only one way of dealing with sewage sludge.
If the sludge is used as a fertilizer, for instance, because of the phospho-
rus content, the nanoparticles will remain intact and could be washed
out of the soil, so that is another pathway along which nanoparticles
may enter the aquatic environment (see Chapter 5). Further quantifica-
tion is needed to understand the importance of that pathway.

Since we do not have a verifiable answer to the questions regarding
the current use of nanoparticles, speculations about future use, and
consequently releases to the environment, seem fruitless (see Section
7.5).



120 chapter 7

7.4 predicting the transport and fate

Once nanoparticles have been released into the aquatic environment,
they will be subject to transport and transformation processes. What
kinds of transformation occur, depends on the material in question –
titanium dioxide is very likely to remain in its original form, even if
the coating can deteriorate, but zinc oxide and silver may dissolve and
silver may furthermore be transformed into silver sulfide, if the circum-
stances are right. All nanoparticles, however, are subject to aggregation
processes. As a consequence of these processes, homogeneous clusters
of nanoparticles are formed or, more likely, the nanoparticles attach to
natural, suspended particulate matter (SPM), such as clay or organic
particles. This alters the way the nanoparticles are transported: these
larger particles will sediment faster than individual nanoparticles. It
will also alter the bioavailability of nanoparticles, as this way organic
material with attached nanoparticles will be consumed by organisms.

In laboratory experiments homoaggregation is typically a fast pro-
cess, causing the nanoparticles to cluster and sediment rapidly (Chap-
ter 4). In the environment the concentration of nanoparticles is several
orders of magnitude (µg/l or even ng/l) lower than in these experi-
ments (mg/l) and as a consequence heteroaggregation is the most im-
portant process. The rate at which heteroaggregation occurs depends
on the abundance of suspended particulate matter.

Since most nanoparticles reach the surface waters via wastewater or
runoff from soil, they come in contact with high concentrations of par-
ticulate matter. The measurements reported in Chapter 6 indicate that
a large fraction is indeed attached to SPM. For a mathematical model it
may therefore be sufficient to assume that the nanoparticles are all at-
tached to SPM and are therefore transported in the same way as SPM.
For some types of nanoparticles additional transformation processes
will need to be incorporated in the model, but the result is a pragmatic
modelling approach that is a simplified version of the model set-up
described in Chapter 4.

To summarise the findings of the previous chapters:

• Sunscreens and paints are the most important categories of con-
sumer products containing nanoparticles, thus giving rise to con-
tamination with nanoparticles of household and industrial waste-
water.

• Most wastewater of both households and industry is treated via
wastewater treatment plants, and the retention of nanoparticles
in the sewage sludge is quite high, up to 90 or even 95%. That
means that the wastewater that bypasses the treatment plants,
though low in volume, may actually contribute significantly to
the total emissions (see Section 7.5).
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• As a large fraction of nanoparticles will be retained in the sewage
sludge, the disposal of that sludge determines in turn the fate
of nanoparticles. In this thesis the possible influence of sewage
disposal methods on the contamination of surface water by nano-
material has not been considered in detail.

• Nanoparticles in surface water are likely to be attached to clay
or organic particles and thus will be transported along with this
material. The consequence is that for modelling the transport pro-
cesses one can rely on the knowledge about SPM transport.

• Currently, the predicted emission of nanoparticles is still much
lower than the loads from other sources, both anthropogenic and
natural. The fraction of the total concentration that may be at-
tributed to nanomaterial is in the order of 2 to 10%, depending
on the type of nanomaterial and the receiving water body.

7.5 dealing with uncertainties

Ideally one would like to have precise numbers on the emissions and
the concentrations of contaminants such as nanoparticles, because that
makes it much easier to assess the possible risks. Since that is almost
never achievable, the next best thing would be an indication of the mar-
gins within which these quantities fall. Unfortunately, without some
hard evidence regarding the use in consumer products or the waste
loads that reach the water or directly measured concentrations, all we
have are estimates and upper bounds for the product volumes that are
involved.

We can indicate what the greatest influences are with respect to the
occurrence of nanoparticles in the environment, in order to guide our
research efforts. There is the actual usage, of course, which we know
with a large margin only. Since wastewater treatment plants retain a
significant fraction of most types of nanoparticles in the sewage sludge,
the direct emission via wastewater is greatly reduced (Barton et al.,
2015; Kaegi et al., 2011). Paradoxically though, because so much is be-
ing retained, the actual retention percentage may be less important
than the percentage of wastewater that is not treated. There are two
sources of untreated wastewater entering the surface waters: wastewa-
ter that bypasses the treatment plants in all circumstances, because
not all households or industries are connected to the sewerage system,
and wastewater that is released without treatment under conditions of
heavy rainfall via stormwater overflows. These two streams will con-
tain the full amount of nanoparticles present in wastewater, as well
as any other contaminants. Increasing the efficacy of treatment plants
even further will not make much difference to the actual waste loads,
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if the untreated streams cannot be reduced. A straightforward calcula-
tion illustrates this:

• say, 90% of all wastewater is treated and the retention is 95%. This
leaves 4.5% of the total contaminants in the effluent.

• the 10% of the wastewater that is not treated (for both reasons
mentioned above) will contain 10% of the total contaminants and
is therefore a more important source than the treated wastewater.

Thus the most important uncertainty in this mass balance is not the
fraction of the contaminant that is retained in the wastewater treatment
plants, but the fraction of wastewater that bypasses the treatment plant.
In the foreseeable future this fraction will quite probably increase, as
due to climate change extreme weather conditions for which the cur-
rent sewerage systems were not dimensioned, will occur more often at
higher intensities.

In addition there is the potential release of nanoparticles via runoff
from land application of sewage sludge or via emissions from inciner-
ation plants or, for some types, atmospheric deposition. It is unknown
whether such releases are substantial or negligible contributions.

Thus as far as the emissions are concerned, two important aspects
that we need to know more accurately are the actual use of nanomate-
rials and the relative contributions of pathways other than via waste-
water treatment plants. From a modelling point of view, one can define
various plausible scenarios, similar to what was done in Chapter 5, and
compare these to gain insight in the range of concentrations. A proba-
bilistic approach as used by Barton et al. (2015) may be useful to gain
insight in what processes have most influence on the transport and fate
of nanoparticles – these are the processes that we need to understand
and quantify best.

7.6 conclusion

The work presented here predicts that the mass concentration of engi-
neered nanoparticles, of the three types that have been studied, will
in general be low in comparison to the total metal concentration in the
aquatic environment. It is even possible that zinc oxide and silver nano-
particles dissolve partially or completely before they enter the aquatic
environment (Jiang et al., 2015; David et al., 2012). If that is indeed
the case, then the contribution to the contamination from these two
types of nanoparticles will be even less. The nanoparticles that are still
present, will for the most part be present in heterogeneous aggregates,
attached to organic and inorganic particulate matter. The observations
reported in Chapter 6 indicate that the actual concentrations of nano-
particles may be significantly lower than the predicted values in surface
waters.
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Furthermore, modelling the transport of at least the types of nano-
particles considered here does not necessarily involve keeping track of
the number of particles in various size classes, as described in Chapter
2. On the contrary, the approach from Chapter 4 where three fractions
are distinguished is adequate in predicting the outcome in the labo-
ratory experiments cited there. And when it comes to natural surface
waters, this can be further reduced to just one fraction: given the high
concentrations of SPM in wastewater, nanoparticles are very likely to
be adsorbed to these larger particles, so that the only fraction of impor-
tance left is the adsorbed fraction. The transport and fate of nanopar-
ticles is then linked to that of SPM.

That said, to conclude that engineered nanoparticles form no prob-
lem, since they contribute only a small percentage to the total con-
centration, would be too hasty. First, the estimates of the emissions
that were used may be very inaccurate, as little quantitative informa-
tion is available. And the use of nanoparticles in consumer and in-
dustrial products may increase rapidly in the near future, as indicated
by the growth rates in product inventories, as the Consumer Products
Inventory by the Woodrow Wilson Center and the Project on Emerg-
ing Nanotechnologies (Vance et al., 2015). Secondly, current insights
in the ecotoxicology of nanoparticles do not reveal the properties that
make nanoparticles toxic or not (see for instance Baumann et al. (2014)).
Moreover, as a substantial fraction of the nanoparticles that enter waste-
water treatment plants is retained in the sewage sludge, the handling
of that sludge also plays an important role in the fate of nanoparticles
in the environment.

What is clear, is that the precautionary principle has not been fol-
lowed (Martuzzi and Tickner, 2004). The materials from which the
nanoparticles considered here are made are chemicals whose proper-
ties and effects in the environment are well-known, but at the nanoscale
they possess different properties. This is an indication that their use
in new products may cause different, unknown, effects in the envi-
ronment. Rather than using them indiscriminately, the precautionary
principle requires us to carefully consider these new effects. One may
argue that the concentrations as predicted are much lower than the to-
tal concentrations, but that assumes that the effects are not different
from the traditional forms of these substances. Aschberger et al. (2011)
for instance conclude after analysing several case studies that the un-
certainties are too large to be relied upon for risk assessment and that
regulatory programmes like REACH used in the European Union are
not quite equipped for this type of contaminants.

It would make a great difference if manufacturers were to publish
what substances they use in their products and how much. This would
give regulators and researchers the opportunity to prepare for possi-
ble effects. It has hindered the research described in this thesis that
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no verified data are available, so that estimates had to be used. This is
not limited to the use of nanomaterials per se. It has also proven diffi-
cult to get insight in the overall effectiveness of wastewater treatment,
that is, what fraction of the wastewater is actually treated and what
fraction bypasses the installations. Because of the efficiency by which
wastewater treatment plants remove nanoparticles from the effluent,
untreated wastewater as well as the sewage sludge may constitute im-
portant sources.
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There is a vast amount of literature on nanomaterials, even if you only
focus on the environmental aspects. Various disciplines come together
and this sometimes leads to the use of familiar terms with a completely
different meaning. This overview of the terminology used in the field
of nanomaterials is meant to help understand the literature. The terms
and common abbreviations are grouped in a more or less systematic
way, even though every grouping can be questioned.

Nanomaterials

Nowadays it is possible to manufacture nanoparticles from many dif-
ferent substances, such as various forms of carbon, metal and metal
oxides but also organic compounds. Also various terms are used to
characterise the nanomaterial.

accidental nanoparticles Nanoparticles can be formed as a byprod-
uct of industrial processes or in fires, for instance fullerenes. They are
not intended to be formed and are therefore called "accidental" to dis-
tinguish them from natural and engineered nanoparticles.

activated carbon Carbon made from organic material such as wood.
Used for its absorptive properties.

carbon black An amorphous form of carbon. It has been in use for
several centuries, often as a black dye.

carbon nanotubes Sheets of carbon atoms rolled up into a tube. The
length may vary up to several micrometers, but the diameter is always
in the nano range. The two major varieties are single-walled (SWCNT)
and multi-walled (MWCNT) nanotubes, where the latter consist of
multiple sheets rolled up into a single tube.

ceria or cerium oxide Cerium oxide is used in some countries as a
catalyst in fuels and fuel cells. It is considered to have only very mild
toxic properties.

engineered nanoparticles The most important type of nanoparticles,
as distinguished to their origin, for this study are the engineered nano-
particles. They are manufactured by industrial processes for specific
purposes. During the manufacturing process they are given the desired
properties.

filtrate Depending on the discipline, the term filtrate can mean either
the liquid that passes through the filter or the solids that are blocked
by the filter.

fullerenes This form of carbon is made up of more or less spher-
ical molecules consisting typically of 60 or 70 carbon atoms, though
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more configurations exist. Their name derives from the British archi-
tect Buckminster Fuller. Another name is "buckyballs".

Fullerenes are most commonly used in a "functionalised" form.
functionalisation Nanoparticles of some pure substance often need

to be treated so that they get the desired properties. This is called "func-
tionalisation" and consists of coating the particles with some chemical
or attaching special molecules to their surface.

graphene Sheets of carbon atoms, just one atom thick. These sheets
have remarkable electrical and mechanical properties.

modification Any additional treatment that is applied to nanopar-
ticles so that they exhibit the desired properties.

monodisperse Particles that all have a size in a narrow range are
called "monodisperse". In recent years methods have been developed
to manufacture nanoparticles that have approximately the same size
and shape. Such particles are much easier to characterize than particles
that differ much from each other.

nanomaterial and nanoparticles The exact definition of what consti-
tutes a nanoparticle or nanomaterial has changed over time, but the
simplest definition is any particle or structure with at least one dimen-
sion in the range of 1 to 100 nm.

nanostructured Some materials are engineered to have surface struc-
tures at scales in the nano-range. This includes materials into which
nanoparticles have been embedded, so that the nanoparticles are im-
mobile and therefore easily recoverable.

natural colloids All naturally occurring particles in the nano- and
micrometer ranges, including particulate organic matter and clay par-
ticles.

natural nanoparticles Certain natural processes can form particles
in the nano-range, for instance fullerenes during volcanic eruptions.
To distinguish them from accidental and engineered nanoparticles they
are called "natural".

NM, ENM, NP, ENP, MNP Abbreviations for nanomaterial, engi-
neered nanomaterial, nanoparticle, engineered nanoparticle and man-
ufactured nanoparticle.

nZVI This is the abbreviation of "nano-size zero-valent iron". Such
iron nanoparticles are very reactive, because of their relative large sur-
face. The main interest is in the remediation of groundwater pollution:
these nanoparticles adsorb toxic metals such as lead but can also re-
duce halogenic micropollutants to less toxic compounds.

polydispersity index Measure that indicates how broad the range of
particle sizes is.

silver Silver nanoparticles are used mainly for their antibacterial
properties, in medical textiles and high-end sportswear.

stabilization Because nanoparticles tend to clutter together if the
concentration is too high, they become much less useful for the appli-
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cation. To prevent this from happening a coating, such as citrate or
PVP, is used to prevent this.

superparamagnetism A particular type of magnetism found in iron
oxide nanoparticles. This property makes it possible to separate the
nanoparticles from the groundwater or effluent.

titania or titanium oxide This material is found in three different
mineral forms in nature: anatase, rutile and brookite. The first two
forms are most often used in the context of nanotechnology. Appli-
cations range from whitening and UV filtering to photocatalytic reac-
tions.

It also has some antibacterial properties that make it attractive for
certain applications, such as outdoor paints.

ultrafine In the literature on atmospheric pollution, particles in the
nano-range are called "ultrafine" to distinguish them from "fine" parti-
cles (which are in the micrometer-range).

zinc oxide Just as titanium oxide used for whitening and its antibac-
terial properties.

Environmental conditions and processes

When nanoparticles are released into the natural environment, they are
potentially involved in a large number of processes, for instance aggre-
gation or adsorption to organic material. These processes influence the
way they are transported by the water.

Authors tend to think the terms and sometimes even abbreviations
are clear and unambiguous and therefore use them without much ex-
planation. This can easily put you on the wrong foot.

absorption Nano-sized titanium oxide and zinc oxide can absorb UV
irradiation, making these materials suitable for various cosmetic prod-
ucts. The only kind of absorption that is of importance in the context
of nanoparticles is the absorption of light.

adsorption The term "adsorption" is used for both adsorption of
nanoparticles to larger (micrometer-sized) particles and for adsorption
of (dissolved) substances to the nanoparticles themselves. The context
generally makes clear what type is meant.

aggregation and agglomeration Some authors distinguish "aggrega-
tion" from "agglomeration". The term "aggregation" is then used to
identify the process where particles form a more or less unbreakable
bond. The aggregates are permanent. The term "agglomeration" is used
to describe a process where the particles form a larger floc that is easy
to break up.

The term "aggregation" is, however, quite often used for both these
processes and it is unclear whether in natural environments the aggre-
gates are so strong that they can not be broken up.

attachment Synonym for "adsorption", often used in the context of
soils.
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cytotoxicity The toxic effects on living cells and tissues, rather than
whole organisms.

deposition Deposition can refer to both the settling of particles on
the bottom sediment or to particles sticking on an exposed surface
without gravitational forces being responsible.

desorption Material that is adsorbed to a particular surface can be
released again under the right circumstances. Quite often it is simply
a matter of equilibrium: both adsorption and desorption occur at a
certain rate and together they determine how much of the material is
adsorbed to the surface.

detachment Synonym for "desorption", often used in the context of
soils.

diffusion Ordinarily diffusion refers to the process of molecules and
particles spreading through molecular or turbulent motion through the
same medium. Sometimes it is used to describe the process where sub-
stances migrate from water to the atmosphere or to the sludge (for
example in the user manual of SimpleTreat (Struijs, 1996)).

dispersion The term "dispersion" is used for both the state of parti-
cles that are freely distributed over the medium and for the process of
spreading material over space. See also the terms "monodisperse" and
"polydispersivity index".

ecotoxicity The toxic effects on the ecosystem or parts thereof, rather
than on individual organisms.

environmentally relevant Quite often laboratory experiments con-
cern idealised substrates (very clean quartz sand or ultra-pure water
for instance) or concentrations of substances that are relatively easy to
measure but one or several orders of magnitude higher than may be ex-
pected to occur in the environment. To stress that this is not the case or
that experiments can be thought to be representative of environmental
conditions, the term "environmentally relevant" is used.

IS or ionic strength One of the factors that is often investigated re-
garding the behaviour of nanoparticles in the environment is the pres-
ence of inorganic ions (typical sodium chloride or calcium chloride).
The ionic strength measures how many such ions are present.

It is defined via the following formula:

I =
1
2 ∑

i
= 1nciz2

i (A.1)

where:
I ionic strength

ci molar concentration of ion i

zi charge number of ion i
matrix General term for indicating the chemical and physical condi-

tions in a medium like wastewater or the soil.
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NOM The abbreviation of "natural organic matter". Often a natural
mixture of humic and fulvic acids is meant, such as Suwanee River
humic acid. An alternative is the use of an artificial, standardized mix-
ture.

What is almost never meant is particulate organic matter.
ROS or radical oxygen species The surface charge of nanoparticles

can cause radical oxygen species to occur. These molecules are very
reactive and may be an important contribution to the toxicity of the
nanoparticles.

supernatant In experimental facilities but also in wastewater treat-
ment plants the clear fluid on top of a layer containing the particulate
matter is called the "supernatant".

Measurement techniques

Nanoparticles are too small to be observed by ordinary microscopes,
but with special techniques involving electron microscopes one can in-
vestigate their appearance. Other measurement techniques and prepa-
ration methods have their own terminology.

breakthrough Transport through porous media (soils) is often char-
acterized by the breakthrough time: how long does it take for a con-
taminant to travel through a column of soil of a given length. This
quantity depends on the adsorption of the material to the soil particles
and other factors.

DLS Abbreviation of "dynamic light scattering". This is a technique
that is often used to determine the size distribution of nanoparticles.

SEM and TEM Scanning electron microscopy and transmission elec-
tron microscopy are two methods of examining nanoparticles.

sonication To break up the agglomerations of nanoparticles and
cause the particles to spread out over the whole vessel, intense sound
waves are used. This is called sonication.

zeta potential The electrical potential at the surface of (nano)particles.
It partly characterizes the aggregation behaviour of the particles but it
depends on the acidity of the solution containing the particles.

Miscellaneous remarks

Besides the confusing use of terms that are familiar from other con-
texts and the use of terms and abbreviations that are not explicitly
introduced, one has to be careful about a few other subtle aspects as
well.

First, the concentrations of nanomaterial one may expect to find in
surface or groundwater are in the order of nanograms per litre. In lab-
oratory experiments much higher concentrations are typically found.
An extreme case of this is the article by Zhu et al. (2010) that describe
the use of iron nanoparticles to dechlorinate HCB. The concentrations
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they used were in the order of 20 g/L. It proves efficient dechlorina-
tion is possible but the concentrations are several orders of magnitude
larger than may be expected in a practical situation.

Second, publications on the behaviour of nanoparticles in the en-
vironment often refer to idealized laboratory circumstances, such as
extremely clean water in which the particles are dispersed, batches of
nanoparticles that have well-defined sizes and other characteristics. It
is quite understandable that researchers rely on such idealizations, but
it does make it difficult to extrapolate to what must be practical situa-
tions.



BA P P E N D I X T O T H E C H A P T E R O N M O D E L L I N G
A G G R E G AT I O N A N D S E D I M E N TAT I O N

b.1 laboratory data

This section contains the laboratory data that were used in the calibra-
tion of the mathematical model.

Table 7: Laboratory data provided by Quik et al. (2012). In the first series of
experiments (in three columns left of the vertical line) water from the
Rhine was used, in the second series (right of the line) water from the
Meuse was used. The difference between the two water types, as far as
the model is concerned, is the concentration of suspended particulate
matter (SPM). All concentrations are given in mg/L.

Rhine Meuse

Initial concentration of 1.0 10.0 100.0 1.0 10.0 100.0

nanoparticles

SPM 12.0 12.0 12.0 5.0 5.0 5.0

Time (d)

0 0.61 9.79 104.3 0.5 9.36 101.7

1 0.40 0.94 2.17 0.24 0.36 1.14

4 0.23 0.117 0.136 0.155 0.066 0.093

7 0.126 0.059 0.029 0.10 0.026 0.083

10 0.087 0.042 0.022 0.098 0.021 0.040

12 0.078 0.040 0.026 0.096 0.020 0.032

b.2 model equations

The main text describes several processes, such as resuspension and
mineralisation, that do not play a role in the simulation of the labo-
ratory experiments. This section provides the set of equations that is
used in the simulation. The equations are solved numerically using the
Euler integration method with a small enough timestep.

The equations are:

131



132 appendix B

Table 8: Laboratory data extracted from Brunelli et al. (2013). The results with
North Adriatic Sea water were used, as presented in the supplemen-
tary material to the article. The concentration of SPM was assumed to
be 0. The data in the table are approximations. The values are given in
mg/L.

Case 1 Case 2 Case 3 Case 4

Initial concentration of 0.01 0.1 1.0 10.0

nanoparticles

Time (hours)

0 0.01 0.1 1.0 10.0

10 0.0086 0.079 0.72 4.5

20 0.0074 0.069 0.55 2.0

30 0.0067 0.064 0.44 1.0

40 0.0066 0.062 0.35 0.61

50 0.0059 0.052 0.25 0.30

dC f ree

dt
= −khomoagg · C2

f ree − ksec_agg · C f reeCagg (B.1)

− kads · C f reeCspm −
ws, f ree

H
C f ree

dCagg

dt
= +khomoagg · C2

f ree + ksec_agg · C f reeCagg (B.2)

−
ws,agg

H
Cagg

dCads
dt

= +kads · C f reeCspm −
ws,spm

H
Cads (B.3)

dCspm

dt
= −

ws,spm

H
Cspm (B.4)

The initial conditions were in all cases:

• The initial concentration in the experiment to be simulated was
assigned to the concentration of free nanoparticles (C f ree).

• The initial concentration of the other fractions of nanoparticles
(Cagg and Cads) was set to 0.

• The initial concentration of suspended particulate matter was set
to the concentration indicated in the description of the experi-
ments.

The output of the model includes:
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Figure 39: Normalized contributions of the various processes, contributing to
the fate of cerium dioxide nanoparticles in Rhine water at initial
concentrations in the sub-milligram range.

• The concentration of the three distinguished fractions of nanopar-
ticles as a function of time.

• The total concentration of nanoparticles still in suspension, that
is, the sum of the three fractions. This is a steadily decreasing
function of time, as the nanoparticles that settle on the bottom of
the cuvette due to sedimentation are no longer in suspension. As
there is no resuspension possible (in the context of the simulation
of the laboratory experiments), the nanoparticles remain on the
bottom.

• The concentration of suspended particulate matter as a function
of time.

b.3 relative contributions of the processes for low con-
centrations

To illustrate the importance of the various processes for concentrations
that are more likely to occur in the aquatic environment, that is, con-
centrations in the range of µg/L, the calculations were repeated for
initial concentrations 0.1, 0.01 and 0.001 mg/L (see Fig. 39). At these
low levels the heteroaggregation process quickly becomes much more
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important than the homoaggregation process. This has consequences
for the distribution of the nanoparticles over the three fractions – free,
aggregated and adsorbed – so that the sedimentation of the free and
adsorbed nanoparticles becomes more important than the sedimenta-
tion of aggregated nanoparticles.

b.4 automatic parameter estimation

With the given model equations and the experimental data it should
be possible to determine values for the process parameters that are in
some sense optimal, that is, the solution to the equations approximates
the experimental data as close as possible. It should also be possible to
apply these values to other experimental data sets, as long as the same
nanomaterials are used, if the model equations are indeed an adequate
description of the processes. To this end an optimisation procedure
was used, but the results required some careful interpretation.

b.4.1 Optimisation procedure

The algorithm used is a constrained minimisation procedure by M.
Powell that searches for a solution within given bounds without the
need to specify derivatives (Powell, 2009). The latter aspect is impor-
tant: since the function that is to be minimised is not given explicitly,
it is extremely difficult if at all possible, to calculate the derivative di-
rectly. Indeed, to evaluate the discrepancy between the modelled total
concentration of nanoparticles in the water and the measured concen-
tration, the model equations must be solved first, using a specific set
of parameter values.

While the algorithm is capable of finding the minimum for arbitrary
continuous functions, the function to be minimised must be an ade-
quate measure for the discrepancy. Several candidates were examined,
all based on the idea that the solution to the differential equations
should match the measured data as closely as possible. One obvious
candidate is the sum of squared errors:

f (p) =
n

∑
i=1

(Ccalculated(ti, p)− Cmeasured(ti))
2 (B.5)

where Cmeasured(ti) is the concentration measured at time ti and
Ccalculated(ti, p) is the concentration calculated via the model equations
for the same time, using the vector p of parameter values.

The problem with this so-called cost function is that high concentra-
tion values are emphasised over low values. For instance, if the mea-
sured concentration is 10 mg/L, a relative deviation of 10% gives rise
to a contribution of 1 (mg/L)2 to the total error, whereas it was 1 mg/L,
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Table 9: Constructed data for the test case, compared with the predicted values,
found using the "best" cost function. The constructed data roughly
follow an exponential function.

Time Constructed data Predicted value Relative deviation (%)

0.0 1.0 1.0968 9.7

1.0 0.4 0.329 -17.8

4.0 0.02 0.0218 9.0

10.0 0.015 0.0141 -6.3

such a deviation contributes only 0.01 (mg/L)2. Since in the available
experiments the concentrations vary over several orders of magnitude,
this means that only the highest concentrations have appreciable influ-
ence on the cost function and those are not in the range that is expected
to occur in the environment.

Alternatives included: the logarithm and the square root of the con-
centrations as well as the absolute value of the differences instead of
the square.

The function that was found to give uniform results over the whole
concentration range, not emphasizing either high or low concentra-
tions, was:

f (p) =
n

∑
i=1

(Ccalculated(ti, p)− Cmeasured(ti))
2

Cmeasured(ti)2 (B.6)

These cost functions were applied to a simple minimisation problem
(see Table S9): Find coefficients A, B and C, such that the function
f (t) = Ae−Bt + C matches the constructed data as close as possible.

The deviation per data point was examined. The chosen cost func-
tion, which measures the relative deviation rather than an absolute
deviation, gave fairly uniform relative differences between the model
predictions and the constructed data, whereas the other cost functions
gave both very small and very large differences. In a numerical exper-
iment with constructed data which significantly deviate from an expo-
nential function, all cost functions showed large relative differences.

b.4.2 Interpretation of the fitted parameters

The optimisation process is in itself straightforward:

• For each parameter a range is given within which the optimal
value is sought.

• For each set of parameters the model equations are solved for all
selected cases and the cost function is determined based on the
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solution and the differences with all measurements. For the ex-
periments with cerium dioxide this means the set of equations is
solved using the three initial concentrations for the Rhine and the
three initial concentrations for the Meuse. The function describ-
ing the difference between the model result and the laboratory
experiments is therefore based on 30 data points. It is used to
find optimal values for six parameters.

For the titanium dioxide experiments 20 data points are involved
and four initial concentrations. Since the natural water that was
used in these experiments by Brunelli et al. (2013) was filtered, it
was assumed in this work that the processes involving suspended
solids should be excluded, resulting in only three parameters to
be fitted.

• The algorithm searches for the optimal set of parameter values
without further guidance.

The problem is, however, that using the data from the experiments
by Quik et al. (2012) the optimal parameter values were found at the
boundary of the given range. Widening the range would still result
in an apparent optimal value for such a parameter at the boundary, so
that further widening seemed necessary. There are several explanations
possible for this phenomenon.

First the cost function may have multiple local optima. This is an
inherent problem with optimisation algorithms. While an actual proof
of the existence of such local minima is difficult to assess as there is
no closed form available, we can make their existence plausible in the
following way:

• If in the model the sedimentation velocity of suspended solids is
sufficiently large, then most if not all suspended solids will have
settled before the time of the first data point. For instance, with a
sedimentation velocity of 1 m/d the suspended solids in the 3 cm
high bottles have a residence time of about 0.03 days. After two
hours only a quarter of the initial amount of suspended solids
would be left and after one day a minute fraction (e−1/0.03 ≈
3 · 10−15).

• Under these circumstances the adsorption to suspended solids
would be of interest in the simulation only at the start. The sedi-
mentation of aggregates, however, has the same effect on the total
concentration, namely a decrease. That means that the sedimen-
tation of nanoparticle aggregates can compensate for the lack of
a substantial contribution by adsorption to suspended solids and
subsequent sedimentation of these adsorbed nanoparticles.

So, if the algorithm examines values for the sedimentation velocity
of suspended solids that would lead to the quick disappearance of
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suspended solids, it will end up in the "wrong" region of parameter
values, that is: a local minimum.

A second explanation might be that the measurement data do not
capture the information about fast processes occurring in the actual
laboratory experiments. For instance: the secondary homoaggregation
could be a very fast process that occurs on a timescale that is shorter
than a day. If so, the data would not adequately reflect the kinetics
of this process and any high value could be just as good. To put it in
a different way: the solution of the model equations at the times for
which there are observed values hardly depends on the value of the
parameters that govern this process. Then an optimisation procedure
cannot determine any reasonable value for them either.

A third explanation may apply here in combination with the first:
within the optimisation algorithm the parameter space is searched in
a "linear" way, that is, if the interval within which the optimal values
are sought is too wide by an order of magnitude, the algorithm may
miss very small values and get stuck in the wrong part of the param-
eter space. In this case, the interval for the sedimentation velocity of
suspended particulate matter was originally set to 0.0 to 10.0 m/d,
leading to an unrealistically large value, whereas by setting the inter-
val to 0.0 to 0.01 m/d the final and more conforming value of 0.003

m/d was found. In the numerical simulation the very large sedimenta-
tion velocity led to the quick disappearance of suspended particulate
matter. The sedimentation of the homoaggregates of nanoparticles then
became the only process removing mass, but this proceeds in a more
or less similar way. Hence the results for the total mass in the water
still looked reasonable.

In short, it is necessary to check the plausibility of the outcome of
such optimisation procedures, if at all possible.

b.4.3 Error estimation

To gain insight in the robustness of the parameter estimation, a boot-
strap method was used (Wikipedia). The basic idea of bootstrapping is
to construct alternative data sets based on the original data set and the
results of the fitting procedure. These alternative data sets are then sub-
jected to the same fitting procedure and will yield alternative sets of
parameters. By examining these parameter sets one gets an impression
of the spread of the parameters.

Here the following procedure was used:

• First the residuals were determined for the original data set, that
is the differences between the best fit and the original data.

• Then alternative data sets were constructed by replacing the orig-
inal value by the original value plus or minus the residual, with
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Table 10: Distribution of the model parameters as determined with the boot-
strap method for the cerium dioxide experiments. The percentiles
are based on 1000 alternative datasets.

Parameter Best value 5% 25%

Homoaggregation L/mg.d 1.77 1.34 1.67

Secondary aggregation L/mg.d 2.28 1.91 2.10

Aggregation to SPM L/mg.d 0.0073 0.0032 0.0041

Sedimentation aggregates m/d 0.24 0.22 0.23

Sedimentation SPM m/d 0.003 0.0000 0.0007

Sedimentation free NPs m/d 0.002 0.0000 0.000

Parameter 50% 75% 95%

Homoaggregation L/mg.d 1.89 2.07 2.34

Secondary aggregation L/mg.d 2.45 2.90 3.29

Aggregation to SPM L/mg.d 0.0055 0.0085 0.0131

Sedimentation aggregates m/d 0.24 0.32 0.32

Sedimentation SPM m/d 0.0018 0.0034 0.0070

Sedimentation free NPs m/d 0.0012 0.0034 0.0066

equal probability. In this way 1000 alternative data sets were con-
structed.

• For each of these alternative sets the parameters were fitted and
recorded. From this collection several percentiles were determined:
5%, 25%, 50%, 75% and 95%. The results are shown in Tables S10

and S11. For comparison the value found for the original data set
has been added (column "best value").

While some parameters for cerium dioxide display a relatively wide
spread, the most influential parameters, the coefficients determining
the homoaggregation, have a fairly narrow range, in the order of ±25%
for the 25% quantiles.

The ranges for the titanium dioxide experiments are fairly narrow
too, especially the parameters controlling sedimentation, but the ranges
for the secondary aggregation are an exception. In fact, when the sedi-
mentation velocity of free nanoparticles is set to zero, the optimisation
algorithm finds that zero secondary aggregation is the best solution.
It is tempting to speculate about a physical meaning of these observa-
tions, but there is a risk of over-interpretation. More data are needed
for that to be useful.
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Table 11: Distribution of the model parameters as determined with the boot-
strap method for the titanium dioxide experiments. The percentiles
are based on 1000 alternative datasets. Note: the concentration of sus-
pended matter is zero for these experiments, so that the associated
process parameters were excluded.

Parameter Best 5% 25% 50% 75% 95%

value

Homoaggregation L/mg.d 0.618 0.34 0.51 0.68 0.87 1.08

Secondary aggregation L/mg.d 2.254 0.085 0.67 2.22 2.64 3.39

Sedimentation aggregates m/d 0.111 0.109 0.113 0.117 0.124 0.204

Sedimentation free NPs m/d 0.034 0.031 0.033 0.035 0.036 0.038
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Figure 40: Natural logarithm of the concentration of titanium dioxide nano-
particles as simulated, divided by the initial concentration, using
the "best" parameter set for this experiment (see Table S12; adopted
from the main text). +: initial concentration 10 mg/L, x: 1 mg/L, ∆:
0.1 mg/L, ∇: 0.01 mg/L.
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Figure 41: Natural logarithm of the concentration of titanium dioxide nanopar-
ticles as simulated, divided by the initial concentration, using the
alternative parameter set for this experiment (see Table S12), that is
the sedimentation of free nanoparticles has been eliminated. +: ini-
tial concentration 10 mg/L, x: 1 mg/L, ∆: 0.1 mg/L, ∇: 0.01 mg/L.

Table 12: Fitted parameters for the titanium dioxide experiments by Brunelli
et al. (2013) with and without allowing for sedimentation of free nano-
particles.

Parameter With Without

sedimentation sedimentation

Homoaggregation khomoagg; L/mg.d 0.618 3.194

Secondary aggregation ksec_agg; L/mg.d 2.254 0.000

Settling aggregates wsed_agg; m/d 0.111 0.134

Settling free NPs wsed_ f ree; m/d 0.034 0.000

Only parameters that were actually fitted are shown. The height of the cuvette was

assumed to be 3 cm.
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b.5 examination of the experiments with titanium diox-
ide

As suggested in the main text, there may have been a certain degree
of initial aggregation of the nanoparticles in the aggregation and sedi-
mentation experiments by Brunelli et al. (2013), so that the experiments
started with larger particles than the nominal size. As a consequence
the sedimentation velocity of the "free" nanoparticles that was found by
fitting the model was much larger than expected from Stokes’ theory.

To examine the influence of the sedimentation of free nanoparticles,
the model was also calibrated with this process turned off (see Fig.
41). The results show a worse fit compared to the results shown in Fig.
40, especially for the experiment with the lowest initial concentration.
As for the process parameters themselves, if no sedimentation of free
nanoparticles is allowed, the rate coefficient for homoaggregation is
almost three times as large (Table S12). The fitted sedimentation veloc-
ity for the aggregates is slightly smaller than if free nanoparticles are
allowed to settle.

While the fitting procedure alone cannot prove that the nanoparticles
were already aggregated at the start and therefore could settle faster,
the results indicate that including this or a similar process provides a
better explanation of the experiments.





CA P P E N D I X T O T H E C H A P T E R O N M O D E L L I N G
T R A N S P O RT O F N A N O PA RT I C L E S I N T H E R I V E R
R H I N E

c.1 wastewater treatment plants in the rhine basin

The discharges of nanoparticles along the river Rhine were estimated
using the results from Markus et al. (2013) for the emissions per in-
habitant and using a database supplied by the International Commis-
sion for the Rhine (ICPR) in Germany (ICPR, 2014). This database con-
tains some properties of the several thousands of wastewater treatment
plants (WWTPs) along the Rhine and its tributaries: name, country, re-
ceiving stream, design capacity. To aggregate these WWTP data into a
shorter and more manageable table, the following rules were used:

• WWTPs located in France or Luxembourg were assigned to the
Mosel, unless they discharged on the river Ill or were located in
Strasbourg. Then they were assigned to a discharge "Strasbourg",
as the river Ill passes through Strasbourg.

• WWTPs located in Switzerland or Austria were all assigned to a
discharge "Basel", as they are upstream of the upstream boundary
of the model.

• WWTPs located in the Netherlands were all assigned to Lobith,
though in this study the stretch of river downstream of the German-
Dutch border was not investigated in much detail.

• Most WWTPs are actually located in Germany and there the bun-
desland and the tributary were used for the assignment:

– WWTPs in Bayern were assigned to the Main.

– WWTPs in Schleswig-Holstein were either assigned to the
Mosel, unless they discharge on the Ill, in which case they
were assigned to the discharge "Strasbourg".

– WWTPs in Hessen were assigned to the Main, if they dis-
charge on the Main and to the discharge Mainz, if they were
located in the city agglomerate of Wiesbaden. If neither is
the case, then they were assigned to the Neckar.

143
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– WWTPs in Rheinland-Paltz (Rhineland-Palatinate) were as-
signed to the Lahn, if they discharge on the Lahn, otherwise
they were assigned to Mainz or Koblenz if they were located
in either of these cities. All other WWTPs were assigned to
the Mosel.

– WWTPs from Baden-Württemberg were assigned to the dis-
charge "Karlsruhe", "Mannheim" or if not located in either
of these cities, to the Neckar.

– Finally, WWTPs from Nordrhein-Westfalen (North Rhine-
Westphalia) were assigned to discharges at Cologne, Bonn,
Leverkusen, Wesel and Düsseldorf, if they were located in
one of these cities and otherwise to one of the tributaries
Ruhr, Lahn or Lippe, if they discharge on these rivers.

WWTPs that discharge on the smaller rivers Sieg, Wupper,
Emscher or Erft were assigned to the discharges "Bonn",
"Leverkusen", "Duisburg", "Lahn" and "Düsseldorf" respec-
tively.

This procedure left 23 WWTPs unassigned with a total capacity of
140,000 i.e., but on the total this was negligible, certainly in view of the
uncertainties that still exist despite the detailed information: only the
design capacities were given, not the actual capacity or the use and it
is unknown how many households and industries are not connected
to the sewer system.

The resulting emissions, grouped according to the above procedure
are shown in Table 13.

c.2 estimation of the net emissions

Because the total number of inhabitants in the Rhine basin is roughly
50 million (Water Policy International Ltd., 2015) and the total capacity
of the treatment plants is 86 million i.e. (inhabitant equivalents), the
potential load was corrected with a factor 50/86 = 0.58 to account for
the actual amount of wastewater being treated. This factor was equally
applied to the WWTPs present in the catchment area.

Since WWTPs that use activated sludge as one of the treatment steps
are capable of retaining 95% or more of the nanoparticles (Barton et al.,
2015; Kaegi et al., 2011), in the model the loads from the WWTPs are
reduced by a factor 20. However, it is well known that not all house-
holds are connected to the treatment plants and furthermore stormwa-
ter overflows must be taken into account. According to the European
Environment Agency (EEA), 80% of the households in Europe are con-
nected to a sewerage system ((European Environment Agency, 2015),
data from 2007–2009). In some countries, notably Germany and the
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Table 13: Estimated emissions of nanoparticles. The population data were
based on the design capacity of the WWTPs in the Rhine basin (ICPR,
2015).

River Inhabitant Titanium dioxide Zinc oxide Silver

equivalents

(in millions) t/y t/y kg/y

Basel 8.52 31.5 42.6 392

Strasbourg 1.05 3.9 5.25 48

Karlsruhe 0.44 1.6 2.2 20

Mannheim 0.55 2.0 2.75 25

Neckar 20.0 74 100 920

Mainz 0.86 3.2 4.3 40

Main 11.0 41 55 506

Koblenz 0.32 1.2 1.6 15

Mosel 13.9 51.4 69.5 639

Lahn 0.07 0.26 0.35 3

Bonn 1.22 4.5 6.1 56

Cologne 1.82 6.7 9.1 84

Leverkusen 1.14 4.2 5.7 52

Dusseldorf 2.21 8.2 11.1 102

Ruhr 1.63 6.0 8.2 75

Duisburg 4.37 16.2 21.8 201

Wesel 0.099 0.4 0.5 4.5

Lippe 1.17 4.3 5.85 54

Lobith 15.3 56.6 76.5 704

Total 85.7 317 428 3941
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Table 14: Flow rate and average concentration and load of suspended particu-
late matter of the at various locations in the river Rhine for the years
2007–2009.

Source Flow rate Concentration Load

SPM SPM

m3/s mg/l kt/y

Inflow at Maxau 1025 16.0 517.2

Neckar 160 17.7 89.3

Main 250 15.0 118.3

Mosel 321 13.3 134.6

Total inflow 1756 859.4

Outflow at Bimmen 2085 18.2 1196.7

Difference 329 337.3

Table 15: Flow rate and average concentration and load of total zinc at various
locations in the river Rhine for the years 2007–2009.

Source Flow rate Concentration Zinc Load Zinc

m3/s µg/l t/y

Inflow at Maxau 1025 2.2 71.1

Neckar 160 10.4 52.5

Main 250 23.4 184.5

Mosel 321 19.1 193.3

Total inflow 1756 501.4

Outflow at Bimmen 2085 13.2 867.9

Difference 329 366.5
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Figure 42: Comparison of the measured SPM concentrations at Bimmen and
Lobith, showing the high frequency variations in the concentration.
To highlight the details, the displayed period has been limited to
the year 2007 instead of the full simulation period. The green line
represents the daily measurements at Lobith on the Dutch side of
the Dutch-German border and the red connected dots represent the
two-weekly measurements at Bimmen on the German side.
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Figure 43: Comparison of the calculated SPM concentrations at Bimmen, us-
ing an original high-frequency timeseries as the upstream bound-
ary conditions and a thinned version of that timeseries. The green
line without dots represents the results with the high-frequency se-
ries and the red line with the dots represents the results with the
thinned series.
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Netherlands, more than 90% are connected. To remain on the conser-
vative side, in the model a fraction of 0.1 has been used to account
for the households that are not connected and for the effect of storm
overflows. Hence the estimates of the total loads were multiplied by a
factor 0.1 + 0.9 · 0.05 ≈ 0.15 to arrive at the model waste loads.

c.3 influence of the measurement frequency

Since the daily measurements of suspended particulate matter at Lo-
bith show much more variation than the two-weekly measurements at
Bimmen, the question arises whether the use of two-weekly measure-
ments leads to noticeable deviations (see Fig. 42). To this end both a de-
tailed and a thinned-out artificial timeseries were used as the upstream
boundary condition at Maxau near Karlsruhe, with all other timeseries
in the input equal to the most detailed available. The thinned-out
timeseries was obtained by sampling the original timeseries with a
frequency of once every 14 days. Then the results for Bimmen were
compared, both visually and via standard statistics (see Fig. 25).

As can be seen the frequency of the timeseries has very little effect on
the result. A number of short peaks are missed, but the overall pattern
is the same for both series and is in fact surprisingly similar. This is
reflected in the statistical parameters:

Mean for daily timeseries: 20.9 mg/l

Mean for biweekly timeseries: 20.2 mg/l

90% percentile for daily timeseries: 35.2 mg/l

90% percentile for biweekly timeseries: 33.2 mg/l

Correlation coefficient: 0.895

Missing such peaks could have a noticeable influence on the yearly
transport in the case of rain-dominated rivers, as the sediment peak
and the flow rate are then correlated (De Vries and Klavers, 1994). From
an examination of the available data, however, no clear correlation is
evident (see Fig. 44).

It was therefore concluded that the two-weekly measurements avail-
able for the German monitoring points and for all measured substances
were frequent enough for the envisaged model calculations.

c.4 mass balance for the rhine

Using the measurements of the flow rate and the concentrations at the
upstream and downstream boundaries as well as in the tributaries the
mass balance per substance can be investigated. The individual contri-
butions were determined by separately averaging the flow rate and the
concentration over the period 2007–2009. This method is documented
to be accurate enough (De Vries and Klavers, 1994).
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Figure 44: Correlation of the observed SPM concentrations at Bimmen and the
measured flow rate in the Rhine at the same date.

The result is shown in Tables 14 and 15. Here all the available data
have been used. Tributaries for which no data are available are the
Ruhr, the Emscher, the Lippe and the Lahn. While these are not ex-
pected to constitute major contributions, the volume balance still lacks
roughly 330 m3/s, some 15%. The long-term flow rates for these rivers
amount to a total of around 230 (m3/s – assuming the Lippe has
roughly the same mean flow as the Ruhr, since there appears to be
no information on its flow rate.

The mass balance for suspended particulate matter in the modelled
area shows a surplus of about 30%, whereas for total zinc the surplus
is about 40%, that is, more is flowing out at Bimmen than can be ac-
counted for by the inflow at Maxau and the major tributaries. Unfortu-
nately data for the other tributaries are lacking, so that only very rough
estimates can be made for their contribution to the mass balance.

Besides unknown contributions from the mentioned tributaries an-
other source can be the erosion or the runoff of particulate matter and
the atmospheric deposition of zinc, which may be caused by traffic,
agricultural sources and industrial activities (Fuchs et al., 2010). To be-
gin with particulate matter: according to the ICPR the gross erosion
may be up to 1.5 Mt per year (ICPR, 2015). Given that the source to
make the mass balance closed is about 300 kt/y, this is five times more
than is needed. The figure reported by the ICPR refers to all sediment,
not just the silt and clay particles, which make up the suspended par-
ticulate matter that is of importance in this study.

For zinc, another source of information is the Dutch emission reg-
istration database (Dutch national government, 2015). This database
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Figure 45: Measured (+) and calculated (o) concentration of suspended partic-
ulate matter at Bimmen (mg/l), without resuspension.

shows a load via the atmosphere of 73 t/y for the whole of the Nether-
lands. Since the area of the catchment is roughly 42000 km2, this means
an atmospheric deposition of 1.74 µg/m2.y. If this deposition holds for
the German part of the Rhine basin (185000 km2), then the total load
would be: 324 t/y. As mentioned in the main text, Fuchs et al. find a
contribution of 600 t/y (Fuchs et al., 2010).

As discussed in the main text, the model results for both suspended
particulate matter and for total zinc turned out to be systematically
lower than the measurements, when only the concentrations at the in-
flows were used (see Figs. 47, 49 and 51). By adding the diffuse sources
discussed above the model results are much more comparable to the
measurements. (see Figs. 48, 50 and 52).

c.5 mathematical formulation of the processes

The processes that nanoparticles are subject to have been modelled
based on several prior publications (Markus et al., 2015; Krone, 1962;
Partheniades, 1962). Here the equations are collected.

The sedimentation of free nanoparticles, SPM and of both homoag-
gregates and heteroaggregates was modelled via a constant sedimen-
tation velocity:

dC
dt

= −ws

H
· C (C.1)

where:
ws is the sedimentation velocity (m/d)
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Figure 46: Measured (+) and calculated (o) concentration of suspended partic-
ulate matter at Bimmen (mg/l). In the calculation an extra source of
0.37 Mt/y was included to represent erosion.
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Figure 47: Measured (+) and calculated (o) concentration of suspended partic-
ulate matter at Bad Honnef, without resuspension.
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Figure 48: Measured (+) and calculated (o) concentration of suspended partic-
ulate matter at Bad Honnef. In the calculation an extra source was
included to represent erosion.

0

5

10

15

20

25

30

35

40

45

50

2007-01-01 2007-06-30 2007-12-27 2008-06-24 2008-12-21 2009-06-19 2009-12-16

T
ot

al
 c

on
ce

nt
ra

tio
n 

of
 z

in
c 

(u
g/

l)

Time

Figure 49: Measured (+) and calculated (o) total concentration of zinc at Bad
Honnef, without the diffuse source.
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Figure 50: Measured (+) and calculated (o) total concentration of zinc at Bad
Honnef, including the diffuse source.
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Figure 51: Measured (+) and calculated (o) total concentration of zinc at Bim-
men, without the diffuse source.
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Figure 52: Measured (+) and calculated (o) total concentration of zinc at Bim-
men, including the diffuse source.

Table 16: Comparison of the average concentration and the standard deviation
of the model results for suspended particulate matter with the mea-
surements for the monitoring points along the Rhine. All values in
mg/l.

Monitoring Average Average Standard Standard

location (model) (measurements) deviation deviation

(model) (measurements)

Karlsruhe 19.3 7.6 14.0 4.2

Mainz 17.7 15.8 8.9 12.8

Koblenz 18.1 21.1 13.0 21.1

Bad-Honnef 18.7 17.4 10.4 13.3

Bimmen 17.2 18.2 8.4 8.5



transport in the rhine 155

Table 17: Comparison of the average concentration and the standard deviation
of the model results for total zinc with the measurements for the
monitoring points along the Rhine. All values in µg/l.

Monitoring Average Average Standard Standard

location (model) (measurements) deviation deviation

(model) (measurements)

Karlsruhe 5.2 7.6 3.6 4.2

Mainz 7.3 12.9 3.1 5.2

Koblenz 8.6 7.5 5.1 6.2

Bad-Honnef 10.9 10.3 6.1 7.0

Bimmen 11.9 13.2 6.4 6.3
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Figure 53: Measured (+) and calculated (o) concentration of SPM at Karlsruhe.
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Figure 54: Measured (+) and calculated (o) concentration of SPM at Mainz.
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Figure 55: Measured (+) and calculated (o) total concentration of zinc at Mainz.
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Figure 56: Cumulative probability distribution of the total concentration of
zinc at Bimmen. (+) measured, (o) calculated.

H is depth of the water column (m)
C is the concentration of the nanoparticle fraction µg/l) or of SPM
(mg/l)

The resuspension is modelled as a constant flux:

dC
dt

= +
M
H

(C.2)

where:
M is the resuspension rate coefficient (mg/m2.d)

Homoaggregation is modelled via the following equations:

dC f ree

dt
= −khomoagg · C2

f ree − ksec_agg · C f reeCagg (C.3)

dCagg

dt
= +khomoagg · C2

f ree + ksec_agg · C f reeCagg (C.4)

where:
C f ree is the concentration of free, that is non-adsorbed and non-aggregated,
nanoparticles (µg/l).
Cagg is the concentration of aggregations of nanoparticles (µg/l).
khomoagg is the rate coefficient for the homoaggregation process (l/µg.d).
ksec_agg is the rate coefficient for the aggregation of nanoparticles to ex-
isting aggregates of nanoparticles (secondary homoaggregation; l/µg.d).

Heteroaggregation is modelled via the following equations:
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Table 18: Values of the process coefficients as used in the model calculations.

Parameter Value

Rate coefficient of homoaggregation 0.00177 (l/µg.d)

Rate coefficient of secondary homoaggregation 0.00228 (l/µg.d)

Rate coefficient of heteroaggregation 0.0073 (l/g.d)

Sedimentation velocity SPM and nanoparticles 0.1 (m/d)

dC f ree

dt
= −kagg · Csed · C f ree (C.5)

dCads
dt

= +kagg · Csed · C f ree (C.6)

where:
kagg is the rate coefficient of heteroaggregation (l/g.d).
C f ree is the concentration of free nanoparticles (µg/l).
Cads is the concentration of adsorbed nanoparticles (either adsorbed to
inorganic or organic) (µg/l).
Csed is the concentration of suspended particulate matter (either inor-
ganic or organic; mg/l).

The coefficients were set according to Table 18 (Markus et al., 2015).
The actual sedimentation rate and the resuspension rates were mod-
elled using the classical formulations by Krone and Partheniades (Krone,
1962; Partheniades, 1962).

c.6 comparison with measurements

In order to quantify the accuracy of the model results in relation to the
available measurements, the concentration for suspended particulate
matter (SPM) and the total concentration of zinc was averaged over
time and the standard deviation was determined for both the model
results and the measurements. For the model results the values at the
same times as the measurements were selected (see Tables 16 and 17).
The average concentrations differ 10 to 15% for the majority of the
locations, but for SPM at Karlsruhe and total zinc at Mainz the model
result differs substantially from the measured concentration.

An examination of the data reveals that the model results at Karl-
sruhe have higher peaks and a higher average (see Fig. 53). Such high
peaks are, however, present at the monitoring location Mainz, down-
stream of Karlsruhe (see Fig. 54) and other downstream locations.

For the zinc concentration at Mainz the situation is completely dif-
ferent: the measurements show very little variation (see Fig. 55). In fact,
closer examination of the original data base reveals that most measured
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Figure 57: Measured concentration of titanium at Lobith.

values are below the detection limit of 10 µg/l for this location. Still,
the model does not reproduce the values above the limit.

The average and the standard deviation only give limited informa-
tion. The so-called empirical probability distribution makes a more
detailed comparison possible (see Fig. 56): on the whole the model
concentration is slightly lower than the measurements, but the form
of the distribution is quite similar. Even the peak values show a simi-
lar distribution. For other locations the same conclusion can be drawn,
though some are less satisfactory as was also concluded from the aver-
age concentrations (these are not shown). This indicates that the model
is sufficiently capable of capturing the dynamics of the system.

c.6.1 Measurements at Lobith for total titanium and total silver

For both titanium and silver there are few measurement data available.
The only such data relevant for the chosen period are shown in Figs.
57 and 58, as collected by the Dutch Water Authorities (Dutch national
government, 2015). There is a gap in the time series for silver, so that
the years 2010–2011 had to be chosen instead.

The measurements show an average concentration of 10 to 15 µg/l
for titanium and of approximately 0.2 µg/l for silver.

c.6.2 Titanium dioxide and silver nanoparticles

Results for titanium dioxide nanoparticles and silver nanoparticles are
shown in Figs. 59 and 60, as based on the first scenario. A comparison
of the calculated nanoparticle concentration and the measured concen-
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Figure 58: Measured concentration of silver at Lobith.
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Figure 59: Calculated concentration of TiO2 nanoparticles along the Rhine, av-
eraged over the simulation period 2007-2009 (µg/l). The fractions
are shown as cumulative. The vertical lines indicate the location of
the monitoring stations. First scenario: the emissions are assumed
higher in summer time.
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Figure 60: Calculated concentration of Ag nanoparticles along the Rhine, av-
eraged over the simulation period 2007-2009 (ng/l). The fractions
are shown as cumulative. The vertical lines indicate the location of
the monitoring stations. First scenario: the emissions are assumed
higher in summer time.
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tration of total titanium and silver indicates that these nanoparticles
also constitute a relatively small fraction of the total. For silver the
nanoparticles contribute about 5% to the total concentration and for
titanium they contribute no more than 10%. In fact, these levels are
comparable to what was found for zinc oxide nanoparticles.

The aggregation processes were assumed to take place at the same
rate as those for zinc oxide, as any specific information on these pro-
cesses is lacking. Therefore the distribution of the nanoparticles over
the various fractions is comparable to that for zinc oxide. Because the
concentration of silver nanoparticles is much lower than the concentra-
tion of zinc oxide nanoparticles, the homoaggregation process is con-
siderably slower, producing almost no homoaggregates.
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d.1 detailed of the sampling locations

For the sampling eleven locations (labelled D01 to D11) over the entire
river were selected. In addition three samples (labelled W01 to W03)
were taken from the wastewater treatment plant (WWTP). The details
are shown below:

ID Address

D01 Paardensteeg, Vught

D02 Hoge Vonderstraat, St. Oedenrode

D03 Dommelpas, Son en Breugel

D04 Van Oldenbarneveltlaan (park), downstream of

the WWTP Eindhoven

D05 Onze Lievevrouwestraat, Eindhoven

D06 Busken Huetstraat, Eindhoven (near tank station).

Tributary: Tongelreep

D07 Tongelreeppad, Eindhoven

D08 Klotputten (sediment trap) downstream

D09 Klotputten (sediment trap) upstream

D10 Volmolen, Waalre

D11 Peedijk, Borkel

W01 Influent WWTP Eindhoven

W02 Effluent WWTP Eindhoven

W03 Sewage sludge WWTP Eindhoven

d.2 precipitation and flow rates in the sampling period

Table 19 shows the daily precipitation and the flow rate of the river
Dommel upstream of the WWTP and the outflow rate of the WWTP
in the period of sampling. The flow rate of the river is hardly affected
by the rainfall. There may be some influence on the outflow rate of the
WWTP. The daily sum of precipitation is the average of four stations
in the region of the river.

163
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Figure 61: Measured concentration of zirconium along the river, dd. 4 June
2015.

d.3 measured concentrations

Table 20 shows the measured total concentrations of the six metals
considered. For the analysis the samples were used directly.

The results for the ultrafiltration are shown in tables 21 and 22.

d.4 additional figures

Fig. 61 shows the concentration of zirconium along the river. As the
concentration is more or less constant, it is likely that the river and its
tributaries carry a background level only.

Fig. 63 shows a picture and the EDX spectrum of a gold nanoparticle
that was found in the sewage sludge. Fig. 64 shows in a similar way an
agglomerate of cerium and lanthanum particles. The size distribution
of these particles is shown in Fig. 65.

d.5 interpretation of the concentrations

To further interpret the measured concentrations one can combine the
concentrations at various points with the flow rates of the river and its
tributaries or the WWTP to predict the concentrations after the point
of confluence. This is done for locations D05 and D04:

• Using the measured concentrations at locations D07 (downstream
of the sediment trap) and D06 (the sampling point in the Tongel-
reep tributary), it should be possible to predict the concentration
at D05 (downstream of the confluence).
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Figure 62: Concentration of gold as measured after ultrafiltration. (A) The orig-
inal sample was acidified, but not filtered, immediately after collec-
tion. (B) The original sample was filtered, immediately after collec-
tion, with a 450 nm filter. The concentration is in µg/l, the mesh size
in nm.

Figure 63: Representative SEM image of a gold nanoparticle, as indicated by
the arrow, in a sludge sample (W03) from the WWTP (A) and the
corresponding EDX-spectrum of the nanoparticle (B).
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Figure 64: Representative SEM image of a cerium and lanthanum agglomerate,
as indicated by the arrow, in a sludge sample (W03) from the WWTP
(A) and the corresponding EDX-spectrum of the nanoparticle (B).

Figure 65: Size distribution of the nanoparticles found in the sludge (W03),
distribution by numbers (A) and distribution by mass (B).
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• Using sampling point D05 and the effluent of the WWTP (W02),
it should be possible to predict the concentration at D04 (the sam-
pling point downstream of the WWTP).

• The predicted concentration is based on a mass balance for the
river Dommel and its tributary or the WWTP.

Deviations of the actually measured concentrations from the predic-
tions may indicate that the underlying assumptions are false: it is as-
sumed that the river is well-mixed at these sampling points, so that the
measurements are representative and it is assumed that the concentra-
tion measured in the effluent is representative for the WWTP, that is,
the composition of the effluent is fairly constant.

For these calculations the measured concentrations in Table 20 and
the flow rates in Table 23 have been used.

For zinc and cerium the results are shown in Table 24 and for tita-
nium the results are shown in Table 25.

The deviations are in the order of 13%, so comparable to the (esti-
mated) measurement uncertainty.

The deviation between the measured and the predicted concentra-
tion for location D04, 47%, is much larger than for the other location
and also than for the other substances.

If one assumes a contribution of runoff from painted surfaces to
explain this difference, the emission per year would be in the order of
40 kg. With some further assumptions about the amount of paint that
is typically used for an exterior surface (0.2 L/m2) and the content of
titanium pigment (5% by weight), the surface area needed for such an
emission can be estimated: 4000 m2 would have to lose its titanium
content. This does not seem excessive, given a population of half a
million people in the region of Eindhoven.
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Table 19: Hydrological data for the sampling period.

Date Precipitation Flow rate river Outflow WWTP

mm/day m3/s m3/s

2015-5-30 2.3 – –

2015-5-31 2.1 – –

2015-6-1 7.2 1.74 2.84

2015-6-2 0.8 1.64 1.54

2015-6-3 1.8 1.65 1.38

2015-6-4 0.0 1.59 1.27

2015-6-5 0.0 1.63 1.20

2015-6-6 6.0 1.63 3.23

Table 20: Measured total concentrations for seven metals. The samples were
acidified in the field using nitric acid. The concentrations are given
in µg/l.

Location Ag Ce Au Ti Zn La Zr

D01 0.027 0.50 0.34 1.7 26 0.20 0.29

D02 0.02 0.53 0.23 1.6 43 0.23 0.28

D03 0.016 0.54 0.17 1.3 41 0.22 0.26

D04 0.008 0.59 0.14 1.7 56 0.26 0.22

D05 0.006 0.92 0.11 1.8 47 0.39 0.23

D06 0.006 0.53 0.10 1.5 18 0.21 0.24

D07 0.006 1.4 0.09 1.7 67 0.57 0.25

D08 0.005 0.82 0.07 1.4 66 0.35 0.21

D09 0.003 0.66 0.073 0.62 77 0.29 0.19

D10 0.004 0.63 0.078 0.66 86 0.29 0.24

D11 0.005 0.64 0.10 0.69 112 0.29 0.19

W01 0.019 0.64 0.11 4.1 164 0.42 0.39

W02 0.007 0.052 0.15 0.41 52 0.019 0.21

W03 0.013 1.8 0.10 8.3 1.16·103
0.87 1.4
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Table 21: Measured concentrations of titanium, gold and cerium after ultrafil-
tration. This set of samples used had been filtered on site with a 450

nm ultrafilter. The concentrations are given in µg/l and the mesh size
in nm.

Location Mesh Ce Au Ti

D01 450 0.11 0.03 0.43

D01 200 0.04 0.03 0.24

D01 100 0.02 0.03 0.32

D01 20 0.03 0.02 0.36

D04 450 0.16 0.04 0.47

D04 200 0.06 0.04 0.37

D04 100 0.05 0.03 0.30

D04 20 0.07 0.03 0.28

D07 450 0.13 0.07 0.31

D07 200 0.08 0.05 0.31

D07 100 0.08 0.05 0.21

D07 20 0.07 0.04 0.35

D08 450 0.14 0.19 0.51

D08 200 0.08 0.12 0.23

D08 100 0.09 0.10 0.32

D08 20 0.09 0.08 0.26
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Table 22: Measured concentrations of titanium, gold and cerium after ultrafil-
tration. This set of samples used had not been filtered on site, but
was instead acidified with nitric acid. The concentrations are given in
µg/l and the mesh size in nm.

Location Mesh Ce Au Ti

D01 450 1.06 0.02 2.89

D01 200 0.51 0.02 2.53

D01 100 0.52 0.02 2.58

D01 20 0.52 0.02 2.90

D04 450 1.16 0.02 2.74

D04 200 0.64 0.02 2.43

D04 100 0.64 0.02 2.50

D04 20 0.64 0.02 2.87

D07 450 2.03 0.03 3.39

D07 200 1.38 0.02 2.69

D07 100 1.36 0.02 3.05

D07 20 1.38 0.02 3.54

D08 450 1.49 0.07 3.16

D08 200 0.83 0.04 2.13

D08 100 0.86 0.03 2.34

D08 20 0.87 0.03 2.79

Table 23: Flow rates as used in the mass balance calculations.

Dommel, upstream of location D07 1.8 m3/s

Tongelreep 1.0 m3/s

WWTP 1.3 m3/s
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Table 24: Predicted and observed concentrations for zinc and cerium (values in
µg/l).

Location Predicted Observed Predicted Observed

Zn Zn Ce Ce

D05 47.1 47.4 1.04 0.92

D04 49.7 56.1 0.52 0.59

Table 25: Predicted and observed concentrations for titanium (values in µg/l).

Location Predicted Observed

Ti Ti

D05 1.64 1.79

D04 1.15 1.70
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S U M M A RY

Nanoparticles are particles with a size of 100 nm or less in at least one
dimension. They can be of natural origin (for example the ultrafine
particles found in volcanic dust) or man-made, either deliberately or
accidentally (as a consequence of abrasive processes for instance). De-
liberately produced nanoparticles are commonly known as engineered
nanoparticles and these are the main subject of this thesis.

A consequence of the small size of these particles is that their relative
surface area is very large. One gram of particles of 100 nm has a total
surface area which is ten times larger than a gram of particles of 1

µm. Since most chemical reactions occur at the surface, this makes
these particles more reactive just because of their size. Another aspect
is that at these dimensions quantum effects begin to play a role – gold
nanoparticles have a colour that depends on their size and they are
chemically active, instead of being inert as gold particles of larger size
are.

While they consist of well-known substances like silver, zinc oxide
or even clay, nanoparticles have properties that set them apart from
the bulk material. One such property concerns zinc oxide and tita-
nium dioxide. If the particles are of "classical" size, then they are white,
scattering visible and ultraviolet light in all directions. This scattering
of UV light makes them useful as sunscreen, for instance. However,
once the size is in the order of 100 nm or smaller, they become trans-
parent to visible light and lose their colour. Sunscreens that use such
small particles are therefore also transparent. This is just one applica-
tion of the special properties of nanoparticles. Other applications are:
targeted drug delivery, transistors and other elements in electronic de-
vices, biosensors to detect enzymes and other biochemical substances.
Not only inorganic substances are used, also organic materials, such
as liposomes and micelles, which are used for drug delivery as well as
nanofertilizers and nanopesticides. Fullerenes and carbon nanotubes
form another class of nanoparticles based on carbon.

Titanium dioxide and zinc oxide nanoparticles also display photore-
activity, that is, under the influence of visible or UV light, they gen-
erate reactive oxygen species. This is a property that is not desirable
for sunscreens, so in such products the nanoparticles are coated to re-
duce this activity. Coatings may also be used for other purposes, such
as giving the nanoparticles the desired functionality instead of merely
suppressing unwanted properties. Once released into the environment
via waste streams, the nanoparticles may lose this protective coating
and become reactive. Thus, while nanoparticles are potentially very
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useful for a wide variety of products, they may possibly also form an
environmental hazard.

The goals of the research described in the present thesis were to gain
insight in the distribution of engineered nanoparticles in the aquatic
environment, that is, the release of nanoparticles into surface waters
via wastewater and runoff from arable land and urban areas, their
transport, and their eventual fate in water and sediment. In previous
work direct measurement of the concentration and even the detection
of nanoparticles have turned out to be very difficult, given the complex-
ity of the water matrix and the low concentrations of nanoparticles that
need to be dealt with. The main method used in this thesis is therefore
mathematical modelling:

• The first step has been to estimate, on the basis of available data
for the use of personal care products and other consumer prod-
ucts, the amount of nanoparticles that may be released into the
environment. For this three types of nanoparticles were selected:
titanium dioxide, zinc oxide and silver, since for these types most
information was available, even if that information proved to be
scarce.

For the three metals also long-term concentration measurements
were available for the rivers Rhine and Meuse, the two largest
rivers flowing through the Netherlands. This enabled a compari-
son between the inflow of these metals and the emission of nano-
particles from Dutch households and industry. According to the
calculations the contribution within the Dutch parts of the river
basins of nanoparticles in terms of the total metal concentrations
is in the order of 2 to 5% for the Rhine and 20% for the Meuse
for zinc, silver and titanium.

These figures do not take into account that wastewater treatment
plants may retain a significant fraction of these nanoparticles in
the sewage sludge. When this is accounted for, the percentages
drop to 0.5 to 2% for the Rhine and about 6% for the Meuse.

• The second step was to examine the processes as reported in the
literature, namely aggregation of nanoparticles to clusters, ad-
sorption to suspended solids and subsequent sedimentation of
these larger particles, and to develop a mathematical model that
describes and accounts for these processes. The model is shown
to be capable of describing the development of the concentration
of nanoparticles as observed in laboratory experiments. In the
model the nanoparticles are distributed over three different frac-
tions: unbound or free nanoparticles, nanoparticles clustered into
larger but homogeneous aggregates and nanoparticles adsorbed
to suspended solids. Several processes are distinguished to de-
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scribe the conversion of one fraction into another by aggregation
or adsorption.

Analysis of the model thus developed indicates that in natural
water systems the most important process is the adsorption of
nanoparticles to suspended solids. The concentrations of nano-
particles that have been predicted for these water systems are so
low that homoaggregation of nanoparticles to larger clusters is a
negligible process.

• The mathematical model described above formed the basis for
further model development that would allow predicting the trans-
port and fate of nanoparticles in the river Rhine. To this end
an existing one-dimensional hydrodynamic model for the Rhine
was used that extends from Maxau (near Karlsruhe) in Germany
to well downstream of the Dutch/German border. The hydro-
dynamic model includes the main tributaries such as the Mosel,
the Main and the Neckar in its schematisation. The model was
used to simulate the flow in the river system for the period 2007–
2009, as this was the period for which detailed inflow data for
the upstream area and the tributaries were available. To estimate
the release of nanoparticles into the river from households in the
river basin, a database on the wastewater treatment plants in the
whole Rhine basin was used. This way a detailed simulation for
this period was possible.

In total six scenarios were studied. Two different emission scenar-
ios were formulated, in the first the only source considered was
the emission from the wastewater treatments. The second sce-
nario included a diffuse source of nanoparticles along the river,
representing potential runoff from the application of sludge as
a fertilizer. In these two scenarios the nanoparticles were consid-
ered to be released as free particles that are then subject to aggre-
gation, adsorption and sedimentation, conform the mathemati-
cal model that was developed using laboratory experiments. Not
only the concentration of the various fractions of nanoparticles
was modelled but also the concentration of suspended solids, as
these are involved in the adsorption process. In four additional
scenarios, all based on the second emission scenario, the initial
distribution as well as the rate coefficients of the processes were
varied to examine the effects on the distribution over the frac-
tions.

To gain confidence in the model set-up additionally the concen-
tration of suspended particulate matter and the total concentra-
tion of zinc were modelled, using the available total zinc concen-
tration measurements for the upstream boundary and the trib-
utaries. The comparison of the model results for total zinc and
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suspended solids with the measurements for the simulation pe-
riod shows that the model is indeed capable of predicting the
concentration in the whole river for these two water quality pa-
rameters.

As there are no measurements available to date for nanoparticles
in the Rhine river, the results for the concentration of nanopar-
ticles cannot be compared with actual data. Furthermore, the
model relies on estimates of the emissions, as described above.
According to this emission scenario, nanoparticles may contribute
5 to 10% to the total concentration of zinc and titanium. In the
second emission scenario the increase in the amount of nanopar-
ticles released into the river leads to higher concentrations. The
contribution relative to the observed total concentrations is still
in the order of 10%.

From the modelling results it is also clear that nanoparticles may
be transported over a large distance in much the same way as
suspended particulate matter, as the nanoparticles are mostly ad-
sorbed to these larger particles.

Very few if any publications exist regarding direct measurements of
the concentrations of nanoparticles in natural water systems, but it is
possible to use indirect techniques. In a second phase of this research,
water samples were collected at 11 locations in a small, easily accessible
river in the Netherlands, the Dommel, together with samples of the
influent, effluent and sewage sludge of the large wastewater treatment
plant that discharges on this river. The samples were analysed for seven
metals (zinc, titanium, zirconium, gold, silver, cerium and lanthanum)
using ICP-MS, ultrafiltration and scanning electron microscopy. The
total concentration determined from the samples was used to identify
the influence of possible sources, such as the wastewater treatment
plant and surface runoff. This influence turned out to be minimal, as
for some metals the background concentration was found to be higher
than that of, for instance, the effluent.

The concentrations of cerium and lanthanum were found to have
a constant ratio, indicating that there is no anthropogenic release of
either element into the river Dommel. The ratio is in agreement with
natural abundance ratios reported in the literature.

Filters of various mesh sizes were used to determine the size distri-
bution of the particles in which the metals occur. It turned out that
most metal is filtered out (up 80 to 90%) when using the coarsest ultra-
filter used with a mesh size of 450 nm. This indicates that nanoparticles
present in the river water are almost all attached to suspended matter
or alternatively are present as aggregates of at least several hunderd
nanometers.



summary 201

Using scanning electron microscopy nanoparticles of titanium diox-
ide and gold were shown to be present in the sewage sludge and the
wastewater influent, as well as nanoparticles consisting of both cerium
and lanthanum. The individual particle sizes are in the order of 20 nm,
but especially the titanium dioxide particles were almost exclusively
present as aggregates. The concentrations as calculated from these ob-
servations were an order of magnitude lower than expected on the
basis of the estimates from the first part of this study.

The overall conclusion is that while nanoparticles of various types
are present in everyday products and consequently appear in the waste-
water, their contribution to the total concentration in such rivers as the
Rhine and Meuse, but also the Dommel is limited. From the estimates
based on the scarce data that are available, it would seem that at most
5 to 10% of the mass concentration can be attributed to nanoparticles.
The river Dommel measurements have shown that, at least for this river
and at the time of the sample collection, the contribution of nanopar-
ticles may actually be much lower.





S A M E N VAT T I N G

Nanodeeltjes zijn gedefinieerd als deeltjes met een afmeting van 100

nm of kleiner in tenminste één dimensie. Ze kunnen van natuurlijke
oorsprong zijn (zoals de ultrafijne deeltjes in vulcanische as) maar ook
doelbewust gefabriceerd worden. Daarnaast ontstaan ze als bijprodukt
van allerlei processen (denk aan deeltjes gevormd door slijtage). Doel-
bewust gefabriceerde nanodeeltjes staan in de literatuur bekend onder
de naam "engineered nanoparticles". Deze groep is het hoofdonder-
werp van dit proefschrift.

Een gevolg van de geringe afmetingen van deze deeltjes is dat de
oppervlakte in relatie tot het volume erg groot is. Een gram deeltjes
van 100 nm groot heeft een totale oppervlakte die tienmaal zo groot is
als een gram deeltjes van 1 µm groot. Omdat de meeste chemische re-
acties aan het oppervlak plaatsvinden, zijn nanodeeltjes veel reactiever
dan gewone deeltjes, juist vanwege hun geringe afmetingen. Boven-
dien spelen op deze schaal quantumeffecten een rol – nanodeeltjes van
goud hebben een kleur die van hun grootte afhangt en ze zijn, in te-
genstelling tot gouddeeltjes van gebruikelijker afmetingen, chemisch
actief.

Nanodeeltjes bestaan vaak uit alledaagse stoffen als zilver, zinkoxide
of zelfs klei, maar hebben door hun afmetingen speciale eigenschappen
waardoor ze zich onderscheiden van klassieke materialen. Een bekend
voorbeeld zijn nanodeeltjes van zinkoxide en titaandioxide. Als deel-
tjes van deze stoffen een grootte hebben van enkele micrometers of
meer, dan zijn ze felwit en verstrooien ze zowel zichtbaar als ultravio-
let licht in alle richtingen. De verstrooiing van ultraviolet licht maakt
ze geschikt voor zonnebrandcrème. Als ze echter in de orde van 100

nm of kleiner zijn, dan zijn ze doorzichtig voor zichtbaar licht. Zonne-
brandcrème op basis van deze kleine deeltjes is dan ook transparant.
Dit is maar één toepassing van de speciale eigenschappen van nano-
deeltjes. Andere toepassingen zijn: het afleveren van medicijnen op de
juiste plaats in het lichaam van de patiënt, transistoren en andere ele-
menten in electronische apparatuur, biosensoren voor het herkennen
van enzymen en andere biochemische stoffen. Niet alleen inorganische
stoffen worden hiervoor gebruikt, ook organische, zoals liposomen en
micellen. Deze zijn met name geschikt voor het afleveren van medicij-
nen en als hulpstof in meststoffen en pesticiden. Een aparte klasse van
nanodeeltjes op basis van koolstof is die van de fullerenen en koolstof-
nanobuisjes.

Nanodeeltjes van titaniumdioxide en zinkoxide vertonen ook fotore-
activiteit, dat wil zeggen, onder de invloed van zichtbaar en ultraviolet
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licht, genereren ze zuurstofradicalen. Deze eigenschap is echter onge-
wenst in zonnebrandcrèmes en cosmetica en daarom worden de na-
nodeeltjes voor dergelijke producten voorzien van een beschermende
laag. Dergelijke "coatings" worden ook voor andere doeleinden aan-
gebracht, zowel om ongewenste eigenschappen te onderdrukken als
om gewenste eigenschappen te versterken. Als ze eenmaal via afval-
stromen in het milieu terecht zijn gekomen, gaan deze coatings vaak
verloren en worden de deeltjes weer reactief. Nanodeeltjes zijn daarom
enerzijds nuttig in een breed scala aan producten, maar anderzijds be-
staat de kans dat ze in het milieu schade veroorzaken.

Het onderzoek dat in dit proefschrift is beschreven had tot doel om
inzicht te krijgen in de verspreiding van "engineered" nanodeeltjes in
het aquatisch milieu: de lozing van nanodeeltjes in het oppervlaktewa-
ter via afvalwater en afspoeling vanaf landbouwgrond, het transport en
verdere lot in water en sediment. In eerdere studies is gebleken dat de
rechtstreekse meting van de concentratie en zelfs het aantonen van de
aanwezigheid van nanodeeltjes erg moeilijk is vanwege de complexi-
teit van de watermatrix en vanwege de lage concentratie waarin deze
deeltjes voorkomen. De voornaamste methode die hier is gehanteerd
is dan ook die van wiskundige modellering:

• De eerste stap was het schatten van de hoeveelheid nanodeeltjes
die in het milieu terecht kan komen. Daartoe zijn de beschikbare
gegevens benut over het gebruik van verzorgingsprodukten en
andere consumentenprodukten en schattingen van het aandeel
nanodeeltjes daarin. Drie typen nanodeeltjes stonden daarbij cen-
traal: titaniumdioxide, zinkoxide en zilver, omdat voor deze ty-
pen de meeste informatie te vinden was, al was zelfs die informa-
tie schaars.

Van de drie metalen is bovendien de concentratie in de Rijn en
Maas over een lange periode gemeten, zodat een vergelijking mo-
gelijk was tussen de instroming van deze metalen bij de grenzen
en de emissie via Nederlandse huishoudens en industrie. De ge-
schatte bijdrage binnen het Nederlandse deel van de stroomge-
bieden van beide rivieren van nanodeeltjes aan de totale vracht
bedraagt in de orde van 2 to 5% voor de Rijn en 20% voor de
Maas voor zink, zilver en titanium.

Bij deze cijfers is verondersteld dat alle nanodeeltjes uit het af-
valwater in de rivieren terecht komen. Als echter wordt meege-
rekend dat een groot deel van deze deeltjes in het zuiveringsslib
van de rioolwaterzuiveringsinstallaties achterblijft, dan dalen de
percentages tot 0,5 to 2% voor de Rijn en tot ongeveer 6% voor
de Maas.

• De tweede stap was om de processen te onderzoeken waaraan
nanodeeltjes in water volgens de literatuur onderhevig zijn, te
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weten aggregatie van nanodeeltjes tot clusters, adsorptie aan zwe-
vende stof en de daaropvolgende sedimentatie van deze grotere
deeltjes. Dit heeft geleid tot een wiskundige model dat deze pro-
cessen beschrijft en in rekening brengt. Het model voorspelt de
ontwikkeling van de concentratie van nanodeeltjes in de tijd zo-
als die in laboratoriumexperimenten is waargenomen. In het mo-
del zijn de nanodeeltjes verdeeld in drie fracties: ongebonden of
vrije nanodeeltjes, geclusterde nanodeeltjes (homoaggregaten) en
nanodeeltjes geadsorbeerd aan zwevende stof (heteroaggregaten).
Aggregatie en adsorptie zorgen in het model voor de omzetting
van de ene fractie in de andere.

Uit de resultaten van dit procesmodel kon afgeleid worden dat
in natuurlijke watersystemen adsorptie van nanodeeltjes aan zwe-
vende stof het belangrijkste proces is. De concentratie van nano-
deeltjes zoals die wordt verwacht voor dergelijke systemen is zo
laag dat de homoaggregatie van nanodeeltjes tot grotere clusters
een verwaarloosbaar proces zal zijn.

• Dit wiskundige model vormde de basis voor verdere ontwikke-
ling van een model waarmee het mogelijk is om van het trans-
port en het lot van nanodeeltjes in de Rijn te voorspellen. Daar-
toe werd een bestaand een-dimensionaal hydrodynamisch model
van de Rijn gebruikt dat het deel van Maxau (bij Karlsruhe) in
Duitsland tot aan Gelderland beslaat. De schematisering van het
hydrodynamische model omvat tevens delen van de belangrijkste
zijrivieren zoals de Moezel, de Main en de Neckar. Omdat voor
de periode 2007–2009 gedetailleerde stromingsgegevens voor zo-
wel het bovenstroomse gebied als de zijrivieren beschikbaar zijn,
is deze periode gebruikt voor de simulaties van de stroming. Om
de emissie van nanodeeltjes in de hoofd- en zijrivieren uit huis-
houdens te kunnen schatten is een database benut van de afval-
waterzuiveringsinstallaties in het gehele basin van de Rijn. Op
deze manier was een gedetailleerde simulatie mogelijk.

Er zijn zes verschillende scenario’s bestudeerd. Twee emissiesce-
nario’s: in het eerste werd alleen emissie via zuiveringsinstallaties
meegenomen. In het tweede werd ook een diffuse bron onder-
scheiden die de uitspoeling representeert van nanodeeltjes in zui-
veringsslib dat als mest wordt gebruikt. In deze scenario’s werd
verondersteld dat nanodeeltjes in het milieu terechtkomen als
vrije deeltjes en vervolgens aggregatie, adsorptie en sedimenta-
tie ondergaan, zoals die in het procesmodel worden onderschei-
den. Daartoe werd niet alleen de concentratie van de drie frac-
ties aan nanodeeltjes gemodelleerd maar ook de concentratie aan
zwevende stof, omdat die een rol speelt bij de adsorptie tot hete-
roaggregaten. In vier andere scenario’s die zijn afgeleid van het
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tweede emissiescenario, werden de genoemde initiële verdeling
en enkele procescoëfficiënten gevarieerd om inzicht te krijgen in
de effecten op de verdeling over de fracties.

Om de modelopzet te valideren werd bovendien zowel de concen-
tratie aan zwevende stof als totale concentratie aan zink gemodel-
leerd, op basis van de meetgegevens van totaal zink en zwevende
stof die voor het bovenstroomse gebied en de zijrivieren beschik-
baar waren. De vergelijking tussen de modelresultaten voor zink
en zwevende stof voor de gekozen simulatieperiode liet zien dat
het model inderdaad in staat is de concentratie in de gehele rivier
goed te benaderen voor deze twee stoffen.

Op dit moment zijn er geen meetgegevens beschikbaar van na-
nodeeltjes in de Rijn, zodat de modelresultaten niet vergeleken
kunnen worden met feitelijke meetgegevens. Verder is het model
afhankelijk van schattingen van de emissies, zoals boven uitge-
legd. Volgens het eerste emissiescenario kan de bijdrage van na-
nodeeltjes aan de totale concentratie van zink en titanium in de
orde van 5 tot 10% zijn. De extra bron in het tweede emissiesce-
nario leidt tot hogere concentraties. De uiteindelijke bijdrage van
nanodeeltjes aan de totale concentratie zou daarmee in de orde
van 10% kunnen zijn.

Uit de modelresultaten kan worden afgeleid dat nanodeeltjes
over grote afstanden getransporteerd worden, tezamen met zwe-
vende stof, omdat de nanodeeltjes voor het grootste deel aan zwe-
vende stof zijn geadsorbeerd.

Er zijn niet of nauwelijks publicaties van directe metingen van con-
centraties van nanodeeltjes in oppervlaktewater, maar het is wel moge-
lijk om indirecte technieken te gebruiken. Op 11 locaties langs de Dom-
mel, een gemakkelijk toegankelijke rivier, die vanuit België door Eind-
hoven stroomt naar Den Bosch en daar in de Maas uitmondt, zijn water-
monsters genomen. Deze zijn vervolgens geanalyseerd voor zeven me-
talen (zink, titanium, zirconium, goud, zilver, cerium en lanthaan) met
behulp van ICP-MS, ultrafiltratie en scanning-electronenmicroscopie.
Bovendien zijn er van de rioolwaterzuivering van Eindhoven, een van
de grootste in Nederland, monsters genomen van het influent, efflu-
ent en het zuiveringsslib. De totale concentraties van de metalen in
het oppervlaktewater, zoals bepaald met de ongefilterde monsters, ver-
toonde geen invloed van de mogelijke bronnen als de waterzuivering
of uitspoeling. De concentratie van sommige metalen in bijvoorbeeld
het effluent was lager dan die van het ontvangende rivierwater.

De concentraties van cerium en lanthaan hadden een vaste verhou-
ding, zoals te verwachten als er geen anthropogene bijdrage is van
deze metalen. De verhouding komt overeen met de natuurlijke verhou-
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ding die in de literatuur betreffende de geochemie van deze en andere
zeldzame aarden wordt vermeld.

Om de grootteverdeling van de deeltjes vast te stellen waarin deze
metalen voorkomen, zijn filters met verschillende maaswijdten gebruikt.
Het meeste metaal (80 tot 90%) werd al uitgefilterd met het grofste fil-
ter (450 nm). Dit geeft aan dat eventuele nanodeeltjes in het rivierwater
vrijwel allemaal aan zwevende stof geadsorbeerd zijn of voorkomen als
aggregaten van enkele honderden nanometers.

Met behulp van electronenmicroscopie konden nanodeeltjes worden
geïdentificeerd van titaniumdioxide, goud en cerium/lanthaan in de
monsters van het ingenomen afvalwater en het zuiveringsslib. De in-
dividuele deeltjes waren in de orde van 20 nm, maar de deeltjes van
titaniumdioxide waren vrijwel uitsluitend aanwezig als aggregaten. De
concentraties zoals bepaald met behulp van deze resultaten waren een
orde van grootte lager dan verwacht gezien de schattingen uit de eer-
dere delen van deze studie.

De algehele conclusie is dat nanodeeltjes van allerlei aard weliswaar
aanwezig zijn in alledaagse produkten en daarom in het afvalwater
voorkomen, maar dat de bijdrage aan de totale concentratie in rivieren
als de Rijn en Maas, maar ook de Dommel, beperkt is. Uit de schattin-
gen gebaseerd op de schaarse gegevens lijkt hoogstens 5 to 10% van de
massaconcentratie toegeschreven te kunnen worden aan nanodeeltjes.
De metingen in de Dommel tonen aan dat, in ieder geval voor deze ri-
vier en ten tijde van de monsternemingen, de bijdrage van nanodeeltjes
nog lager is geweest.





A C K N O W L E D G M E N T S

When I finished my physics study in 1985, obtaining the title of "in-
genieur" (engineer) – nowadays one obtains the title "MSc", there was
a possibility to do a PhD in the subject that I had been working on,
the induced air flow around droplet screens with prof. John Smith as
the supervisor. However, the rules and status of PhD researches were
changing and the procedure to get the project approved took forever.
And it so happened that at Delft Hydraulics they were looking for
someone with my background. You might say, the rest is history. Well,
it is in a way. I never considered the possibility of a PhD anymore, the
work at Delft Hydraulics was satisfying enough and there seemed no
real benefit to getting that title. Time went on and Delft Hydraulics
became part of Deltares, together with three other institutes or parts
thereof. I had moved on from water quality modelling to software en-
gineering, though always keeping a link with these roots.

Things changed, when in 2011 one of my bosses at the time, Gerard
Blom, asked me whether I would be interested in doing a PhD project
on nanoparticles. Our colleague Remi Laane was looking for someone
who wanted to do this project – investigate the release of nanoparticles
into the aquatic environment. Remi was part-time professor at the Uni-
versity of Amsterdam and was involved in a large nation-wide research
project called NanoNextNL. The purpose of this large project was the
further development of nanotechnology in the Netherlands, not only
the technical development but also the development of the awareness
of what the technology might mean to the environment and to human
health, in the vocabulary of NanoNextNL the RATA aspects.1

Of course, I had to think carefully about this: after spending some 25

years working on one short or longer project after another, with very
different subjects, now I would have to focus for four years on a single
topic. Could I manage that? Did I want to? It would have no financial
consequences, as I would still be an employee of Deltares, a luxury
position, for which I am very grateful, since a family with three kids in
the teenage years and a comfortable house do demand a steady income.
But how would it change everything else? After consulting family and
friends, who almost unanimously advised me to go ahead, I did.

So, later that year, I attended the kickoff meeting for the cluster of
projects within NanoNextNL that I would be working in, met a few of
the people I would be cooperating with, notably John Parsons of the
University of Amsterdam (UvA for short), who was going to be one of
my supervisors, Bart Koelmans, University of Wageningen, who was

1 RATA stands for Risk Analysis and Technology Assessment
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the leader of the group, Joris Quik, a PhD student of Bart, with whom
I would work more closely. From Deltares, Remi Laane would be the
supervisor and Erwin Roex the project leader. Andrea Carboni had
just started at the UvA as a PhD student, his task was to develop a
measurement technique for fullerenes in soil. Pim de Voogt, also of the
UvA, became my second supervisor, firstly as a back-up for Remi and
later he acted in place of Remi, as Remi’s health did not allow him to
be as active anymore.

And on the first working day of 2012 it all started: reading dozens
of articles, analysing data, performing calculations and all the other
things a PhD student is supposed to do. My project did not involve lab
work, but rather the development of a numerical model to predict the
emissions and concentrations of nanoparticles. In a sense that makes
it easy, I suppose. Developing new measurement techniques or investi-
gating the behaviour of materials in various circumstances exposes you
to the caprices of instruments and experimental set-up. I, on the other
hand, merely relied on the experimental results of others to do my job
... except that such results have to be available of course. I soon found
out that the task of estimating the emissions of nanoparticles was not
all that easy. First of all, there were very few publications that had any
reliable data. Instead, most authors complained there were none and
that they had to use very global figures to try and come up with some-
thing. Secondly, the number of nanomaterials that seem to be used is
astounding. Like I used to say when explaining my work: I have seen
the whole periodic system pass by. Thirdly, even if these nanoparticles
were made of the same material, their actual properties would depend
on coating, form, crystalline structure and what not. And fourthly, it
became clear that even though dozens of papers may be written on a
particular type of nanoparticle, its actual use in products might be null.

During this research project I had only one student, Simone Bagnis.
He did a literature review for me regarding a topic that was tangent
to my own research: green methods to produce nanomaterials. Then it
was a bit of a new thing that I had come across, but since then I have
seen many articles that somehow mentioned that green chemistry was
at the basis of the nanomaterials that had been produced at the lab-
scale. Perhaps it is linked to the lack of data on the actual use of nano-
particles, but it was very hard to find information on the commercial
methods for producing nanomaterials.

As an engineer I am inclined to ignore the tiny details and go for
the big picture. Is that the "right" way? Perhaps not, but at least you
get some practical answers: given the variety of nanoparticle charac-
teristics and unanswerable questions like "is this type actually used in
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practice and if so in what products and in what quantities?", one needs
to simplify – a principle known as Occam’s razor.2

Time goes fast when you are doing a PhD project and suddenly I
found myself writing these acknowledgments. Reflecting on the past
three and a half years, I see a large number of conferences, workshops
and other meetings both in the Netherlands and abroad. I got the op-
portunity to meet a lot of people working on the same subject, the
effects of nanotechnology on the environment and human health, but
also people working in environmental sciences in general. Partly this is
due to me joining the COST action "ENTER" (to be precise: ES1205). For
those who do not know "COST": it is a European program to facilitate
the interaction between researchers, engineers and scholars. Basically
it allows you to travel and stay at institutes abroad. In my case, I got in-
volved in a number of "thinktanks" of "ENTER", where we could share
our insights in a particular topic and discuss what we should focus on.

The European conferences of SETAC were another means to meet
fellow researchers. SETAC being a very broad organisation, these con-
ferences were ideal to see what is going on in other areas. A PhD
student should keep an open mind, after all. Similarly the meetings
organised by NanoNextNL provided the opportunity to see what the
"hard core" nanotechnologists are up to.

When I started my PhD project, the running joke in my family was
"nanoo-nanoo", a reference to the once famous television series Mork
and Mindy. The background of my laptop showed a picture of these
two characters for a while. But time moved on and the work got serious.
My laptop now shows a picture of a halo around a wintery sun, shot
in Czechia, as we enjoy a winter holiday in the snow. Halos have very
little in common with nanoparticles, except that they are created via
the refraction of light in a large number of small icy particles. A single
particle has no noticeable effect. It is the collection of a vast number
that does!

I cannot sum up all the people that have in one way or another
contributed to this work, directly or indirectly, without forgetting a few
names. So I will not even try it. But I am grateful for having had this
opportunity from my bosses at Deltares, for working at the University
of Amsterdam, for having participated in the NanoNextNL project, for
working with the people in "ENTER" and for having my family and
friends around.

This should have concluded my acknowledgements, but in June of
this year we got the sad news that Remi had passed away as a con-
sequence of his disease. He was both a colleague at Deltares and my

2 I wanted to quote Albert Einstein here, as he is claimed to have formulated this as
"Everything should be made as simple as possible, but not simpler". Looking up the
exact quote, and a possible full quotation, I came across the site "quoteinvestigator.com".
Its page "http://quoteinvestigator.com/2011/05/13/einstein-simple/" has a lot to say
on the subject, so I use the reference to Occam instead.
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promotor. At the start of this project he introduced me as his last PhD
student. In retrospect these words were almost prophetic. I am grate-
ful for the opportunity to have worked with him – he inspired me and
many others.

Arjen Markus
Rotterdam, January 2016



A B O U T T H E A U T H O R

Adriaan Albert Markus, nickname Ar-
jen, was born on 17 May 1961 in
Schiedam. After completing grammar
school in 1979 in Rotterdam, he started
a study physical engineering at the Tech-
nical University in Delft. The subjects he
graduated on were the turbulent flow
of viscoelastic fluids and the simulation
of the induced air flow around upward
droplet screens. He got his MSc degree
cum laude3 in 1985.

He then joined Delft Hydraulics, now
part of Deltares, as a junior project engineer for the department Water
Resources and Environment. During the first ten years he cooperated
in projects on the North Sea, which culminated in the publication of
the Transport Atlas of the North Sea. A special feature, for that time, of
this book was the 5.25 inch floppy disk that allowed one to play around
with the wasteloads of a conservative substance and see the resulting
concentration patterns.

After this first decade at Delft Hydraulics, he got involved in the
development of the Delft3D modelling system, both its early applica-
tions to coastal waters in Wales, UK and the software itself. In close
cooperation with the department Estuaries and Seas the various gen-
eral computational models for the hydrodynamics, morphology and
water quality of marine and estuarine environments that form the
heart of Delft3D, took shape. As the development of computers and
the human-machine interaction continued in the last decade of the
previous century, graphical user-interfaces for both preprocessing and
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