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a b s t r a c t

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 system by means of a numerical model. The calculations rely on
estimates of the use of nanomaterials in consumer products and the removal efficiency 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 studied rivers in
Europe. The study gives insight in the concentrations that can be expected and, by comparing the model
results with measurements of the total metal concentrations, of the relative contribution of these
emerging contaminants.

Six scenarios were examined. Two scenarios concerned the total emission: in the first it was assumed
that nanoparticles are only released via wastewater (treated or untreated) and in the second it was
assumed 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 emissions from the second
scenario, were examined to highlight the consequences 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 par-
ticulate matter due to the aggregation processes nanoparticles are subject to. For the other scenarios the
contribution 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 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 mg/l, for silver nanoparticles in the order of 5 ng/l. For zinc and titanium com-
pounds this amounts to 5e10% 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 consequently 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.

© 2016 Elsevier Ltd. All rights reserved.
MH, Delft, The Netherlands.

rkus).
1. Introduction

Engineered nanoparticles are used in many consumer and in-
dustrial products, in particular metal and metal oxide nano-
particles, such as titanium dioxide, zinc oxide and silver, It is
therefore inevitable that they enter the natural environment such
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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 water bodies.
This requires insight in the sources of engineered nanoparticles 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,
aggregation 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 spe-
cific importance 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 multi-
media 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 multimedia approach makes it possible to study
this distribution in various environmental compartments simulta-
neously, but it does not easily allow for including complicated in-
teractions 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
similar to the current study, but they used a schematic represen-
tation 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 trans-
ported to be fairly limited, depending on the rate of hetero-
aggregation and sedimentation. They represent the nanoparticles
using several size classes and allow for interaction processes such
as aggregation.

In a recent publication Quik et al. (2015) also use a representa-
tion of the nanoparticles via size classes and similar interaction
processes, but they use a detailed hydrological model of a small
river in the Netherlands to study the effect of these processes on the
transport and fate of nanoparticles. Moreover the emphasis of their
study is on the effect of spatial heterogeneity in the process co-
efficients 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
approach. Instead of particle size classes, three fractions of nano-
particles 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 the supporting information (SI) and Markus et al.
(2015)). Since it is currently not possible to quantify the influence
of environmental conditions or of specific properties of the nano-
particles 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 different circumstances to be quite similar.

For each of the three fractions the mass concentration of
nanoparticles is determined, based on transport, processes and
emissions. The focus of the study is on nanoparticles, but the model
allows us to simulate 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.

2. Materials and methods

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. 1). 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 e there are a
number of tributaries, such as the Mosel and the Main, but
further downstream 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
extensive datasets of measurements, containing information
about numerous substances and the flow rates (BAFG, 2015b;
ICPR, 2015; RWS, 2015). Furthermore information about the
tributaries and wasteloads is available (ICPR, 2014), allowing the
set-up of a comprehensive model.
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 SainteVenant equa-
tion, which describes the hydrodynamics of a river system (Moussa
and Bocquillon, 2000), and the one-dimensional advec-
tionediffusion equation for the water quality in such a river
system:
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where Eq. (1) is the momentum equation for the flow velocity u
averaged 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 Sf that of bottom friction. The flow rate Q is
related to the flow velocity and the width of the main channel of
the river.

Eq. (2) represents the continuity equation relating the change in
water depth to the gradients in the flow velocity and the lateral
inflow q. A is the wet cross-section of the river. Eq. (3) 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.

Themodel itself consists of a one-dimensional schematisation of



Fig. 1. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the river and some of its tributaries (see Fig. 1 for the model region
and Fig. 2A for the one-dimensional schematisation), which takes
into account the shape of the river cross sections and other hy-
drodynamic properties. The flow rates of the Rhine and its tribu-
taries were specified as time series for the period of interest with as
much detail as available, so that a realistic flow field could be
Fig. 2. Sketch of the schematisation of the river system. A: division of the river into segme
account.
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. 3). Besides being transported with the flow, the substances are
also subjected to other processes (Section 2.3).
nts. B: cross-section of a part of the river, showing how the depth profile is taken into



Fig. 3. Flow chart of the model set-up.

A.A. Markus et al. / Water Research 91 (2016) 214e224 217
For this study, the hydrodynamic model was run for the period
2007e2009, with detailed data on the flow rates for the Rhine at
Basel (BAFG, 2015b) and for the larger tributaries, Main, Mosel and
Neckar. For the smaller tributaries, Lahn, Sieg, Ruhr and Lippe, no
detailed informationwas available. Here only long-termmean flow
rates are available (Wikipedia, 2015).

The section of the river thus modelled is about 600 km long and
the residence time is in the order of 6 days ewith typical flow rates
the flow velocity is about 1e1.2 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 homoaggregation process is limited by this residence time.
2.3. Processes specific for nanoparticles

The process model developed by Markus et al. (2015) was
adopted for this study (see SI). More specifically the following
processes were implemented in the general water quality model,
DELWAQ (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 nano-
particles 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
water, but the processes can be complicated, influenced by the
presence or absence of oxygen for instance and the rate at which
the dissolution 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.,
2011). The effect of dissolution would be the reduction of the
concentration of nanoparticles, so eventually no silver nano-
material 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
heteroaggregation processes as used in the present study is
described by Markus et al. (2015). Sedimentation and resuspension
are modelled via a constant sedimentation velocity and a constant
rate coefficient, while taking the shear stress into account (see SI).
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. Sedimentation is the only removal process
considered. The simplified equations below illustrate this for het-
eroaggregation and sedimentation:

dCfree
dt

¼ �kagg,Csed,Cfree (4)

dCads
dt

¼ þkagg,Csed,Cfree �
ws

h
,Cads (5)

where:
kagg is the rate coefficient of heteroaggregation (value: 0.0073/
mg.d).
Cfree is the concentration of free nanoparticles (mg/l).
Cads is the concentration of adsorbed nanoparticles (either
adsorbed to inorganic or organic; mg/l).
Csed is the concentration of suspended particulate matter (either
inorganic or organic; mg/l).
h is the water depth (m)
ws is the net settling velocity of SPM, as the adsorbed nano-
particles 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
determined 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 circumstances are unlikely to be uniform in space
and constant in time, notably such parameters as the ionic strength,
pH and the organic matter concentration, though for pH and ionic
strength, represented by the chloride concentration the variations
in the measured values are small (BAFG, 2015b). However, it is not
possible to indicate what the effect would be on the rate co-
efficients, 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. Another 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 concentrations are likely
to be in the order of mg/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 mathematical
expression depends on the product of the concentrations of free
nanoparticles and of homoaggregates.

The high SPM concentrations in wastewater may lead to the
adsorption of almost all nanoparticles present. Within the model
desorption of nanoparticles from SPM and disaggregation of
homoaggregates are ignored, 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
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effect of the adsorption and aggregation processes the nano-
particles were assumed to enter the river system as free, unad-
sorbed particles in the first two scenarios. In the other scenarios a
different distribution between free and adsorbed nanoparticles at
the source was assumed (see Section 2.5).

Finally, for the three types of nanoparticles considered in this
study the same values for the process coefficients have been
used. This simplification is a consequence of the lack of experi-
mental data that would allow 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 considerations: 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 2.5).

2.4. Monitoring data

For the part of the Rhine catchment that was chosen for this
study, water authorities in Switzerland, Germany and the
Netherlands as well as the International Commission for the Pro-
tection of the Rhine (ICPR) have published measurements of the
flow rates and the water quality parameters over many years
(BAFG, 2015b; ICPR, 2015; RWS, 2015; BAFU, 2009). The data used
here are summarized in Table 1.

Simulations of the hydrodynamics were done for the years
2007e2009. 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
conditions 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. S1 in the SI). While
some peaks in the calculation results are missed when using a low-
frequency time series, the overall patterns agree very well (see
Fig. 4). 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
(BAFG, 2015a). The concentrations of the various observed sub-
stances at the boundaries were also two-weekly or monthly
(BAFG, 2015b).
Table 1
Overview of measurement data used for the simulations for the period 2007e2009 for t

Parameters Locations

Flow rate at Basel Basel
Flow rates tributaries, concentrations SPM,

total zinc
Several stations along the Rhine and its
tributaries

Concentrations SPM, total zinc, titanium and
silver

Lobith

Data on WWTPs Rhine basin
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
inhabitant 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 basinwas 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 nano-
particles (see Table S1 in the SI). Two correction factors were
applied, as explained in the SI:

� 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 2 in the SI).

These corrections led to the net total emissions for nanoparticles
in the Rhine basin (compare to Table S1 in the SI):

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

materials, 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 seasonal 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 August 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
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 in-
dicates that on average about 20% of the sewage sludge is
he river Rhine.

Frequency Source

Daily BAFU (2009), Switzerland
Every two weeks or once a month BAFG (2015b), Germany

Daily for SPM Every two weeks for the other
parameters

RWS (2015), The
Netherlands

e ICPR (2014,2015),
Germany



Fig. 4. 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. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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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 distri-
bution of the nanoparticles over the three fractions at the source
and the uncertainty in the aggregation processes. The total emis-
sions 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
processes were set to respectively three times larger and three
times smaller than the nominal values used in the other
scenarios.
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 3.3). Herewe present the results for zinc;
the results of similar calculations for titanium dioxide and silver are
reported in the supporting information.
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 nanoparticles 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 6 and Figs. S4 to S7 in the SI).
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. 5B).

According to the ICPR, the annual transport of total sediment,
coarse and fine, through the Rhine is 1.5 Mt at Basel (ICPR, 2011).
Approximately 300 kt is lost due to sedimentation between Basel
and Iffezheim e 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, derived in
this study from themeasured 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 S2 in the SI). Frings et al.
(2014) also conclude from a study of themass 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 thewhole 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. 5. The calculated concentration is more in
agreement with the measured concentration for this monitoring
point as well as for upstream locations. Therefore it was decided to
include this extra load in the subsequent calculations.
3.2. Total concentration of zinc

In a very similar way the model was used to simulate the total
concentration of zinc over time and the results were compared to
the measurements published for the river Rhine. In the model very
little sedimentation of SPM takes place, due to the high flow



Fig. 5. Measured (þ, darkblue) and calculated (B, 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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velocities. As only zinc adsorbed to SPM would be removed from
the water phase by sedimentation, 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 between one form and another.
The main influences on the concentration are therefore the dis-
charges via the tributaries and the flow rate of the river.

The typical total concentration of zinc at Bimmen is 15 mg/l and
there are short peaks of up to 40 mg/l in the measurements (see
Fig. 6). 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
inflow are used the concentration calculated by the model is sys-
tematically underestimating the measurements (Figs. S8 to S11 in
the SI). There are, however, additional sources of zinc, such as at-
mospheric deposition, traffic and corrosion of zinc surfaces, as
indicated for example in a report by Fuchs et al. (2010). They find,
Fig. 6. Measured (þ, darkblue) and calculated (B, lightblue) total concentration of zinc at Bi
references to colour in this figure legend, the reader is referred to the web version of this
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 emission can be attributed
for about 50% to the corrosion of zinc surfaces. In the model cal-
culations in the present study, again a diffuse source was incor-
porated which amounted to a total of approximately 330 t/y, which
is of comparable magnitude, though it should be interpreted as
representing the emission of zinc in the Rhine basin, not in the
whole of Germany.
3.3. Zinc oxide nanoparticles

The measured concentrations for total zinc amount to approx-
imately 15 mg/l, with occasional peaks up to 40 mg/l, as discussed
above. For the zinc oxide nanoparticles the calculated concentra-
tions are significantly lower: of the order of 1 mg/l in summer pe-
riods (see Fig. 7A). As can be seen, the aggregation processes cause a
significant part of the nanoparticles to be adsorbed to suspended
particulate matter. Homoaggregates of nanoparticles would occur
mmen (mg/l). In the calculation a diffuse source was included. (For interpretation of the
article.)



Fig. 7. Calculated concentrations of ZnO nanoparticles at Bimmen (mg/l). The nanoparticles are distributed by the processes over three fractions, free (unattached) nanoparticles
(symbol: x), homoaggregates (clusters of nanoparticles; symbol: o) and heteroaggregates (adsorbed to SPM; symbol: þ). The black line without symbols is the total of the three
fractions. (A) First scenario: the emissions are assumed higher in summer time. (B) Second scenario: with runoff along the whole river. Note the difference in scale.
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mostly when the total concentration 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
measurements a very high peak in the SPM concentration occurred.
This peak was observed upstream of Karlsruhe, so it was incorpo-
rated in the boundary conditions and led to high concentrations of
SPM during a short period. As a consequence the aggregation
process was accelerated, leading to a larger part of the nano-
particles 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 viewwas created by averaging
the concentrations over the calculation period (2007e2009) and
displaying the average as a function of the distance along the river.
The averaged concentration increases with each additional
discharge of wastewater, corresponding with the location of trib-
utaries and major cities (see Fig. 8A). The fraction of free (unat-
tached) nanoparticles gradually decreases up to the location of
another discharge. Overall, the nanoparticles 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. 7). For the second scenario, in which an extra
diffuse source of 30% of the total waste is taken into account (see
Section 2.5), the results are markedly different:
Fig. 8. Calculated concentration of ZnO nanoparticles along the Rhine, averaged over the sim
lines indicate the location of the monitoring stations. (A) First scenario: the emissions are as
Note the difference in scale.
� The cumulative concentration level is 3 mg/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. 7B).

� The longitudinal presentation shows a steady increase in the
various fractions as a consequence of the diffuse sources (see
Fig. 8B, 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.

The estimated emissions for titanium dioxide and silver nano-
particles show a similar profile as those for the zinc oxide nano-
particles (see Figs. S18 and S19 in the SI). Since the modelled
processes are nearly linear and identical process coefficients were
used, the results are quite comparable, 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 mg/l. The total concentration of titaniummeasured near
Bimmen is in the order of 10e20 mg/l, so an order of magnitude
larger (see Fig. S16 and Section 6 in the SI). For silver the model
predicts a nanoparticle concentration of roughly 5 ng/l, whereas
the measurements of the total concentration of silver near Bimmen
ulation period 2007e2009 (mg/l). The fractions are shown as cumulative. The vertical
sumed higher in summer time. (B) Second scenario: with runoff along the whole river.
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are around 0.2 mg/l, a difference of two orders of magnitude (see
Fig. S17).

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 conse-
quence 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 uncer-
tainty is the rates at which the aggregation processes take place e

either due to changing environmental conditions, such as the pH or
the organic matter concentration, or due to the differences in
physical and chemical properties of the three nanoparticle types.
Fig. 9 shows the time-averaged concentrations of the three frac-
tions 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 nano-
particles and heteroaggregates, the fraction of heteroaggregates is
more prominent than in the first two. In scenario 4 hetero-
aggregates constitute the only fraction, as there is no disaggrega-
tion 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 limited
influence, at least in the studied system,which is in agreement with
the conclusions of Velzeboer et al. (2014).

4. Discussion

4.1. Comparison to measurements

The model results are quite comparable to the available
0 0.5 1 1.5 2 2.5

1 (no runoff)

2 (runoff)

3 (50/50)

4 (all adsorbed)

5 (increased

aggregation)

6 (decreased

aggregation)

Free  
Homoaggregates
Heteroaggregates

Concentration (ug/l)

Scenario

Fig. 9. Comparison of the six scenarios: concentration of the three fractions at Bim-
men, averaged over time. Three fractions are shown: lightblue e free nanoparticles,
green e homoaggregates and red e heteroaggregates. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)
measurements for zinc and SPM for the period that was selected.
For suspended particulate matter at Karlsruhe and total zinc at
Mainz the model results differ significantly (see SI), but the mea-
surements themselves are inconsistent with the measurements at
other locations. At Karlsruhe the measured SPM concentrations
exhibit significantly fewer peaks than at locations further down-
stream. Themeasured total concentration of zinc at Mainz is mostly
10 mg/l, as this was the local limit of detection.

The conclusion from the comparison with measurements is
therefore that the model is capable of reproducing the measure-
ments, with a typical error of 10e15%, even though not all observed
peaks are reproduced 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 (ICPR, 2011; Fuchs
et al., 2010) and the mass balance derived from the measure-
ments (see Section 4 in the SI).

4.2. Environmental fate processes

The calculations for the transport of nanoparticles correspond-
ing 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 disaggregation
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 nano-
particles, the end result is still that all will become part of homo-
aggregates or, more likely, heteroaggregates. The rate at which the
aggregation occurs may depend on the precise environmental
conditions, though the residence time is an important factor as
well. In areas of the river where sedimentation of SPM occurs and
therefore of any adsorbed contaminant, one may expect an accu-
mulation of the nanoparticles in the sediment.

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 metres per second), so that
the sediment and therefore the attached nanoparticles can only
travel about 100 km. Since the SPM concentration in the Rhine is in
the order of 20e30 mg/l over the whole river, this rapid sedimen-
tation should be compensated by resuspension to maintain the
overall concentration level. A direct comparison 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.

4.3. Evaluation of the scenarios

The results for the first two scenarios indicate that the contri-
bution of nanoparticles to the total concentration of zinc in the river
Rhine is likely to be limited to 5e10%, just as for titanium. For silver
the percentage is slightly lower, 2%. This has been depicted
graphically for the monitoring locations in Fig. 10. The percentage is
roughly constant along the whole of the modelled area. Because no
measurements of titanium and silver concentrations along the
Rhine are available, no such conclusion is possible for these two
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metals.
A crucial element in the set-up of these scenarios is that

wastewater treatment plants are capable of retaining at least 95% of
the nanoparticles in the sewage sludge. This has two consequences.
First, the sewage sludge will contain a large fraction of the nano-
particles 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 concentration. 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 nano-
particles than the effluent. Hence, even if the untreated wastewater
represents only a few percent of the total, it may still provide a
noticeable contribution. 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 81e99% but the “true” fraction of untreated wastewater
could be 1e19% e relatively speaking a much larger range.

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
40e90% 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
introduce their own uncertainties:

� The typical amount of nanomaterials in personal care products
as used by people over a year determines the overall concen-
tration 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.
Fig. 10. Average concentration of zinc oxide nanoparticles compared to the average
total concentration of zinc for the monitoring locations. Concentration in mg/l.
� 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
enter 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 attached 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. 9).
5. Conclusions

The model results indicate that all three types of nanoparticles
have a relatively small contribution to the total concentration of the
respective constituent metals. Even in the case of the second sce-
nario the concentrations are relatively low in comparison with the
total concentrations. 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 downstream distribution, as shown by sce-
narios 5 and 6.

By applying a model like this we gain insight in the potential
distribution of these emerging contaminants in time and space.
More specifically, 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 nanoparticles as
considered in the model are more or “generic”. It would also be
interesting to compare the model results with field data of nano-
particle concentrations. This would enable us to validate the
description of the processes, which is now based only on laboratory
experiments.

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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