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Figure S1. Map of the Dommel river area and the sampling locations (for location ID see Table S5).



Table S1. Characteristics of the NanoDUFLOW model implemented for river Dommel.

Total model river length 40.3 km

Discharge, min — max (avg.) 1.02-5.38 (3.29) m3st
Flow velocity, min — max (avg.) 0.00355- 0.536 (0.318) m s
Section width, min - max 8-228m

Number of calculation sections 471

Average section length 87.7m

Table S2. Boundary conditions for the NanoDUFLOW model implemented for river Dommel.2

Q inflow Ce Al Ti Zr

m3 st pg It pg I pg I pg It
Upstream Dommel 1.58 0.270 5.94 0.680 0.074
Effluent WWTP 1.70 0.102 3.18 0.843 0.033
Tongelreep 1.19 0.096 2.20 0.637 0.104
Keersop 0.55 0.096 2.20 0.637 0.104
Run 0.28 0.096 2.20 0.637 0.104
Hooidonkse Beek 0.13 0.096 2.20 0.637 0.104
Kleine Dommel 1.65 0.096 2.20 0.637 0.104

a)’Q inflow’ is volume of water per unit of time flowing into the main Dommel river. Elemental
concentrations for Ce, Al, Ti, Zr relate to measurements with Asymmetric Flow-Field-Flow Fractionation (AF4).

Table S3. Densities of the oxides selected to represent ENP oxides.?P

CeO, Al(OH); TiO, Zr0O,
Densities ENP oxides (g cm3) 7.65 2.42 4.23 5.68

a) Weast, R.C. and Astle, M.]. (eds) (1980) Handbook of Chemistry and Physics,
CRC Press, Inc, Boca Raton, Florida.

b) Due to the overwhelming effect of natural colloid density on overall heteroaggregate
density, model output was not sensitive to variations among mineral densities per element.

Table S4. Initial conditions of suspended solids (SS) number concentration per size class, in the
water column and the top 10 cm of the sediment.

Class SS water SS sediment
Concentration 1 3378 0
(10°LY) 2 125.1 24936.43
3 3.38 2244.27
4 0.125 249.36
5 0 22.44
Sum 3506.91 27452.52




Table S5. Metal concentrations as measured with Asymmetric Flow-Field-Flow
Fractionation (AF4) in < 450 nm filtered water samples, taken from the river

Dommel in May 2013, detection limits and average and range of relative standard

deviations of triplicate measurements.

Distance Ce Al Ti Zr
ID Location km ug It pg It pg It ug It
D11 Dommelll 0 0.270 5.939 0.680 0.074
D10 Dommel10 12.0 0.210 5.132 0.673 0.079
D9 Dommel9 14.3 0.188 5.674 0.675 0.089
D8 Dommel8 14.8 0.153 4.473 0.683 0.108
D5 Dommel5 22.1 0.099 3.574 0.652 0.089
D4 Dommel4 23.7 0.091 2.836 0.698 0.089
D3 Dommel3 31.2 0.097 4.245 0.896 0.131
D2 Dommel2 39.9 0.082 4.546 1.150 0.129
D1 Dommell 63.5 0.108 4.546 1.049 0.227
T1 Tongelreepl 0.087 2.189 0.648 0.099
T2 Tongelreep2 0.105 2.206 0.626 0.108
W1 Influent WWTP 0.329 13.653 9.457 0.177
W2 Effluent WWTP 0.102 3.185 0.843 0.033
Detection limit 0.005 0.5 0.1 0.03
Average %RSD* 2.35 3.94 4.6 2.56
Minimum %RSD? 1.11 1.89 0.28 0.88
Maximum %RSD? 4.87 5.18 7.39 4.86

1

2

3

average relative standard deviation in triplicate AF4 ICP-MS measurements per sample

minimum relative standard deviation in triplicate AF4 ICP-MS measurements per sample

maximum relative standard deviation in triplicate AF4 ICP-MS measurements per sample



NanoDUFLOW Model description

This section provides an extended overview of process descriptions for NanoDUFLOW. The
description is based on Quik et al. (2015) and updated to represent the model implementation
features of the present study. References are provided for more background and detail. Parameter
values are listed and motivated in a separate table (Table S6).

Transformation processes

Homoaggregation

Homoaggregation is the process where ENPs interact with each other to form aggregates. The
aggregation rate constant is the product of the frequency of collisions between ENPs (K) and the
attachment efficiency (a). Homoaggregation can be quantitatively described by the von
Smoluchowski equation (1917), which has been recommended for modeling the fate of ENPs in
natural waters (Lyklema 2005, Arvidsson et al. 2011, Quik et al. 2014b):
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n; Particle number concentration of size class j [G# m™3] in giga particles (10°).
t Time [s]
Qi Attachment efficiency of particle i with j [-]
Ki Collision frequency of particle i with j [m3 G#1 s1]
The collision frequency (K;;) is given by:

2
K= 2:—'{% + gG (a;+ aj)3 + (Zglug)(pp -p,)(a; + a]-)(al- - aj) 10°
; (Eq. S2)

ke Boltzman constant [m? kg s K]
T Temperature [K]
) Viscosity [kg st m™]
a Particle radius [m]
G Shear rate [s!] (calculated from Duflow flow rate, see Table S6, Eq S21)
g Gravitation acceleration [m s2]

Pp Density of the particle [kg m~3]

Pw Density of the suspending medium [kg m=]



Homoaggregation is implemented in DUFLOW as follows. Five size classes of ENPs are considered,
which grow from one class to the next, and are corrected for the difference in mass of the two size
classes (Eq S3).

This leads to the following simplification of equation 1:

dn; 1 1 pic

j
a2 Ay K jmn; + Eahom K nini?

Pjd; with i =j-1 (Eq. S3)
Where the second term in Eq 3 is zero for j=1.

This simplification implies that ENP removal due to subsequent interactions of homo-aggregates
with primary ENPs and ENP homo-aggregates from other size classes is assumed to be negligible,
which is based on the extremely fast initial removal of these primary ENPs due to homo- and
hetero-aggregation. In our recent study we used a full Smoluchowski model (i.e. Eq S1) and
already showed that sedimentation due to homoaggregation is negligible at low ENP
concentrations (e.g. 10 ug L't CeO, ENPs) (Quik et al. 2014b). In order to test if this is also true for
the present simplified homoaggregation implementation (Eq. S3), Quik et al. (2015) performed two
different model simulations: (i) with a,,m=0 and (ii) with a,om=1 (i.e. minimizing and maximizing the
role of homoaggregation, respectively) for the highest modelled ENP concentration (100 ng/L
Ce0,). This resulted in no discernible difference in the concentration profile (Figure S1.1). This
implies that the simplification in Eq. S3 does not affect the model scenarios calculations in the
present paper and thus that the assumption is valid.
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Figure S1.1. Concentration of engineered CeO, nanoparticles (ENPs) in water with initial
concentration of 100 ng/L CeO, ENPs using Eq. S3 and Eq. S8 using 5 size categories). Solid line
depicts apom=0 and dashed line a,,n=1. From Quik et al (2015).



Heteroaggregation

Heteroaggregation is the process where ENPs interact with natural suspended solids (SS) to form an
aggregate or agglomerate. The quantitative description of heteroaggregation is based on the same
principles as homoaggregation, where the attachment efficiency combined with the collision
frequency make up the rate of change in heteroaggregate concentrations. For ENPs this is given by
(Lyklema 2005, Arvidsson et al. 2011, Praetorius et al. 2012, Meesters et al. 2014):

i
dnj

T == Apeteroly ZK j,5siMssi
1 (Eg. S4)

Where n is the number of size classes of SS and K;ss; is given by (Lyklema, 2005):

2k,T (aj + a55i)2 4
jssi= |3 + §G (a;+ agg;) + (a;+ assz)2|”s,j ~ Vg ssil 10
ro Glssi (Eq. S5)

G in the term for orthokinetic aggregation is calculated from the flow rate as calculated by the
DUFLOW hydrological model, thus providing a direct link between river hydrodynamics, hydrology
and aggregation behavior (river hydrodynamics—> flow velocity—> shear—> orthokinetic aggregation
- collision frequency—> heteroaggregation rate), see Table S6, Eq S21.

Surface modification

The surfaces of pristine nanoparticles are supposed to be modified by natural organic matter such
as humic acid and fulvic acid. Particles are repelled from each other by an electric charge on the
particle surface, i.e. electrostatic repulsion. Aggregation can also be limited by a physical barrier
formed by large organic molecules, which is referred to as steric hindering. In NanoDUFLOW these
issues are implicitly accounted for by assigning a conditional attachment efficiency (a) which scales
between 0 and 1.

Following Praetorius et al (2012), our scenario calculations used a constant attachment efficiency
for homoaggregation and for heteroaggregation (0hom and apet).

Dissolution and degradation

Dissolution refers to the transformation of metal particles to dissolved metal ions. Dissolution is
guantified using a first order removal rate kg;s as previously used by several studies (Praetorius et al.
2012, Meesters et al. 2014, Quik et al. 2011).

dnj

——— =k, n:
dt dis '%j (Eq 56)

Kqiss: Dissolution rate constant

In order to take into account processes, other than dissolution, that transform the ENPs, such as
transformation of Silver ENPs to Silver sulfide (Ag,S) particles, a degradation term is introduced
using a first order removal rate, Kgeg.



dnj

_:—k n.
T (Eq S7)

kqeg: Degradation rate constant

General

Most of these transformation processes take place in the water phase, although degradation and
dissolution occur in the sediment as well. Furthermore, heteroaggregation also occurs in the
sediment when homoaggregates settle to the sediment. ENPs that have entered the sediment are
assumed not to remain as non-attached single ENP or ENP homoaggregates in the sediment phase.
Because of the very high collision frequency between ENPs and SSs upon ENPs reaching the
sediment, they can be assumed to be converted to heteroaggregates, contrary to the water phase
where the collision frequency is more limited. Note that in the present study the concentrations in
sediment were not simulated.

Transport processes

Sedimentation

Sedimentation is the transport of ENPs or SSs from the water column to the sediment by
gravitation. Separate sedimentation rates are calculated for each ENP class, SS class or
heteroaggregate class. The sedimentation rate is calculated using Stokes law, (Stokes 1850)
assuming that the particles on average are spherical (Lyklema, 2005).

dnj \A
—=—n
dt  d (Eq S8)
d Sedimentation length [m]
Vs Sedimentation rate [m s1]
The sedimentation rate (v;) can be calculated with:
2a7(p, - pyy)e

y =P v

) o (Eq S9)

Sedimentation rates for ENP-SS heteroaggregates are calculated based on an average size and
density, as calculated based on the size and density of the SS and ENP in the heteroaggregate.

Sediment transport
Lateral transport of sediment is modeled as resuspension/sedimentation and lateral sediment
transport in the water column (Blom and Aalderink 1998, Brouwer 2012).



Burial to deeper sediment layers

In case of net sedimentation, burial from the mixed sediment top layer is modeled as a first order
loss process (Koelmans et al. 2009). The top sediment layer of 10 cm is assumed to be available for
resuspension. Due to burial this layer is converted to more compact deeper sediment layers. This
results in burial of the incorporated nanoparticle heteroaggregates to these deeper sediment
layers.

Sediment burial is quantified using first order kinetics:

dnj

— = KMy

dt (Eq S10)
Resuspension

Resuspension is described using a critical shear stress level below which resuspension does not
occur according to the equations of Partheniades, which applies for the suspended load transport
(Blom and Aalderink 1998). When the critical shear stress (t) is exceeded, a resuspension flux (R))
is calculated based on the ratio between the actual and the critical shear stress and a resuspension
rate constant.

Rj = ijax( : 1)
Terit (Eq. S11)
0.5
i
T=p,,
in which Chezy] [pa (Eq. S12)

Rimax: Maximum resuspension constant for SS or SS-ENP j [G# m™2 s7!]
v,,: flow rate of water obtained from Duflow [m s1]

Chezy: Chezycoefficient [m®> s1]

Advection

Advection is implemented using DUFLOW Modeling Studio (v3.8.7) which is a software package for
one-dimensional unsteady flow in open-channel systems (Clemmens et al. 1993, Aalderink et al.
1996). Water levels and flow rates are determined by solving the St. Venant equations of continuity
and momentum with the Preissmann scheme, using initial and boundary conditions, such as an
incoming flow at the upstream part of the model and a fixed downstream water level. DUFLOW
calculates discharge, water level and mean velocity for each section and for each time step.
Chemical transport is modelled by solving the advection-diffusion equation simultaneously with the
hydrology for all network sections.



State variables

The state of i classes of ENPs and j classes of SS and all i x j combinations of ENP-SS
heteroaggregates are accounted for using the above mentioned processes. This is done in the
water and sediment compartment with i =5 and j=5.

Rate equations:
This results in the following overall mass balance equation for ENPs in water:

dn; / 1 1 Pi-1ai-31
E =n ( Xpetero Z(Kljnj) kdlSl _EahomKunl + Eahom Ki— Li-1Mi-1Mi-1 o a3
1 i
(Eq S13)
The mass balance equation for suspended solids in water reads:
dn;
j
E = nj( Xpetero Z(Kl] l) ) J/d
(Eq S14)
And for heteroaggregates in water:
dn;; v R..
9 SI.]
dt =- l]( d +kdlsl) + aheteroKl]nLn]+ L']/d (Eq 515)

Engineered nanoparticles which are removed from the water phase due to direct sedimentation are
also accounted for, but are assumed to be transformed to heteroaggregates instantaneously upon
arrival in in the sediment.

iVs,i
dt ' (Eg. S16)

The mass balance for the sedimented (formerly suspended) solids present in the sediment

dns‘j
dt = nJ'US»/_nsjkbur,j ENPSS]Z (USL z) R
(Eq. S17)
Where Fenp ssj IS
n.
j
Frpnei = 5
M
! (Eq. 518)
The mass balance for heteroaggregates present in sediment is:
dnsu
ar Vs + 1V Fenpss ~ s j(Kaeg.enpy + Kpurewpy) = Rij (Eq. $19)

10



Parameters

Table S6. NanoDuflow model parameters

Parameter Description Default Source and additional info.
Kbolz Bolzman constant 1.3806488 x 102 m?2 kg s2 K
g Gravitational acceleration 9.81 ms?
u :ZZTZ? of suspending 0.0012552 kg st m? Viscosity of water at 11.7 °C (Weast and Astle 1980)
Pw Density of suspending medium | 999.447 kg m-3 Density of water at 11.7 °C (Weast and Astle 1980)
Temperature of suspending 10 year average water temperature of the Dommel. (2000-2010)(Waterboard De
T medium 284.7K Dommel 2012)
Chezy Chezy coefficient 40 mos st As used in the hydrological model of the Dommel.(Brouwer 2012, Langeveld et al. 2013)
Por Density of primary particle See table S3. Bulk density (Weast and Astle 1980)
3er Radius of primary particle ENP: 10 nm Dgfault value for ENPs in QU|k.et al (Quik et al. 2014a). Due to fas_t heterqa_ggreg_atlon
with much larger natural colloids, the model output was not sensitive to initial size.
Df Fractal dimension ENP 25 ENP, i.e. CeO, aggregates where shown to be fairly compact resulting in a best guess of
homoaggregates ) 2.5.
« Attachment efficiency 05 Default value based on measurements by Keller et al. (2010) in natural surface waters
hom homoaggregation ’ (othom = 0.5 for CeO, ENPs in Santa Clara river water).
- Default value based on measurements by Keller et al. (2010) in natural surface waters
Attachment efficiency . . .
Ohet ) 0.5 (othom = 0.5 for CeO, ENPs in Santa Clara river water). The effect of the magnitude of aye;
heteroaggregation . .
between 0.1 and 1 on simulation results was tested.
j=1:30 nm, j=2: 75 nm, 5 size classes used for ENPs oxides. Based on the size distributions measured using
agnp; Radius of ENP homoaggregate i | j=3: 150 nm, j=4: 300 nm, Nanoparticle Tracking Analysis which reported sizes ranging from ~15 nm up to 2000 nm
j=5: 600 nm after 1 day in filtered Rhine water (Quik et al. 2014a).
a, .- a,.. .
npj\pf4 3 4 3 npj\pr4 3
— na,_p. ..+ p na. . ;- na; .p
. Density of ENP (( apr) /3 pri-pr w /3 npj a,, /3 pripr
Pene; homoaggregates i npj = 2 3
na,.
( /3 np]) [kg m3] (Eq. S20)
j=1: 0.5 um
j=2: 1.5 um
ang Radius of SS j j=3:5.0 um
j=4:15 pm
j=5: 50 um
Density calculated from organic and inorganic content of suspended solids from 10
Pngj Density of SS j 2120 kg m3 locations in the Dommel using the method by Boyd (Boyd 1995), where the fraction

organic matter has a density of 1250 kg m- and the inorganic fraction has a density of
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2700 kg m*3 (Quik et al, 2015).

Fagsed Fraction water in sediment 0.7 From MacLeod et al. (2002).
Teritj Critical sh?ar stress_for 0.5 Pa Value specifically measured for the Dommel river by L. Brouwer (2012).
resuspension of SS j
Vi Water flow rate From hydrologic model results
0.5
g vy
G Shear rate =05—
Chezy p (s (Eq. S21)
Maximum resuspension 5 1 21 i i
Rimax constant for 5 j 100 g m2 day Converted to m2 s based on the SS radius and density. L. Brouwer (Brouwer 2012).
Kaisi Dissolution rate for ENP iin Virtually 0 s Negligible given the time scale of the simulation.
water
Degradation rate for ENP i in . 1 - . . . .
Kdegi sediment Virtually 0 s Negligible given the time scale of the simulation.
Kouri Sediment burial rate for ENP i 3.17 x 1091 From Koelmans et al (Koelmans et al. 2009)
4 3 4 3
3 3\2/3 pj /3naj+pj /3nai
v Sedimentation rate of Zg(ai + aj ) ~Pw
S,i,j

heteroaggregates

4/3na?+4/3na?

S,ij

Iu

[ms?]

(Eq. S22)
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