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Table S1. Glossary of terms

Symbol Description Value / Unit | Eq. Nr. | Ref.
A First-order removal and transport rate constant matrix s 1 1
Agnp ENP surface m’ - )
Abiamaker(123) Overall Hamaker constant for ENP (1), water (2), and grain | (-) - 2
collector (3)

A trrhenius Arrhenius constant for Arrhenius equations ) - 3
A Analytical Smoluchowski-Levich solution ) 35 4
deg Vegetation hair width 1.0.10°m |- 5
A, g Vegetation large collection radii 5.0.10"m - 5
Cenv.cond Influence on dissolution rate by environmental conditions ) - 3
Coy Experiment’s initial concentration N.m” - 1
Cc; Cunningham coefficient for atmospheric particle i ) 13 6
Cthermal(i) Thermal velocity of particle 7 in air m.s” 15 7
Cu Experiment’s concentration at time ¢ N.m” - 1
C/Cy Viscous versus total drag ratio 0.3 - 5
dGrain Grain collector diameter 0.256 mm - 8
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Dair(i) Diffusivity of particle i in air m’.s" 12 9
D; Diffusivity of particle 7 in water m”.s” 41 10
Dsp Diffusivity of solution product m”.s” - )
denp Diameter of the engineered nanoparticle m - )
drain Representative diameter of a rain droplet m MA7*" | 11,12
e Emission of ENPs to the environment g5’ 1 1
Celectron Elemental charge 1.6107V - )
E,; Total raindrop collection efficiency for atmospheric particle i | (-) 52 13
EpBrown Raindrop collection efficiency for Brownian motion ) 53 13
Epintercept Raindrop collection efficiency for interception ) 54 13
Epgrav Raindrop collection efficiency for gravitational impaction () 55 13
Eaprown(soiry | Collection efficiency of Brownian motion to soil surfaces () 67 5
Eagrown(watery | Collection efficiency of Brownian motion to surface water () 64 5
Eq int.cept(soiry | Collection efficiency of interception to soil (-) 68 5
E g int.cept (water] Collection efficiency of interception to surface water () 65 5
Eagrav(soil) Collection efficiency of inertial impaction to soil () 69 5
Eqgravwatery | Collection efficiency of inertial impaction to surface water ) 66 5
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E.ctivation Required activation energy for dissolution J - 3
f Porous medium porosity ) 0.456 14-16
feoag(i,j) Polydisperse coagulation coefficient between atmospheric | s™ 10 9
particle 7 and j.
Jeol(ij) Collision rate between ENPs and natural particles in aqueous g 20 17
media
fBrown Collision frequency due to Brownian motion s 16 17
fintercept Collision frequency due to interception s 17 17
forav Collision frequency due to gravitational settling differences = 18 17
friv Fraction of interception by vegetation 0.01 - 5
fBrenner(0,0,0/r+h) Brenner function for deposition to surfaces ) 45 18
i) Universal hydrodynamic function ) 45 2
Gshear Surface water shear rate 10s™ - 17
h Separation distance between particle i and j m - )
I Ionic strength of the aqueous medium 1-10.10°M |- 19
ky Boltzmann constant 1.38 107 | - )
JK!
kxaragg Rain drop collection rate for aggregated ENP species s 51 )
kaaRratt Rain drop collection rate for attached ENP species s 51 )
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kaarfree Rain drop collection rate for free ENP species 51 )

kagga Aggregation rate for ENPs with aerosol particles in dry air (A) 2 )

kaggs Aggregation rate for ENPs with natural colloids in soil (S) 6 )
pore water

kaggse Aggregation rate for ENPs with natural colloids in sediment 8 )
(SE) pore water

kaggw Aggregation rate for ENPs with natural colloids in surface 4 )
water (W)

katea Attachment rate for ENPs with coarse particles in dry air (A) 3 )

kates Attachment rate for ENPs with solid grains in soil (S) 7 )

Katese Attachment rate for ENPs with solid grains in sediment (SE) 9 (-)

katew Attachment rate for ENPs with suspended particles in surface 5 )
water (W)

kpur Burial of ENPs to deeper sediments 76 14-16

kaepasagg First-order rate constant for dry deposition from dry air (A) to MA 6*' | (-)
soil (S) for aggregated ENP species

kaepasatt First-order rate constant for dry deposition from dry air (A) to MA 6*' | (-)
soil (S) for attached ENP species

kaepassree First-order rate constant for dry deposition from dry air (A) to MA 6*' | (-)

soil (S) for free ENP species
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kaepawagg First-order rate constant for dry dep.osition from dry air (A) to MA 6*' | (-)
water (W) for aggregated ENP species

kaepawatt First-order rate constant for dry deposition from dry air (A) to MA 6*' | ()
soil (W) for attached ENP species

kaepaw free First-order rate constant for dry deposition from dry air (A) to MA 6*' | (-)
soil (W) for free ENP species

kaeprsagg First-order rate constant for wet deposition from rain (R) to MA 6*' | (-)
soil (S) for aggregated ENP species

kaeprsatt First-order rate constant for wet deposition from rain (R) to MA 6*' | (-)
soil (S) for attached ENP species

kaeprsfree First-order rate constant for wet deposition from rain (R) to MA 6*' | (-)
soil (S) for free ENP species

kaeprwagg First-order rate constant for wet deposition from rain (R) to MA 6*' | (-)
water (W) for aggregated ENP species

kaeprwatt First-order rate constant for wet deposition from rain (R) to MA 6*' | ()
soil (W) for attached ENP species

kaeprw free First-order rate constant fqr wet deposition from rain (R) to MA 6*' | (-)
soil (W) for free ENP species

kaepwseagg First-order rate constant for depositioq from water (W) to MA 6*' | (-)
sediments (SE) for aggregated ENP species

kaepwseatt First-order rate constant for deposition from water (W) to MA 6*' | (-)

sediments (SE) for attached ENP species
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kaepwsefree First-order rate constant for deposition from water (W) to | s MA 6*' | (-)
sediments (SE) for free ENP species

Kerosionswate | First-order rate constant for run-off from soil (S) to water (W) | s™' 74 -)
for attached ENP species

krssewagg First-order rate constant for resuspension from sediments (SE) | s 69 14-16
to water (W) for aggregated ENP species

krssewatt First-order rate constant for resuspension from sediments (SE) | s™ 70 14-16
to water (W) for attached ENP species

krssEw free First-order rate constant for resuspension from sediments (SE) | s™ 69 14-16
to water (W) for free ENP species

krunswagg First-order rate constant for run-off from soil (S) to water (W) | s™ 73 -)
for aggregated ENP species

krunswrree First-order rate constant for run-off from soil (S) to water (W) | s™ 73 -)
for free ENP species

Kn; Knudsen number of the atmospheric particle i ) 14 6

Kr Pseudo-first-order rate constant for attachment efficiency s 44 2

m Steady state ENP mass per compartment and species g 1 1

Mgs Mass of altered species particle g 47 )

mCP Mass of counter particle g - )

m; Individual mass particle i g - )

MgNp Mass of the engineered nanoparticle g - )
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Msp Molarity of solution product M - )
Na Avogadro’s number 6.02 x 107 |- )
mol!
Nace Number concentration of Aitken accumulation mode aerosol | 2.9 10°N.m> | - 20
particles
Neoarse Number concentration of coarse mode aerosol particles 310°N.m™ - 20
Nyces) Number concentration of natural colloids in soil pore water 1.10""N.m> |- 21
Nncse) Number concentration of natural colloids in sediment pore | 1. 10""N.m> |- 21
water
Nycow) Number concentration of natural colloids in surface water 1.10"N.m” |- 21
Niue Number concentration of nucleation mode aerosol particles 3.210°N.m> |- 20
Nspaw) Number concentration of suspended particles (>450 nm) in | N.m” - 21
surface water
Nr Aspect ratio number ) 37 4
Npg Peclet Number ) 38 4
Nypw Van der Waals attraction number ) 39 4
Ng Gravity number ) 40 4
Po Precipitation rate 2.22 10-8 | - 14-16
-1
m.s
r Radius m - )
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INC Radius of natural colloids in water 300 nm - 21
INLP Radius of natural larger particles in water 2.810° - 14-16
Tas Radius of individual altered species particle m 50 )
R Ideal gas constant 8314 JK |- (-)
" mol!
R, Aerodynamic resistance 33s.m’ ;333 |- 5
s.m’!
Prain Rain drop radius m MA 7" [ 11,12
Rg iy Surface resistance for atmospheric particle i s.m’’ - 5
Re Reynolds number ) 56 13
S(B) Function of Spielman & Friedlander for surface collisions ) - 22
Sc; Schmidt number of atmospheric particle i ) - 13
[SPaq(0-5m)] Solution product concentration within diffusion boundary | mg.I" )
layer
[SPyg] Background concentration of solution product mg.1" - )
St* Critical Stokes Number ) 61 13
St; Stokes number of atmospheric particle i ) 59 13
t Time S - )
T Temperature K - )
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Thir Air temperature 285 K - 23
u, Friction velocity 0.19 m.s” - 23
Ubarcy Darcy approach velocity 910°m.s™ - 4
Vdep(i) Dry deposition velocity atmospheric particle i m.s’ 62 5
Vset(i) Gravitational settling velocity of suspended particle i m.s” 19 24
Veerm(i) Terminal velocity of atmospheric particle i m.s” 57 13
Vierm(rain) Representative terminal velocity of a rain droplet m.s” 57 13
Vep Volume of individual counter particle m’ - -)
Venp Volume of individual ENP m’ - ()
Vas Volume of individual altered species particle m’ 48 (-)
VEbLij) Electric double layer repulsive energy between particle i andj | J 26,30 |2
V max(ij) Maximum interaction energy barrier between particle i and j J 24 2
Vvbpwi,) Van der Waals attractive energy between particle i and j J 25,29 |2
Vr Total energy barrier between particle i an j J 46 2
Z Counter ion valence e.g. 4 - )
Oagg Aggregation efficiency between ENP and natural colloid | (-) 22 2
(<450 nm)
Olatt Attachment efficiency between ENP and large particle (>450 | (-) 28,41 |2
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nm)

Ace Empirical constant for deriving Cunningham coefficient 1.142 - 6

Bee Empirical constant for deriving Cunningham coefficient 0.558 - 6

BiraL Interaction force boundary layer approximation parameter ) 43 2

Bij Transitional correction coefficient for coagulation between | (-) 11 9
atmospheric particle i and ;.

Yce Empirical constant for deriving Cunningham coefficient 0.999 - 6

Ys Porosity dependency parameter ) 36 4

Wi Surface potential of particle i v - )

WP Surface potential of natural particle 55 mV - 25

€0 Dielectric permittivity in vacuum 8.854 x 1077 | - )

F.m’

& Relative dielectric permittivity of water 78.5at25°C |- )

Mo Total collection efficiency for deposition of ENPs onto solid | (-) 32 4
grains in porous media

MNBrown Collection efficiency for deposition onto solid grains by | (-) 33 4
Brownian motion

Nintercept Collection efficiency for deposition onto solid grains by | (-) 34 4
interception

N&rav Collection efficiency for deposition onto solid grains by | (-) 35 4
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gravitational impaction

Nair Kinematic viscosity of air 31.,54_118.10'5 Jm | - )
KDebye Debye length m - 26
Aair Mean free path in air 66.10° m - 27
Aew Characteristic wave length ~100 nm - 28
Afilter Filtration in porous media m’ 31 4

A; Scavenging coefficient of atmospheric particle s 51 13
I; Dimensionless surface potential of particle i ) 27 2

Pas Density of individual altered species particle kg.m” 49 )
DPaerosol Assumed density for nucleation, accumulation and coarse | 1.371 10° | - 29

mode aerosols gm>
Pair Density of air - ()
1.225 kg.m™

PENP Density of ENP kg.m” - (-)
Di Density of particle i kg.m” - )
Pwater Density of water 998 kg.m> - )
op Diffusion boundary layer thickness m 23 26
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Tair(i) Relaxation of atmospheric particle 7 in air s 60 13
Uair Dynamic viscosity of air 31.5%11 10° Im’ | - (-)
S
Uwater Dynamic viscosity of water 89 x 107]- (-)
Pa.s

*1 MA= Main Article
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Mass balance equations expressed as matrix algebra
m=—-A"1-e (Eq. S1)
The mass balance equations of SB4N, with m is steady state ENP mass (g) per compartment and species, emission e to the environment (g.s™)

and transport and removal rates (s') expressed in matrix 4

I Mafree [ eAé’ree ]
Mygq g9
Myqee 0
meree 0
Mpq, g9 0
MRatt 0
mg free €s free
m=| Msagg | ,= 0 ,and
Msate 0
Mwree CWfree
Mwagg 0
Myqee 0
mSEfree 0
mSEag g 0
L Mseate )
[— (ZkrAfree) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
kaggA _(ZkrAagg) 0 0 0 0 0 0 0 0 0 0 0 0 0
katta 0 —(Zkraaer) 0 0 0 0 0 0 0 0 0 0 0 0
kAARfree 0 0 _(Zkerree) 0 0 0 0 0 0 0 0 0 0 0
0 kAARagg 0 0 - (ZkrRagg 0 0 0 0 0 0 0 0 0 0
0 0 kpaee 0 0 —(Ckrpate) 0 0 0 0 0 0 0 0 0
kdepASfree 0 0 kdepRSfree 0 0 - krSfree) 0 0 0 0 0 0 0 0
A= 0 kdepASagg 0 0 kdepRSayg 0 kaggs _(Zkrsagg) 0 0 0 0 0 0 0
0 0 Kaepasatt 0 0 Kaeprsatt kaees 0 Ckrsate) 0 0 0 0 0 0
kdepAWfree 0 0 kdepRWfree 0 0 krunSWfree 0 0 _(Zkerree) 0 0 k’rsSEWfree 0 0
0 depAWagg 0 0 kdepRWagg 0 0 krunSWagg 0 kaggW _(ZkTWayy) 0 0 krsSEWayg 0
0 0 kdepAWatt 0 0 depRWatt 0 0 kemsionSWart kattw 0 _(EkTWatt) 0 0 krsSEWatt
0 0 0 0 0 0 0 0 kdepWSEfree 0 0 _(ZkrSEfree 0 0
0 0 0 0 0 0 0 0 0 0 kdepWSEagg 0 kaggSE _(ZkrSEagg) 0
0 0 0 0 0 0 0 0 0 0 0 depWSEatt  Kgpesp 0 —Ckrsear ]
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Table S2. First-order rate constants for total removal (k) per compartment and species of ENP

Species in
compartment

Total sum of removal rates per species in compartment

Free in dry air:

z:krAfree = kaggA + kattA + kAARfree + kdepASfree + kdepAWfree

Agg. in dry air:

2:krAagg = kAARagg + kdepASagg + kdepAWagg

Att. in dry air:

Ky pate = kparate + kdepASatt + kdepAWatt

Free in rain:

z:kerree = kdepRSfree + kdepRWfree+kdissolveRfree

Agg- in rain: 2:krRagg = kdepRSagg + kdepRWagg+kdissolveRagg

Att. in rain: ZKyRratt = kdepRSatt + kdepRWatt+kdissolveRatt

Free in soil pore z:krsfree = kaggS + kates + kleacthree + krunSWfree + kdissolveSfree
water:

Agtg- in  soil pore 2:krSagg = kleachSagg + krunSWagg + kdissolveSagg

walter:

Att. to soil grains:

z:krSal:t = kerosionSWatt + kdissolveSatt

Free in water:

z:kerree = kaggW + kattW + kdepWSEfree + kdissolvveree

Agg. in water:

z:krWagg = kdepWSEagg + kdissolveWagg

Att. in water:

Zkrwate = kdepWSEatt + Kaissotvewatt

Free in sediment pore
water:

z:krSEfree = kaggSE + kattSE + kburSEfree + krsSEWfree
+ kdissolveSEfree

Agg. in sediment pore
water:

z:krSEagg = kburSEagg + krsSEWagg + kdissolveSEagg

Att. to sediment

grains:

z:krSEatI: = kburSEatt + krsSEWatt + kdissolveSEatt
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Table S3. Derivation of aggregation and attachment rates for compartments atmosphere (A),

water (W), soil (S) and sediment (SE)

Compartment | Equations for attachment and aggregation rate
2 kaggA = fcoag(ENP,nuc) " AENPnUC Npye + fcoag(ENP,acc) *AENPacc Nocc
Atmosphere
3 kattA = fcoag(ENP,coarse) *XENP,coarse Ncoarse
Surface 4| kaggw = feotenp.ne) * QaggEnpenc) " Nyeaw)
water
51 kagew = f col(ENP,NLP) * ®att(ENP,SP) ' NSP(W)
] 6 kaggS = f, col(ENP,NC) * ®agg(ENP,NC) * NNC(S)
Soil
7| kates = Afilter " Aatt(ENP,grain) " No(ENP,grain) UDarcy
8 kaggSE = f, col(ENP,NC) * Xagg(ENP,NC) * NNC(SE)
Sediment
9| katese = Afilter " Aatt(ENP,grain) " To(ENP,grain) © UDarcy
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Table S4. Deriving coagulation rates between ENPs and natural aerosol particles”

Parameter Equation

Coagulation 10 | feoagisy = 41(r; + 77) (Dairy + Dair())
coefficient

Transitional 11 -1
correction 3 4(Dair(i) + Dair(j)) \
coefficient agpy =|1+

_ _ 2
(Ti + T‘J-)\/Cthermal(i)z + Cthermal(j)

Particle 12/ Dyiriy = (kpTairCci) /(61N gir )
diffusivity in air

Particle 13 Ve
Cunningham Cc; =1+ Kni(ac. + Pcc-e K)

coefficient

Particle 14 | Kn; = Agir/7;
Knudsen
number

Particle thermal | 15 C_'thermal(i) = (8kaair)/\/ mm;
velocity

Table S5. Characterization of background concentrations of natural aerosol particles*' 2°

Mode Diameter (nm) | Size standard | Number concentration (N.m™)
deviation

Nucleation | 20 0.245 3.2 10°

Accumulation | 116 0.217 2.9 10

Coarse 1800 0.380 310°

*1. The density of an aerosol particle itself is characterized as 1.37 10° kg.m™ based on the
average chemical composition of measured aerosols™
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Table S6. Collision rates between ENPs with natural colloids (<450 nm) and larger suspended

particles in water.”’

Collision mechanism Equation

Brownian motion 16 2k, T (ri +; )2
Jorown@h = S peer 127

Interception 17

3
flntercept(i,j) = §Gshear (Ti + TJ)

. . . 2
Differential settling 18 foraviij) = n(n + 7}') . |Vset (@) — Vset (}.)l
Gravitational  settling | 19 2 (p; — Pwater) g Ti*
velocity Uset(i) = 9tyater
Total collision | 20 | feoi(i,jy = farown(ij) T fintercept(ijy T fgrav(i

frequency coefficient

Collision rate

21 | keoii,j) = feoiijy * Ny

Table S7. Experimentally derived efficiencies for hetero-aggregation (aa.e)between ENPs and

natural colloidal particles in different water types. Original data from Quik, J.T.K., Ph.D.

Dissertation, Radboud University Nijmegen, The Netherlands, 2013

Aggregation efficiencies (0Olagg)
Sample Site Water | Nano-C60 Nano-CeO2 Nano-SiO2- | Nano-PVP-
(The Netherlands) ype As At
Karregat Pool n.a. 0.161 n.a. 0.692
Brabantse Aa Brook | 6.75E-03 n.a. 0.222 n.a
River Rhine River n.a. 0.996 0.444 0.292
[Jsselmeer Lake n.a. 0.121 0.252 0.102
Nieuwe Waterweg | Canal 0.231 0.854 0.603 0.678
North Sea Sea 1 1 1 1
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Figure S1. Aggregation efficiency as a function of electrophoretic mobility (EPM).Original data

from Keller et al., 2010. Environmental Science & Technology, 2010, 44, 1962-1967.%

S22



Table. S8 Electrophoretic mobility (EPM ) in ums™V-'cm given for different ENPs in different

water types. Original data from Keller et al., 2010. Environmental Science & Technology, 2010,

44, 1962-1967. *

Water Type nano-Ti02 nano-CeQO2 nano-ZnO

Natural Seawater | -0.04+0.09 -0.05+0.24 -0.04+0.26
Artificial -0.05+0.15 -0.04+0.09 -0.27+0.52
Seawater

Lagoon -0.82+0.09 -0.75+0.16 -1.54+0.17
Groundwater -1.11+0.03 -1.05+0.05 -1.21+0.03
River -1.24+0.13 -1.13+0.11 -1.63+0.07
Treated Effluent | -1.39+0.05 -1.36+0.05 -1.13+0.04
Mesocosm -1.89+0.04 -1.91+0.05 -1.75+0.04
Effluent

Storm Water -2.09+0.05 -2.01+0.05 -1.69+0.07
Mesocosm -2.4+0.05 -2.39+0.09 -2.22+0.06
freshwater
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Table S9. Theoretical derivation of aggregation efficiencies between ENPs and natural

colloids*' 2
Parameter Equation

i 1 Vinax i,j
Aggregation efficiency | 22 (_ N T( 1))

aagg =~ Kpebye Zri e

Diffusion boundary layer | 23 _ -1
" Y ey Op = KDebye t= (\/(Ersoka)/(ZNAezl))

Interaction energy 24 Vinax(i,j) = max(VEDL(h'i' i+ Vwowni, j))

Attractive ~ Van  der | 25 v B AHamakeriwater,)TiT

Waals Energy VPWEED T 6h(r 4+ 1) (1 + 14 h/Acy)

Repulsive Electric | 26 i k,T 2

Double Layer Energy Veprinij) = 64m€0Er ——— (z P ) [iTjexp(—k - h)
L ] etectron

Dimensionless  surface | 27

Zeelectronl'p(i)
potential T

[} = tanh [ 4k, T

*1 According to the DLVO theory, the interaction energy between suspended colloidal
particles can be evaluated as the sum of the attractive van der Waals (Vypw) and the repulsive
electrical double-layer (Vgpr) energies. The resultant interaction energy (Vr) determines the
work that is necessary for the colloids to stick to each other as they must overcome the repulsive
energy between them.”® In case the ENP and natural colloid are of about equal size a simple
approximation (Vt = Vpax) for the aggregation efficiency for the two colliding colloids can be
applied.** The aggregation efficiency (0lagg)is ultimately derived as a function of the ionic
strength of the surrounding water (I), the radii (rgnp, ©nc), Hamaker constants
(AHamaker(ENP,water,NC)), and surface potentials (Wenp, Wne) of the ENPs and the natural colloids

(NC).2

S24



Table S10. Experimentally derived efficiencies for attachment of ENPs to suspended particulates
in different water types(oagw). Original data from Quik, J.T.K., Ph.D. Dissertation, Radboud

University Nijmegen, The Netherlands, 2013.%'

Attachment

Efficiency(w)
Sample Site Water | Nano-CeO2 Nano-SiO2- | Nano-PVP-
(The Netherlands) ype Ag Ag
River Rhine River 0.96 0.98 0.82
Nieuwe Waterweg | Canal 1 1 1
North Sea Sea 0.85 0.93 0.88

Table S11. Theoretical derivation of attachment efficiencies between ENPs and suspended
particles (>450 nm) in surface waters *'. 3>-°

Equations

-1

Attachment efficiency | 28 5p
Aare(ij) = (] (Vvowajy + Vepra,jy) dn/ (kp - T))

Van der Waals energy | 29 Agamaker(iwater,j) " Ti
Vvpw = — 12h

Electric double layer | 30 | Vgp, = ZHEOETI'l-I']-e_Kh
energy

*1 It is assumed that the interaction between ENPs and larger natural particles can be
approached as an interaction between a nanoparticle and a surface, because of their relatively
large difference in size (<100 nm versus 450 nm).
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Table S12. Application of the particle filtration theory”

Equation
Filtration 31 3(-1)
Afilter =53 7
2 dgrain f
Total collection efficiency 32 Noi,j) = Merown T Nintercept + Ngrav
Brownian collection 33 | Ngrown = 2.4A4, /3Ny 70081 N, 0715, 0-053
Collection by interception 34 | Nincercept = 0.55Nz > Np, "%125 N, 0125
Gravitational collection 35 Ngrav = 0.22Ng 24N 1IN, 0003
Porosity dependent | 36 _ 201y R 1/3
=———— withy = (1 -
parameter ST aayayszye VY =5
Aspect ratio Number 37 |y, 28
T
Peclet Number 38 Uparcy * d;
Npe = ———
D;
Van der Waals Number 39 N B Anamaker(iwater,))
vDw = iy T
Gravity Number 40 _21%(pi — Pwater)d
¢ 9ﬂwater UD arcy
Diffusivity of particle i in | 41 kT
water ' 67Tﬂwaterri
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Table S13. Experimentally derived attachment efficiencies between engineered Cu’
nanoparticles and the solid grains of a saturated quartz column. Orignal data from Jones & Su,

Water Research. 2012, 46, 2445-2456.°

Test Sample Description Attachment Rate (k,) | Attachment
(s-1) Efficiency (o)

1 Deionised water + 1 mM | 0.00068 0.1146
ph7 Trizma

2 Deionised water + 1 mM | 0.00011 0.0191
ph9.1 Trizma

3 Deionised I water + 1 mM | 0.00014 0.0237
ph9.1 Trizma

4 Deionised water + 1 mg/L | 0.00059 0.0996
Humic Acid

5 Deionised water + 1 mg/L | 0.00044 0.073
Humic Acid

6 Deionised water + 1 mg/L | 0.00048 0.798
Humic Acid

7 Deionised water + 5 mg/L | 0.00059 0.0987
Humic Acid

8 Deionised water + 10 mg/L | 0.00036 0.0601
Humic Acid

9 Deionised water + 1 mg/L | 0.00039 0.0645
Fulvic Acid

10 Deionised water + 1 mg/L | 0.00039 0.0645
Fulvic Acid
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Table S14. Theoretical derivation of attachment efficiencies between ENPs and the solid grains

in porous media using the interaction force boundary layer (IFBL) approximation*1 2237
Equation
Attachment 42 BirBL(,j)
efficiency Qate(i,j) = 1+ ﬁIFBL(i ) Sﬁ(i'j)
- 1/3
IFBL function 43 Buessce = 1(2)1/31,(1) AS_1/3< D; > (KF(i.J')ri>
J 3 3 UDarcyr}' D;

uncorrected 44 p -

pseudo-first  rate _

attachment rate Krq,jy = Di f [910m) eXp(VTotal(i.J')/ ka) — 1]dh

constant 0

- — —1

Brenner function | 45 G =f Brenner(0,01-)
_ 1+3< i )+0 ( i )2 B
B 4\h+1; h+ 7

Total interaction | 46 VTotal(h,i,j) = VVDW(h,i,j) + VEDL(h,i,j)

energy

*1 With the IFBL approximation, attachment efficiencies can be derived from the radius (7),
density (p), surface potential (¥) and Hamaker constant (4 xamaker(ENP,water,grain)) Of the ENP, and
the radius of the grain (74.4in), porosity (r), and Darcy velocity (Upyrcy) of the porous medium, see
SI Table 8 [2].

Table S15. Characterization of size and mass of altered species of ENPs (aggregated*1 or

attached*1)

Altered species | Equation

property

Mass 47 Mgs = Mgyp + Mcp
Volume 48 Vos = Vene + Vep
Density 49 Pas = Mas/Vas
Radius 50 | s = (Vas/ (4/30)) 73

*1Further characterization of the Hamaker constant and surface potential of the altered species
is not necessary.
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Table S16. Scavenging coefficients as function of particle size and density’

Equation
Scavenging coefficient 51 3 EpiPo
ka = A =5
rain
Collection coefficient 52 | Exi = Epgrown) T Eamterceptiy T Eagrav(i

Brownian collection

53

4
EABrown)i) = Re [1 + 0.4R€1/25Ci1/3 + 0.16R61/25Ci1/2]

Collection by interception

54

Uair

l [
Train LUwater

+(1+2Re2 @)]

rain

E/lintercept(i) =4

Collection by gravitational
impaction

55

3/2

St; — St* _
) if St; > St*

E N =
Agrav() (51;- — St* +2/3

Reynolds Number 56 Re — Arain * Veerm(rain) * Pair
2 Ugir
Particle terminal velocity | 57 d;*(p; = pair)g - Cc;
Yrerm® T g
Particle Schmidt Number | 58 | ¢ ¢ = Hair
Pair * Dair()
Particle Stokes Number 59 o zrair(i)(vterm(mm) — vterm(i))
l drain
Particle relaxation time 60 (p; — pair)d;*Cc;
T
Critical Stokes Number | 61 | 1.2+ LlIn(1 + Re)

(EAgrav = o if St* > Sti)

1+ In(1 + Re)
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Table S17. Dry deposition velocities as a function of particle size and density.”’

Equation

Dry deposition velocity of
particle i to compartment
2

62

1

_ 4 v , .
RA(Z) + RS(i,Z) terminal (i)

Vdep(i,dry air,2) =

Surface resistance 63 1
Rs(i2) =
Uy (EdBrown(i,z) + Ed int.cept(i,2) + Edgrav(i,z))
Brownian collection at| 64 | E dBrown(iwater) = Sci_l/ 2
deposition to water
Interception at deposition | 65 | Eg in cept(iwater) = 0
to water
Gravitational impaction at | 66 Eagrav(iwater) = 10735t
deposition to water
Brownian collection  at | 67 | Eyp0nisoiny = Sc; 723
deposition to soil
Interception at deposition | 68 | Eg in¢ cept(i,soil)
to soil Cv T
=—|frpj—— ¢+ (A
cd f v T + éveg (

T + Aveg

Gravitational impaction at | 69

deposition to soil

Stl‘ ﬁveg
Bagravisoi =\ 5p g,
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Table S18. ENP dissolution rates*' for different mechanisms™>>**>-*8

Mechanism Equation

Noyes-Whitney for readily | 70 Dgp

soluble ENPs Kaisvwy = Agnp g ([Spaq(O—SD)] - [Spbg] ) MSP)
Practically insoluble 1| kgisqy =0

Experimentally determined | 72 m(Co/Cp))

apparent dissolution rate Kais(exp.ment) = — "

Dissolution fOHOWing 73 kdis(Arrhenius) = Cenv.cond 'AArrhenius

Arrhenius expression . e ~Eactivation/RT

*1 The dissolution mechanism to be applied in SB4N is selected on the information that is
available per case. Dissolution rates can also differ per aqueous medium and ENP species. SB4N
easily deals with these possible differences, because its matrix A considers the environmental
media as well as the free, aggregated, and attaches species of ENP. Different dissolution rates
can be assigned per matrix cell and thus per environmental medium and ENP species.

Table S19. First-order rate constants for advective transports'*'°

Mechanism Equation

Resuspension of free | 74 _ Vs " AREAy

or agg ENPs krsSEWfree,agg - W]VIESE ' FRporewaterSE
Resuspension of att. | 75 Vys - AREAy,

ENPs Krssewate = VOLUME,, FRsotiassk
Sediment burial 76 kburSE(i) = Vpur " AREASE/VOLUMEW
Pore water leaching | 77 ' _ FRinfitration " Po - AREAg
of free or agg. ENPs leachSfree,agg — VOLUMEqgp;1poREWATER
Run-off of free or | 78 I _ FRyynsoir " Do - AREA;
agg. ENPs runswireeads = yOLUMEsoporewarER
Erosion of soil | 79 K _ Verosion " AREA;

grains with ENPs erostonSWatt = o1 UMEgoiLs0L1DS
attached
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Table S20. System dimensions for realistic nano-TiO, emission scenario in Switzerland®’

Compartment Area (m°) Height / depth (m) Volume (m”)
Atmosphere 4.13 10" 1000 4.13 10"
Soil*! 4.00 10" 0.2** and 0.05%° 2.23 10
Water 1.24 10° 3 3.710°

*1 Density of soil = 1500 kg. m™~.”” Soil is composed of a solid fraction of 0.6, a pore water
fraction of 0.2 and an air fraction of 0.2'*'

Table S21. Input parameter and their values for the realistic nano-TiO, emission scenario in

Switzerland®

Symbol | Parameter Value

VENP ENP radius 10 nm

PENP ENP mass density 4.2310° kg.m'3
Olugg Aggregation efficiency | 0.1*'

Aant Attachment efficiency 0.1*!

Kuissowe | Dissolution rate constant | 0 s *?

*1 Assumed default value

*2 No dissolution, as nano-Ti02 is practically insoluble.
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Table S22.The

first-order rate constant values

that SimpleBox4nano calculates for

environmental transport and removal processes for the Mueller and Nowack nano-TiO, emission

scenario

Symbol Transport / Removal Process Rate*'

Kagga Aggregation rate for ENPs with aerosol particles in dry air (A) 1.57E-06 s

Katea Attachment rate for ENPs with coarse particles in dry air (A) 1.32E-08 s”!

KAARfree Rain drop collection rate for free ENP species 6.02E-06 s

KaARage Rain drop collection rate for aggregated ENP species 1.81E-06s™

KAARatt Rain drop collection rate for attached ENP species 4 44E-06 5!
First-order rate constant for dry deposition from dry air (A) to soil (S)

KdepAstree for free ENP species 1.59E-06 s™!
First-order rate constant for dry deposition from dry air (A) to soil (S)

Kdepasagg for aggregated ENP species 2.51E-07 s™!
First-order rate constant for dry deposition from dry air (A) to soil (S)

Kdepasatt for attached ENP species 9.41E-07 s
First-order rate constant for dry deposition from dry air (A) to soil (W)

KdepAwfree for free ENP species 2.40E-08 s’
First-order rate constant for dry deposition from dry air (A) to water (W)

Kaepawagg for aggregated ENP species 2.80E-08 s™!
First-order rate constant for dry deposition from dry air (A) to soil (W)

Kaepawatt for attached ENP species 3.00E-08 s™!

Kdeprsfreeaggat | First-order rate constant for wet deposition from rain (R) to soil (S) for | 2.39E-03 !
free, aggregated or attached ENP species

Kaeprwiree,agz.at | First-order rate constant for wet deposition from rain (R) to water (W) | 7.62E-05 !

¢ for free, aggregated or attached ENP species

Kaggs Aggregation rate for ENPs with natural colloids in soil (S) pore water 8.42E-07 5™

Kats Attachment rate for ENPs with solid grains in soil (S) 3.65E-03 s
First-order rate constant for run-off from soil (S) to water (W) for free or

KrunsWiree,agg aggregated ENP species 2.93E-07 s’
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First-order rate constant for run-off from soil (S) to water (W) for

KerosionSWatt attached ENP species 1.68E-11 s
First-order rate constant for run-off from soil (S) to water (W) for free

Kicachsageiee | ENP species 2.93E-07 s

Kagew Aggregation rate for ENPs with natural colloids in surface water (W) 8.42E-07 5™

Kattw Attachment rate for ENPs with suspended particles in surface water (W) | 6.10E-10 s
First-order rate constant for deposition from water (W) to sediments

KdepwsEfree (SE) for free ENP species 2.34E-10s™
First-order rate constant for deposition from water (W) to sediments

KdepwsEatt (SE) for attached ENP species 2.36E-05s™
First-order rate constant for deposition from water (W) to sediments

KaepwsEage (SE) for aggregated ENP species 1.64E-08 s™
First-order rate constant for resuspension from sediments (SE) to water

KrsSEWfree,age (W) for free or aggregated ENP species”‘2 7.60E-07 s
First-order rate constant for resuspension from sediments (SE) to water

KisSEWatt (W) for attached ENP species*2 3.04E-06 s™!

*1 Calculated as a function of the system dimensions and default input parameters given in SI
Table 16 and 17

*2 SB4N calculates the 1-year-PECs for this scenario as a function of one-directional transport
only, since backward processes can usually be neglected. However, it should be considered that
the backward resuspension process (an advective process that transports the free, aggregated, and
attached ENPs that have settled in the sediment back to the water compartment) may not be
negligible. Therefore, the influence of resuspension on both the 1-year-PECs in the water and
sediment compartment has been investigated for this scenario. This was done by correcting the
settling rates for backward resuspension by expressing resuspension as a resistance to settle:

1
Usett(netto,i) = Uresusp " Usett (i)
1+( /Usett(i))

This approach has been verified by comparing the calculated concentrations PECs derived
from the formulations for steady state, with the calculated concentrations using the corrected
settling rates over infinite time. There were no major differences observed, which indicates that it
is an acceptable approach to express resuspension as a resistance to settle for this scenario.
However, this approach still neglects a minor mechanism contributing to concentration of ENPs
attached to suspended particles in water: free ENPs may settle to the sediment and then attach to
the solid grains in the sediment compartments. If these solid grains resuspend, they will
transport these ENPs back the water compartment as attached species. Nonetheless, this
mechanism actually can be assumed to be negligible as settling of free ENPs is negligible
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compared to the settling behavior of ENPs attached to suspended particles, which is also
observed in experiments™
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