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thE EMErgEnCE of nAnoMAtEriAls And nAnotEChnology

Nanotechnology is a broad interdisciplinary area of research, development and indus-
trial activity that has been growing rapidly worldwide for the past decade 1. It involves 
the manufacture, processing and application of materials that are in the size range 
of up to 100 nm 2, 3. Owing to their extremely small size, engineered nanomaterials 
(ENMs) have a much greater surface area than the same mass of materials at the 
micro- or bulk scale. At this scale, quantum effects are more important in determining 
the properties and characteristics of the material 1. Examples of properties that change 
when the particle size enters the nanometer range are their melting temperature4, 
solubility5, as well as optical6, magnetic7, 8,  mechanical9, electric10, thermodynamic 4, 11 
and catalytic properties 12. These properties unique to ENMs make them attractive for 
exploitation in a wide spectrum of fields, including information technology, cosmetics, 
energy production, environmental protection, biomedical applications, food, agricul-
ture and many more (Table 1.1.) 13, 14. 

table 1.1. Examples of applications of nanomaterials and nanomaterial products in different fields
Field Application Function of nanomaterials
Food Packaging Enhanced barrier properties, improvements in mechanical and heat-

resistance properties, active antimicrobic and antifungal surfaces13.
Medical Diagnostics 13 In-vivo cancer detection spectogrophy 15.

In-vivo ‘Lab-on-a-chip’ 13. 
Drug delivery 16 Exploitation of high specific surface area, electrostatic and 

hydrophobic interactions to achieve high loading of poorly soluble 
drugs 16.

Energy Fuel cells17 Catalyst support in oxygen electro reduction 17.
Renewable 
energy18

Photocatalysts for water-splitting18.
Photovoltaic energy conversion in solar cells18.

Batteries17 Supercapacitor energy storage 17.
Cosmetics Skin care 19 Enhanced delivery of cosmetic ingredients into the skin20.

Enhanced stability to formulations that contain cosmetic ingredients 
21.

Solar 
protection19

Effective blockers of ultraviolet radiation in a transparent formulation 
appealing to the consumer19.

Environmental 
protection

Water 
purification17

Effective adsorbent material for the separation and elimination of 
industrial pollutants from waste water17.

Agriculture Crop protection 
22

Increased dispersion and wettability of pesticide formulations23.
Increased affinity to target pests due to increased specific surface 
area 24.
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soCiEtAl ConCErn huMAn And EnvironMEntAl hEAlth risks

The distinctive chemical and physical properties that make ENMs attractive for new 
products also raise concern over their safety to health and environment14. As with 
any new technology having potential for widespread adoption, the potential exists for 
unanticipated consequences due to the production, use, recycling, or disposal of ENMs 
25. However, nanomaterials are already on the market and incorporated into products 
at a rate that outpaces research and regulation to protect against potential impacts 
on human health and the environment26. The discussion about the potential adverse 
effects of ENMs has become a top priority in governments, the private sector and the 
public all over the world 26-29, because of evidence for environmental release30-37, upta-
ke and bioaccumulation 38-44, nanotoxicity 40, 45-55, identified potential exposure26, 34, 56-60 
and identified potential environmental impacts60-62. Any misconception on human and 
environmental risks may seriously hamper application of nanotechnology including 
promising technology in medical applications and sustainable development13, 29. A bet-
ter understanding of the risks and potential for negative impacts arising from ENMs is 
thus desired 25. 

rEgulAtory frAMEwork ChEMiCAl risk AssEssMEnt within 
thE EuroPEAn union

Chemical safety assessment frameworks, such as the European Commission (EC)’s 
legislation program REACH (Registration, Evaluation, Assessment and Restriction of 
CHemicals) and the Toxic Substances Control Act of the U.S. Environmental Protection 
Agency (USEPA), have been founded to protect the human health and the environ-
ment from potential toxic effects of chemicals63, 64. The provisions of the current 
regulatory framework for chemical risk assessment and management in the European 
Union, the REACH regulation, apply to engineered nanomaterials 65 but include very 
little reference to substances in particulate and nanoforms 14. There is still a need to 
adequately assess and manage the potential risks of nanomaterials66. Even though 
manufacturers, importers and downstream users must ensure the safe use of each 
substance (whatever its form) under REACH, this introduces new challenges for regu-
lators, such as the European Commission and European Chemical Agency, as well as all 
other stakeholders 66. 
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EnvironMEntAl ExPosurE EstiMAtion of EnginEErEd 
nAnoPArtiClEs

An important obligation within REACH is the performance of environmental exposure 
estimation67. The objective is to derive predicted environmental concentrations (PECs) 
for the environmental compartments of interest (air, water, sediments, soil), which 
are to be compared with concentration levels at which no ecotoxicological effects are 
expected63. According to the principles of environmental risk assessment the environ-
ment can be assumed safe from ecotoxicological effects in case the PECs do not exceed 
these so called predicted no effect concentrations (PNECs) 63. The REACH guidance 
documents and environmental fate models prescribed for environmental exposure 
estimation however, urgently require adjustment to become fit for nanomaterials 
68-70. REACH regulation focuses on chemical substances in the dissolved state, as it is 
assumed that, immediately upon release to water, chemicals are molecularly entirely 
dispersed and thus in a dissolved state69. This is obviously different for nanoparticles 
in the environment as they are airborne as aerosol particles 71 or present in (ground) 
water in a suspended solid (nano) particulate state 69. 

ChEMiCAl MultiMEdiA fAtE ModEling with siMPlEBox

The European Union System For The Evaluation Of Substances (EUSES) offers regula-
tors, producers and importers of chemical substances the technical guidance required 
to practice the regulation under REACH 63. The multimedia fate model SimpleBox 72, 73 
is distributed by EUSES to these stakeholders for performing environmental exposure 
estimation of chemicals on a screening level. SimpleBox is a nested multi-media en-
vironmental fate model of the so called Mackay level III/IV type. The environment 
is modelled as consisting of well-mixed environmental compartments (air, water, 
sediment, soil, etc.), at three spatial scales. Emissions to the compartments, transfer 
and partitioning between the compartments, and removal from the compartments are 
used to compute the steady state and quasi-dynamic masses of chemical substance in 
the environment. The SimpleBox model simulates the environmental fates of different 
substances in different landscape settings, of which the characteristics are provided 
with the model database. The model is fully operational for conventional and used 
for conventional substances, but requires adaptations for substances occurring in a 
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(nano)particulate form 74. Adapting SimpleBox fit for nano is means an important step 
forward for chemical safety assessment as nanomaterials are already on the market 
26, 68. 

Prior to these adaptations, it is necessary to reflect on the processes that drive the 
environmental fate and exposure of nanomaterials in order to identify the differences 
between the environmental fate of chemicals in  a dissolved, molecular or ionic form 
and the environmental fate of their chemical equivalents in a (nano)particulate form. 
Next, it is necessary to implement the identified adaptations in a new model concept 
of SimpleBox for nanomaterials. The robustness of this model concept needs evalua-
tion before it is ready for implementation in EUSES74.

AiM And outlinE of thE thEsis

The aim of this thesis is to gain more understanding in the environmental fate of na-
nomaterials in order to provide recommendations to adapt guidance in environmental 
exposure estimation and risk assessment fit for nanomaterials. First, this is done by 
a literature review that compares the environmental fate of nanoparticles with the 
environmental fate of chemicals according to the REACHGuidance (Chapter 2). Then, 
the identified major adaptations required have been incorporated in SimpleBox4nano: 
a new model concept for multimedia environmental fate simulations of nanoparti-
cles (Chapter 3). The robustness of the new model has been evaluated by making its 
sensitivity in model outcomes to uncertainties in input parameters and the natural 
variability in the environmental system explicit (Chapter 4). This is followed by a case 
study of nano-TiO2 in the aquatic compartment in which exposure and effect modeling 
have been combined into an integrated probabilistic environmental risk assessment 
(Chapter 5). Next, it has been quantified to what extent different physicochemical pro-
perties of nanomaterials drive environmental fate and exposure (Chapter 6). Finally, a 
synthesis expresses a viewpoint on implementation of the adjustments necessary to 
turn environmental risk assessment protocols fit for nano (Chapter 7).
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ABstrACt

Engineered nanomaterials (ENMs) possess novel properties making them attractive 
for application in a wide spectrum of fields. These novel properties are not accounted 
for in the environmental risk assessment methods that the Registration, Evaluation, 
Authorization, and Restriction of Chemicals (REACH) proposes in their guidance on 
environmental exposureestimation, although ENMs are already applied in a variety 
of consumer and industrial products. It is thus necessary to evaluate the guidance 
document REACH provides on environmental exposure estimation on its applicability 
to ENMs. This is most urgently the case for engineered nanoparticles (ENPs), as the 
novel properties are most often only applicable to them. The environmental fate of 
ENPs was reviewed and compared to the environmental fate of chemicals according 
to the REACH guidance. Major deviations between the fate of ENPs and predicted fate 
by REACH were found. They were related to at least 1of 3 major assumptions made in 
REACH guidance: (1) in REACH, environmental alteration processes are all thought of 
as removal processes, whereas alterations of ENPs in the environment may greatly af-
fect their properties, environmental effects, and behavior, (2) in REACH, chemicals are 
supposed to dissolve instantaneously and completely on release into the environment, 
whereas ENPs should be treated as nondissolved nanosized solids, and (3) in REACH, 
partitioning of dissolved chemicals to solid particles in air, water, and soil is estimated 
with thermodynamic equilibrium coefficients, but in the case of ENPs thermodynamic 
equilibrium between “dispersed” and “attached” states is generally not expected. The 
environmental exposure assessment of REACH therefore needs adjustment to cover 
the specific environmental fate of ENPs. Incorporation of the specific environmental 
fate processes of ENPs into the environmental risk assessment framework of REACH 
requires a pragmatic approach.
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introduCtion

Nanotechnology is rapidly emerging, producing new engineered nanomaterials (ENM) 
(nanosurfaces, nanowires, nanoparticles; see Figure 2.1) that are applied in a variety 
of consumer and industrial products 75. 

figure 2.1. Different types of engineered nanomaterials sharing the same chemical composition 
(illustrated with the color purple).

Their novel properties have made ENMs attractive for application in a wide spectrum 
of fields, including information technology, energy production, environmental protec-
tion, biomedical applications, food, agriculture, and many more 14. However, little is 
known about the potential risk ENMs pose for human health and the environment 
14.From a fundamental physical perspective, nanoparticles are ultra small pieces of 
crystalline or amorphous solid matter. As a result of the small dimensions, much of 
the chemical (molecules, atoms, ions) of which the nanomaterial consists resides in 
or near the interface between the solid phase and gas or liquid surrounding it. Nano-
solids owe their much-praised “novel and unique” physical properties, such as high 
catalytic activity, to the highly interfacial nature of the chemical material of which 
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they are built 76.From a physical-chemical perspective, dispersed nanoparticles are col-
loids, showing Brownian motion and strong tendency to adhere to each other and to 
other solids (aggregation). From a chemical perspective, nanoparticles are substances 
of a specific phenotype: the nanoparticulate form of a chemical substance can be 
regarded as one of its possible chemical species. Two issues have become subjects of 
debate on environmental risk assessment of ENM: (1) can risk assessments of ENMs 
be carried out properly, using the methods that are used currently for “other chemical 
substances,” and (2) is it necessary to carryout risk assessments of the nanoforms of 
chemical substances of which risk has been assessed already? Addressing the second 
question requires that it is clear which chemical substances are to be considered 
nanomaterials. The European Commission has recently proposed a definition that can 
be used to settle this 77. According to this definition, nanomaterials are materials with 
at least 1 external dimension, or an internal structure, within the nanometer scale 
range (<100 nm), exhibiting additional or different properties and behavior compared 
to macroscopic materials with the same chemical composition (bulk size equivalent) 
2. Regulatory decisions now need to be made about the consequences for chemical 
substances that are to be assigned “nano.” If a previously carried out risk assessment 
of the “bulk form” of the same chemical substance is deemed unconvincing because 
nanospecific fate and effects may not have been accounted for sufficiently, the first 
and main question becomes urgent: how to carry out environmental risk assessment 
of ENM? In this article, we address this issue within the context of the environmental 
risk assessment policy of the European Union. The European Commission’s regulation 
program Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) 
aims to improve the protection of human health and the environment through better 
and earlier identification of the intrinsic properties of chemicals substance 63. REACH 
consigns a large responsibility to the industrial sector and its stakeholders, because 
they are obliged to carry out the risk assessment of their applied chemicals by themsel-
ves. To help all stakeholders fulfilling their obligations, the European Chemicals Agency 
(ECHA) has published guidance documents for the implementation of REACH 63. One 
of those obligations is the performance of an environmental exposure assessment, 
according to REACH guidance document R.16 65. The objective of exposure estimation 
is to derive predicted environmental concentrations (PECs) for the environmental 
compartments of interest (e.g.,water, air, soil), which can be compared with predicted 
no-effect concentrations (PNECs). A difficulty in carrying out exposure estimation of 
ENM in Europe is that the REACH Guidance does not explicitly cover nanomaterials. 
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The solid nature and the novel properties that the ENM owe to their nanoscale are 
not accounted for. In the REACH Guidance, chemicals are silently assumed to be in 
the dissolved form, because the prediction of the environmental fate of a chemical 
starts with the assumed situation in which the chemical (individual ions, molecules, 
or atoms) is completely dispersed into the surrounding gas (air) or liquid (dissolved in 
water) 78. Obviously, this assumption is violated for sparingly soluble chemicals (e.g., 
metals and metal oxides). In these cases, a speciation model determines the relevant 
soluble species, which is then considered to be the bioavailable fraction for which PECs 
are derived 79. The REACH Guidance assumes that the fraction that remains solid, or 
associated with solids, is inert, immobile, and essentially harmless. This assumption 
is violated too for ENMs, because it has been proven that nanoparticulate solids form 
can be bioavailable and consequently is able to cause (eco)toxic effects 80.

The behavior of ENMs is determined by both chemical and physical properties81. 
As a result, the environmental fates of ENMs with the same chemical compositions, 
but different physical forms,may be greatly different. The largest differences can be 
expected for the nanoparticles (i.e., materials that are nanosized at least in 2 dimen-
sions, such as spheres, wires, tubes), because many of the often mentioned “novel 
and unique” nanospecific substance properties apply only to nanoparticles and not 
to nanomaterials in general 82. The REACH Guidance distinguishes substances by their 
chemical composition only 63; differences in environmental fate and behavior, caused 
by differences in the substance’s physical form, are thus not accounted for. The actual 
environmental fate of ENMs may not be predicted well when the methods prescribed 
in the REACH Guidance are followed: the methodology aims to predict environmental 
exposure concentrations of dissolved chemical species, rather than to predict the 
concentration of (nanosized) solid particles. It is thus necessary to evaluate the RE-
ACH methods of environmental exposure estimation on their suitability for ENMs in 
general, but most urgently for ENPs. The objective of this review was to identify the 
major challenges in 1) the implementation of ENPs exposure assessment in R.16, as 
well as 2) in understanding the specific environmental behavior of ENPs. First, the 
guidance document of R.16 has been analyzed to address the general environmental 
principles, fate mechanisms, and implicit and explicit assumptions made. Next, the 
behavior of ENPs has been reviewed to identify differences in their fate and the fate of 
conventional chemicals according to R.16. Finally, the major challenges in predicting 
ENP specific deviations have been deduced.
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rElEAsE EstiMAtion of EnPs

The amount and form of the released ENPs determines their environmental fate and 
effects83. However, quantitative data on release of ENPs is limited due to a primary 
lack of capable measurement techniques and instrumentation 58. Dispersed ENPs are 
thermodynamically unstable and are expected to undergo (rapid) physical alterations 
and chemical transformations 68. A number of alteration processes that may affect the 
toxicity and environmental fate of ENPs have already been identified58. It has been 
proposed to incorporate alteration during, and immediately after, emission in environ-
mental exposure and risk assessments 68. In the REACH Guidance, it is assumed that on 
release in the environment, chemicals remain or become completely dissolved in gas 
or water. Amounts released are estimated for so-called (Specific) Environmental Re-
lease Categories (ERC and SPERC), for which standard fractions released to air, water, 
and soil are read 84, 85. Development of a SPERC for nanoparticles, including alterations 
of form during release, will be challenging, because the large amount of ENP product 
types, applications and alterations leads to a huge number of possibilities with respect 
to release scenarios 68. Examples of release scenarios are found in case studies perfor-
med on the application of nano-TiO2 in water treatment and topical sunscreen, nano-
Ag in disinfectant spray and C nanotubes in flame-retardant textile coatings 86, and the 
modification and weathering of ENPs during product life 58. Examples of alterations 
during release are rapid aggregation and dissolution of ENPs. The thermodynamic 
stability of colloid systems depends not only on the physicochemical properties of 
the nanoparticles but also on their surroundings 81. Hence, a sudden change in sur-
roundings during release could lead to alterations of the ENPs as well. There is a great 
need for development of new techniques for detection, quantification, and measure-
ment of ENP (release) concentrations 81 so that a fraction of ENPs of that are released 
during a certain release scenario can be quantified accurately 58. The techniques that 
are currently used in traditional colloid science can serve as a good starting point 87. 
However, it has been recommended that future analytical measurements should not 
only account for the sample and type of ENP. The specific hypothesis or goal should 
be tailored into the measurement approach as well, because characterizing every 
possible property for every sample would be impossible81. Although further efforts in 
experimental research, model development, and characterization are required, emis-
sion patterns of ENPs may be derived eventually  68. These emission patterns can then 
be incorporated in SPERCs tailored for ENPs.
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BEhAvior of EnPs in AquEous MEdiA

Predicting the behavior of ENPs in aqueous media is dependent on quantifying the 
most relevant fate processes, which are dissolution, aggregation, and sedimentation 
69.However,the quantification of these processes is not straightforward as the aqueous 
solubility and dissolution kinetics are yet to be fully understood  88 as well as the for-
mation of nano-aggregates and sedimentation is dependent on a great variety of ENP 
properties and environmental conditions  69, 89. 

Solubility and dissolution of ENPs

Solubility is the property of a chemical (solute) to dissolve into a medium substance 
called the solvent (mostly a liquid) forming a homogeneous solution. The solubility 
of a chemical is often expressed as the saturated concentration point (mol solute/
mol solvent) at which adding more solute does not increase the concentration in 
solution at given temperature, salinity, etc. Depending on the chemical properties of 
the solute, the solution may consist of free molecules or positive and negative ions. 
Once a nanoparticle has been dissolved, it is no longer a nanoscaled solid substance 
(Figure 2.2). 

figure 2.2. Dissolution of a nanoparticle.
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As a result, its specifi c properti es due to its nanoscale size would not be of force 
anymore 69. Dissoluti on of ENPs may therefore be an important factor for their fate in 
aquati c environments90 and biological eff ects 45. It is thus criti cal to include the extent 
to which nanoparti cles dissolve in exposure esti mati on and risk assessment. Quik et 
al. 69have proposed to describe dissoluti on of ENP as a fi rst order removal process 
of the originally emitt ed material.However, dissoluti on kineti cs of ENPs is yet to be 
fully understood 88, and quanti fi cati on is not straightf orward due to a large number of 
infl uencing factors: saturati on state of the solvent, parti cle shape, parti cle size, parti cle 
surface, aggregati on, solvent pH, etc. 91. The large number of infl uencing factors has 
made it challenging to determine the individual contributi on of each factor 91.The che-
mical compositi on of the ENP, specifi cally at the interface between the solid parti cle 
and the surrounding liquid (water), is the basis for their solubility and the rate at which 
they dissolve69. ENPs are engineered to maintain their solid form in aqueous media 
and the substances of which the ENPs are made are oft en poorly soluble, e.g., oxides, 
sulfi des, metals, C. However, even sparingly soluble substances will eventually dissolve 
at some rate to some extent in the great volumes of water in the environment 69. The 
predicti on of the quanti ty of these small amounts and the rate in which the dissoluti on 
process takes place is complex, due to the complexity of the other infl uencing factors 
that are related to the ENPs physical properti es or the environmental characteristi cs 
of the surface water 69. The individual infl uence of size greatly aff ects the solubility 
of nanoparti cles 5. The solubility of spherical parti cles is explained by the Ostwald–
Freundlich curve, which suggests an exponenti al increase of solubility at decreasing 
parti cle size 5:
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(Equation 2.1) 

 
In the Ostwald–Freundlich curve (Eqn. 1), Solγ A(β) represents the solubility of a particle A in solvent b with radius r 
in mol A.mol β-1, VA(α) represents the molar volume of particle A in pure phase a in m3.mol-1, σα/β represents the 
interfacial surface energy in J.m-2, R represents the universal gas constant 8.3145 J/(mol.°K), T represents the 
temperature in ° K, and rα represents the particle radius in m. However, below a certain particle diameter size at 
nanoscale opposite effects have been observed 45, 92. This effect could be explained by the tension at the interface 
of the nanoparticle and the water around it: the surface tension creates an inward pressure on the particle, 
whereas electrical tension creates an outward pressure. These forces will be equal at a critical particle radius size, 
but below this critical size the inward pressure will be dominant reducing the nanoparticle’s solubility (Figure 2.3) 
93.  

 
 
Figure 2.3. Illustrative chart of nanoparticle solubility based on a hypothetical case 93. 

 
Besides particle size, the quantification of other contributing factors is also not straightforward. For example, it has 
been suggested to correct the Ostwald– Freundlich for other shapes than spherical nanoparticles 94. Also 
aggregation of nanoparticles may interfere and reduce ENP solubility 45. Without proper experimental data, 
modeling dissolution kinetics of ENPs remains highly speculative as theoretical descriptions are insufficient 69. The 
development of a risk assessment model including the dissolution of ENPs will therefore be challenging and 
require input from experimental data 68. 

In the Ostwald–Freundlich curve (Eqn. 1), Solγ A(β) represents the solubility of a parti cle 
A in solvent b with radius r in mol A.mol β-1, VA(α) represents the molar volume of parti cle 
A in pure phase a in m3.mol-1, σα/β represents the interfacial surface energy in J.m-2, R 
represents the universal gas constant 8.3145 J/(mol.°K), T represents the temperature 
in ° K, and rα represents the parti cle radius in m. However, below a certain parti cle 
diameter size at nanoscale opposite eff ects have been observed 45, 92. This eff ect could 
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be explained by the tension at the interface of the nanoparti cle and the water around 
it: the surface tension creates an inward pressure on the parti cle, whereas electrical 
tension creates an outward pressure. These forces will be equal at a criti cal parti cle 
radius size, but below this criti cal size the inward pressure will be dominant reducing 
the nanoparti cle’s solubility (Figure 2.3) 93. 

figure 2.3. Illustrati ve chart of nanoparti cle solubility based on a hypotheti cal case 93.

Besides parti cle size, the quanti fi cati on of other contributi ng factors is also not straight-
forward. For example, it has been suggested to correct the Ostwald– Freundlich for 
other shapes than spherical nanoparti cles 94. Also aggregati on of nanoparti cles may 
interfere and reduce ENP solubility 45. Without proper experimental data, modeling 
dissoluti on kineti cs of ENPs remains highly speculati ve as theoreti cal descripti ons are 
insuffi  cient 69. The development of a risk assessment model including the dissoluti on 
of ENPs will therefore be challenging and require input from experimental data 68.

Colloidal suspension stability and the formati on of aggregates 

Engineered nanomaterials behave in aqueous media like colloidal suspensions, and 
from colloid science it is well known that small suspended nanoparti cles tend to aggre-
gate69. Aggregati on can generally be described by the Derjaguin & Landau95, Verwey, 
and Overbeek96 (DLVO) theory, which describes forces between charged surfaces inter-
acti ng through a liquid medium 97. The stability of the suspended nanoparti cles against 
aggregati on is a key factor in predicti ng the environmental fate of ENPs, because large
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aggregates are limited in dispersion 89 and are more prone to deposit by gravitatio-
nal settling 69. The formation of aggregates depends on how often nanoparticles collide 
with each other (collision frequency) and how likely they stay attached to each other 
after a collision (attachment efficiency). Aggregation behavior of ENP in natural water 
systems is difficult to predict, because aggregation of ENPs with naturally occurring 
nanoparticles (heteroaggregation) is dominant over aggregation between ENPs with 
each other (homoaggregation) 98. Many environmental conditions and ENP properties 
influence collision frequencies and attachment efficiencies (see Table 2.1), which 
generally results in unexpected non-DLVO behavior 97.

table 2.1 ENP properties and environmental conditions influencing aggregation of ENPs
EnP property or environmental 
condition

Influence on collision frequency or 
attachment efficiency

Aggre-
gation

Reference

Large difference in size between the 
nanoparticles that may aggregate

Small NPs move fast, but have little 
chance of colliding with each other, 
whereas large NP move slow and have 
greater chance of collision; collision 
frequencies are optimal if both large and 
small NPs are present

↑ 99

High concentration of (engineered and 
natural) nanoparticles in the water

Aggregation rates strongly depend 
on the concentration of NPs, as they 
are more likely to collide at high 
concentration

↑ 69

Electric charge of the nanoparticles
(negative or positive)

Highly charged NPs (positive or negative) 
will repel each other causing decrease of 
attachment efficiency

↓ 89

NOM coating: A coating of natural 
organic matter around the nanoparticles

Provides NPs with a steric repulsion 
causing the NPs to repel each other, 
which reduces attachment efficiency

↓ 89

High zeta potential: The electric 
potential difference between the 
aqueous medium and the layer of fluid 
attached to the nanoparticles

At high zeta potential the attraction 
between NPs may not overcome the 
repulsion between the attached fluid 
layers

↓ 89

High ionic strength: the concentration of 
ions in solution in the water body

A high concentration of ions causes a 
smaller potential difference between 
the water body and fluid layer attached 
to NPs

↑ 89

Point of zero charge (pzc) close to pH: 
the pH value in which the charge of 
nanoparticle is equal to zero

Zeta potential will decrease as pH 
approaches the pzc

↑ 89

ENP = Engineered Nanoparticle; NP = Nanoparticle; NOM = Natural Organic Matter; pzc = point of 
zero charge.

Because of the unpredicted non-DLVO behavior at environmental conditions, it is a 
major question how removal of ENPs from water by deposition to sediment can be 
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implemented in REACH guidance 69. It not only complicates the prediction of ENP 
removal in surface water, but also the prediction of transport through the porewater 
of soil as large aggregates may get physically retained by solid grain collectors 89. In 
addition, state of aggregation is expected to greatly affect the extent to which ENPs are 
taken up from water by organisms 47.

BEhAvior of EnPs in wAstEwAtEr trEAtMEnt

Wastewater treatment is considered to be a central process in the local environmental 
fate of chemicals, because chemicals may get re-emitted to the air, end up in sewage 
sludge that is applied on agricultural soils, or remain in the treated water flowing to 
surface waters78. Chemicals in wastewater are subjected to several removal processes 
during treatment: (1) uptake in primary sludge via sedimentation, 2) uptake in activa-
ted sludge via biosorption, (3) biodegradationin activated sludge, and (4) volatilization 
in aeration tanks. The effectiveness of each removal process is highly dependent on 
the substance properties 100, 101. It has been suggested that wastewater treatment of 
ENPs will lead to a small fraction remaining in the treated water and a large fraction 
accumulating in wastewater sludge 102, 103. Recent experimental studies show effecti-
vely reduced concentrations in wastewater after activated sludge treatment implying 
effective uptake through biosorption for various types of ENPS (e.g., nano- CeO2, -Ag, 
-TiO2, -C60, -SiO2) 31, 102, 104. However, the experiments are only able tomeasure con-
centrations in the treated water and do not last long enough to prove that activated 
sludge treatment will lead to steady-state concentrations104. Still, the effectively redu-
ced concentrations in wastewater are likely to be a result of biosorption, because the 
miscellaneous removal processes are not expected to be very effective. The few types 
of ENP that have been investigated suggest that biodegradation is usually a function 
of chemical composition and not of particle size105. Most types of ENPs are thus not 
biodegradable as they are composed of inorganic chemicals, such as ceramics,  metals,  
or  other  metal  oxides 105. Emission to air through aeration is also not to be expected 
as ENPs  are  not  expected  to  volatize  69. Finally, gravitational settling of free nanopar-
ticles during primary sludge treatment is negligible, but it might become significant 
when the ENPs have formed aggregates105. Nonetheless, wastewater treatment by 
primary sedimentation also leads to ENP uptake in sludge105.
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Given the limitations of recent experimental studies, it is not yet possible to simu-
late the fate of ENPs in wastewater treatment with the same reliability and accuracy 
as current risk assessment (e.g., REACH) does for conventional chemicals. However, 
activated sludge treatment has been identified as the dominant treatment processes 
104. Environmental risk assessment should thus account for the potential of sludge to 
contain high ENP concentrations 105.

BEhAvior of EnPs in soil

Engineered nanoparticles behave in soil as colloidal (nano) particles as described by 
the particle  filtration  theory 89. In the particle filtration theory, soil is characterized 
as a water-saturated porous medium and the particles are transported through the 
porewater. Attachment to solid grains is interpreted as a mechanism that removes 
the particles out of the porewater. The result is a chemical concentration profile in 
the porewater over depth and time 106-110.The removal mechanism is predicted by the 
probability of a particle to collide with a solid grain collector during transport (col-
lection efficiency) and the probability of staying attached after collection (attachment 
efficiency) 111. There are 3 basic collection mechanisms of colloidal particles in porous 
media (Figure 2.4): 1) gravitational settling, settling of particles with densities greater 
than that of the fluid onto the collector surface; 2) interception, a particle moving 
along a streamline that comes into contact with the collector due to its finite size; 
and 3) Brownian diffusion, small particles undergo Brownian motion that can result in 
contact with the collector grains 111. 
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figure 2.4. Overview of collecti on and transport mechanisms in water saturated soil media89.

Brownian diff usion is the dominant collecti on mechanism of ENPs, because their 
high diff usivity leads to a higher incidence of colliding with solid grain collectors 105. 
Diff usivity of ENPs, however, is yet to be fully understood 112. The predicti on of col-
lecti on effi  ciencies for ENPs may therefore be challenging. Moreover, the effi  ciency of 
att achment to the solid grain collectors aft er collecti on depends on a number of ENP 
properti es and environmental conditi ons, e.g., nanoparti cles may aggregate and grow 
large enough to be physically retained by small pores, delaying transport 89.

Breakdown of the Einstein–Stokes conti nuum

For nanoparti cles, Brownian diff usion is the dominant collecti on effi  ciency, whereas 
gravitati onal sett ling and intercepti on mainly apply to larger parti cles 105. Diff usion of 
nanoparti cles in (pore) water is yet to be fully understood, because a hard-to-explain 
breakdown of the Einstein–Stokes parti cle diff usion model has been observed for 
nanoparti cles 113. The Einstein–Stokes relati onship describes diff usion of parti cles 
through liquid media as a functi on of parti cle size, temperature, and viscosity of the 
liquid medium:
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Breakdown of the Einstein–Stokes continuum 
For nanoparticles, Brownian diffusion is the dominant collection efficiency, whereas gravitational settling and 
interception mainly apply to larger particles 105. Diffusion of nanoparticles in (pore) water is yet to be fully 
understood, because a hard-to-explain breakdown of the Einstein–Stokes particle diffusion model has been 
observed for nanoparticles 113. The Einstein–Stokes relationship describes diffusion of particles through liquid 
media as a function of particle size, temperature, and viscosity of the liquid medium: 

 
(Equation 2.2) 
 
In the Einstein–Stokes relationship (Eqn. 2.2),D represents the diffusion coefficient in m2 .s-1, kb represents the 
Boltzmann constant in 1.38 10-23 J.°K-1, T represents the temperature in °K, m represents the medium viscosity in 
kg(s.m)-1, and r represents particle radius in m. However, a breakdown of the Einstein–Stokes relationship has 
been observed in experimental studies on nanoparticles (Figure 2.5).  
 

 
Figure 2.5. Exemplary graph of a possible nanosized effect in diffusion coefficients in an aqueous medium at 300°K. On the y-
axis the diffusion coefficient (m2.s-1) and particle size (nm) on the x-axis  112.   
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In the Einstein–Stokes relationship (Eqn. 2.2),D represents the diffusion coefficient 
in m2 .s-1, kb represents the Boltzmann constant in 1.38 10-23 J.°K-1, T represents the 
temperature in °K, m represents the medium viscosity in kg(s.m)-1, and r represents 
particle radius in m. However, a breakdown of the Einstein–Stokes relationship has 
been observed in experimental studies on nanoparticles (Figure 2.5). 

Their diffusivity can be more than a factor 100 greater than the Einstein–Stokes 
relationship suggests 113. This effect decreases with increasing particle size 114 and in 
practice the Einstein–Stokes relationship still suffices for nanoparticles >50nm 112. The 
Einstein–Stokes relationship is considered an important predictor for the collection of 
particles by Brownian diffusion 111. Consequences of its breakdown, however, are yet 
to be investigated, because recent studies on the fate of ENP in soil do not address 
them 110, 115, 116. Still, semiempirical relations suggest that a considerable increase of 
diffusivity of colloidal particles will result in a considerable increase of collection ef-
ficiency by solid grains 111. 

figure 2.5. Exemplary graph of a possible nanosized effect in diffusion coefficients in an aqueous 
medium at 300°K. On the y-axis the diffusion coefficient (m2.s-1) and particle size (nm) on the x-axis  
112.



27

Factors influencing removal from porewater

The removal of ENPs from porewater through attachment to solid grain collectors is 
affected by a number of ENP properties and environmental conditions (Table 2.2) 89. 

The various effects are mainly observed under laboratory conditions that may or 
may not reflect the removal mechanism under realistic environmental conditions 116. 
Hence, it is hard to accurately quantify the rates and amounts in which the ENPs attach 
to grain collectors.

Spatial and temporal variation caused by aggregation

Deposition of individual colloidal particles can be described with a constant rate 111. 
Aggregated particles, however, exhibit temporal and spatial variations in their deposi-
tion, because it is not only a kinetic but also a dynamic process. This should be taken 
into account in estimating environmental exposures in soil 107. Still, prediction of aggre-
gation is challenging, because nanoparticles show unexpected aggregation behavior 
under realistic environmental conditions97. Hence, predicting the spatial and temporal 
variations in deposition to solid grain collectors after aggregation will be challenging 
as well 107.

table 2.1 The effects of physicochemical properties and environmental conditions on removal of 
ENPs from porewater
Physicochemical
property-environmental
condition

Effect removal
from
porewater

Reference

Larger ENP hydrophilic
surface

ENPs are relatively easily dispersed and transported 
with the water flow

↓ 89

ENP spherical shape A spherical shape is most ideal for fast dispersion 
leading to higher collision rates with grain collectors

↑ 89

High ENP positive
surface charge

Porous soil media are normally negatively charged, 
thus attachment efficiency increases due to electric 
attraction

↑ 89

Large collector grain size Large grain induce great porosity; collection 
efficiencies by diffusion and interception are low at 
great porosity.

↓ 111

pH approaching pzc Reduction of zeta potential, which leads to increase 
of
deposition

↑ 117

High ionic strength Increases attachment efficiency through salt-induced 
particle attachment

↑ 118

High temperature Increases diffusion, leading to a higher collection 
efficiency by Brownian diffusion

↑ 89

High fluid velocity Increases transport velocity and collection efficiency ↑ 119

Presence of natural
organic matter

Provides particles a coating repressing attachment to 
grain collector

↓ 88, 110

ENP = Engineered Nanoparticle; pzc =point of zero charge.
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BEhAvior of EnPs in AMBiEnt AtMosPhErE

Engineered nanoparticles are emitted in the atmosphere mainly by indirect or diffuse 
sources 83. The airborne ENPs will ultimately deposit on land or surface water bodies 70. 
However, while in the atmosphere ENPs are subject to physical and chemical alteration 
processes that could modify their fate and environmental exposure concentrations in 
other compartments 120.

Physical alteration and chemical transformation processes of atmospheric ENPs

Airborne ENPs may physically grow through atmospheric coagulation and condensa-
tion. In condensation, semivolatile substances or water condense on a nanoparticle, 
forming a shell around it. Coagulation is the process in which particles move by Brow-
nian motion, collide with each other, aggregate, grow in size, and decline in number 
120. These atmospheric processes could alter substance properties of the ENP, affecting 
its environmental fate in the atmosphere, but also the fate after deposition to water, 
soil, and eventual wastewater treatment. Because of the physical growth the ENPs 
become larger and more prone for gravitational settling from both aqueous and at-
mospheric media 69, 70. Moreover, condensation with hydrophilic compounds will result 
in enhanced aqueous solubility and mobility through porous media 120.

Chemical degradation of atmospheric ENPs

Organic ENPs may be subjected to atmospheric degradation through oxidation or 
photolysis, but the extent to which it may occur is still unknown. Half-lives obtained in 
experiments may not suffice, because their experimental conditions do not represent 
atmospheric conditions 120. However, such half-lives are required in REACH’s predic-
tion methods for regional background concentrations. Hence, the extent to which 
atmospheric ENPs degrade causes uncertainty in the prediction of concentrations in 
the atmosphere itself, as well as in surface waters and soils to which ENPs ultimately 
deposit 120.
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disCussion: is CurrEnt rEACh guidAnCE fit for nAno?

Overview of environmental exposure estimation under REACH (Guidance R.16)

The basic methods of environmental exposure estimation under REACH are described 
in guidance document R.16 65. The document prescribes 3 major stages in exposure 
estimation: (i) release estimation, (ii) regional PEC estimation, and (iii) local PEC 
estimation. Release estimation is the process whereby releases to the environment 
are quantified into release on both a regional and a local scale. Local concentrations 
during release episode are calculated for each identified point source. The individual 
equations for these calculations can be found in the supportive information. Regional 
PEC and background concentration levels are derived by a simulation of environmental 
fate with a multimedia environmental fate model called SimpleBox. This model calcu-
lates chemical environmental concentrations based on a set of advective and diffusive 
mass flows between the environmental compartments (boxes) 73. Each compartment 
may consist of air, water, and solid subphases. Within the model concept of SimpleBox, 
it is supposed that once the chemical is introduced in a compartment, its thermodyna-
mic equilibrium constant (K) will control the partitioning between these phases. The 
resulting distribution represents the mass fractions available for the advective and 
diffusive mass flows between the environmental compartments (Figure 2.6).
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figure 2.6. Representation of SimpleBox 73. a = advective transport; d = diffusive transport; K = 
thermodynamic equilibrium constant.

These mass flows and the degradation of chemicals are derived by first-order kinetics 
that leads to steady state concentrations in each compartment 73. These steady state 
concentrations are presented in the REACH Guidance as the regional PECs. The REACH 
Guidance assumes that soluble chemicals will reach the dissolved state completely 
and instantaneously 78. In rare cases when a chemical is a poorly soluble solid (e.g., 
sulfides, oxides, heavy metal salts, carbonaceous materials), geochemical speciation 
models are used to calculate the extent to which chemicals dissolve in natural wa-
ter and so become available for uptake by organisms 79. The remaining undissolved 
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fraction is treated as an inert and immobile solid. REACH thus considers the dissolved 
fraction to be bioavailable and contributing to the exposure concentration, whereas 
the fraction that remains undissolved is considered not to be bioavailable 79.

Comparison between the environmental fate of ENPs and the fate of conventional chemicals 

as proposed by REACH

The number of processes in which the behavior of ENPs is expected to deviate consi-
derably from what is predicted by the estimation procedures that are currently applied 
for conventional chemicals as proposed in the REACH Guidance, is considerable. In 
view of this, and considering the challenges to implement additional and alternative 
process formulations in the REACH Guidance, it is justifiable to debate whether the 
general concept is fit for ENPs. We suggest that the processes listed in Table2.3 should 
be adjusted in the REACH Guidance, in order to be suitable for environmental expo-
sure assessment of ENPs. Aside from the release factors issue, the elements listed 
in Table 2.3 share some basic notions of the current approach to environmental risk 
assessment of chemicals under REACH including:

(i). Alterations of substances, be it chemical, physical, or biological, are all thought of 
as removal processes, decreasing the exposure concentrations to be assessed. Altera-
tion products are disregarded entirely, no matter their persistence, bioaccumulation, 
or toxicity. This may be acceptable for conventional (dissolved) chemicals, for which 
products are separately assessed as different newly emerged chemicals. However, for 
ENPs this is insufficient and unacceptable, because alteration products (e.g., aggre-
gates) are generally regarded as a different species of the same ENP.

(ii). Chemicals dissolve instantaneously and completely on release into the environ-
ment. This may be regarded as a special case of one: complete physical transformation 
of the substance into its dissolved form is assumed to occur instantaneously, but in 
this case it is the transformation product that is being assessed. This clearly does not 
suffice for ENPs, for which dissolution would be a removal mechanism, rather than a 
production factor.
(iii). Partitioning between the environmental subphases (gas, water, solid) is the result 
of spontaneous and complete achievement of a state of thermodynamic equilibrium. 
REACH predicts environmental concentrations based on continuous use and release 
of chemicals (expressed in tons per year), and most conventional chemical substances 
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are found to reach near-complete equilibrium between phases at the short timescales 
of residence in the environment. However, this should not be expected to be the case 
for ENPs. Engineered nanoparticles are known to form colloids, which generally are 
thermodynamically unstable in the sense that the dispersed state has a much higher 
Gibbs free energy than the aggregated state. The extent of partitioning of ENPs 
between dispersed in water (that is not the same as “dissolved”) and attached to solid 
particles (that is not the same as “sorbed”) is not described well by knowledge of the 
state of thermodynamic equilibrium (that for ENPs would be the aggregated state). 
Concentrations of (dispersed) ENPs can be predicted only from knowledge of the re-
sistance of ENPs to aggregation, which requires operationalization of theDLVOtheory 
of (apparent) colloid.

In general, the major challenges for implementation of nanospecific environmental 
behavior in the REACH Guidance are caused by a lack of available measurement tech-
niques 58 and the inability to quantify nanospecific kinetics 68.

The usefulness of partitioning coefficients for ENPs

Partitioning coefficients express the chemical concentration ratios between environ-
mental media at thermodynamic equilibrium. In the REACH Guidance, partitioning 
coefficients are used to predict diffusive mass flows between environmental media, 
as it is implicitly assumed that the chemical will always try to reach the thermody-
namic equilibrium resulting in diffusive exchange transport. Partitioning coefficients 
themselves are usually derived from the chemical’s solubility in different environ-
mental media  121. For example, the air–water partition coefficient is derived from the 
chemical’s solubility in water and its vapor pressure representing “solubility in air” 
121. In this approach, which is also applied in the REACH Guidance, it is assumed that 
the chemical will be in the dissolved phase once it has entered an aquatic medium. 
However, once an ENP has been dissolved, it is no longer a nanosized solid particle 
and its specific properties due to its nanoscaled size would not be of force anymore 69. 
Another approach in estimating equilibrium distribution is thus required if the specific 
ENPs’ environmental behavior and effects are to be incorporated in environmental 
risk assessment. This actually applies to all chemicals that may pose an environmen-
tal threat while in solid phase (e.g., metal and other inorganic species). REACH has 
already developed an adjusted approach for environmental exposure estimation of 
(bulk size) solid phase metals, in which it is suggested to “ignore volatilization” and 
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replace partition coefficients with measured equilibrium distribution coefficients for 
“soil-water,” “sediment-water,” and “suspended matter-water” 79. It is unlikely that a 
similar approach can be developed for ENPs, because in the case of nanoparticles, 
thermodynamic equilibrium between “dispersed” and “attached” states is not ge-
nerally expected and, if so, will be at one extreme end: the “attached” state. In the 
absence of possibilities to measure concentrations dispersed individual nanoparticles, 
estimation of actual phase distribution of ENP will be challenging 58, and predicting the 
ENP behavior under realistic environmental conditions is complicated 97. Moreover, 
potential environmental effects of ENPs are not related to concentration levels alone, 
but also to their physical (nano)size and shape 45. Hence, it should be investigated 
to what extent the concept of concentrations distributions at thermodynamic equili-
brium is actually applicable in assessing environmental exposure and effects of ENPs.

Aquatic exposure assessment of nondissolved solid nanoparticles

Aquatic exposure assessment of ENPs requires another approach then the one of-
fered by the REACH Guidance 69. First of all, ENPs should be treated as nondissolved 
solids instead of a completely and instantaneously dissolved chemical. Second, the 
relevant fate processes for ENPs deviate from the aquatic fate processes described 
in the REACH Guidance 69. Dissolution and sedimentation are the most relevant fate 
processes of ENPs in aquatic environments that should be incorporated into aquati-
cexposure assessment as removal processes 69. Quantification of these processes is 
rather complex 68 but should be close to first-order69. A major difficulty in predicting 
sedimentation rates of ENPs is the role of aggregation kinetics. As aggregation of ENPs  
proceeds, they become more prone to sedimentation through gravitational settling 69. 
Collision frequency and attachment efficiency are vital parameters in predicting aggre-
gation, but it is difficult to obtain relevant values for them 68. At realistic environmental 
conditions, heteroaggregation is expected to be the dominant aggregation mechanism 
of ENPs 98. In contrast to homoaggregation, heteroaggregation cannot be measured 
in a straightforward manner. As a result, a range of parameter values representing 
attachment efficiency and collision frequencies have to be used to cover different 
scenarios 68. Hence, it is complex to adequately quantify sedimentation of ENPs under 
realistic environmental conditions 68, 97. Moreover, the state of aggregation is expected 
to greatly affect the extent to which they are taken up from water by organisms 47. 
It is thus critical to incorporate (hetero) aggregation kinetics into aquatic exposure 
assessment of ENPs, although quantification of this process is not straightforward 68. 
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This also applies for the dissolution behavior of ENPs. Once a nanoparticle has been 
dissolved, its specific properties due to its nanoscale size would not be of force any-
more69. It has been suggested, therefore, to express dissolution of ENPs with removal 
rates. However, theoretical descriptions of ENP dissolution kinetics do not suffice in full 
quantification. Experimental measurements are required to obtain adequate removal 
rates for each individual type of ENP 69. Although many experiments have been carried 
out on the dissolution of different types of ENPs 90, 91, 122-124, it is still very difficult to 
quantify the removal of ENPs by sedimentation and dissolution with a mechanistic ap-
proach, because the complex processes involved are acting simultaneously 68. Aquatic 
exposure assessment of ENPs therefore requires a more pragmatic approach69 and 
scientifically based simplifications 68.

Transformation and alteration of ENPs in the environment

In the REACH guidance, the chemical’s molecular properties are used to predict its 
environmental fate and effects, and chemicals are considered to be in the pristine 
(i.e., molecular) form. However, physical alterations and chemical transformations of 
ENPs in the environment greatly affect their properties, environmental behavior, and 
effects 58, 125. It is therefore suggested to incorporate expected alteration processes in 
regulatory and legislation programs 125 such as REACH. The major challenge will be to 
cover the great variety of ENPs, ENP products, and possible physical alteration and 
chemical transformation processes 58.

rECoMMEndAtions for futurE rEsEArCh And risk 
AssEssMEnt of EnPs

Predicting environmental fate and exposure of ENPs is a challenging task because 
their environmental behavior is complex 68. REACH is not yet able to provide sufficient 
guidance in predicting the environmental fate of ENPs. Nonetheless, because ENPs are 
already on the market, there is an urgent need to predict their environmental risks. 
It has been suggested to predict the environmental fate of ENPs with a more prag-
matic approach 69 and scientifically justified simplifications 68, e.g., a “comprehensive 
environmental assessment” approach based on holistically and systemically organized 
information about complex environmental issues that is assessed through collective 
expert judgment86. For REACH, it would be most convenient if a simplified environ-
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mental risk assessment approach would not be more complex than an environmental 
fate model based on first-order kinetics. After all, the current methodology of REACH is 
based on simple calculations and the outcomes of SimpleBox, which is a model based 
entirely on first-order kinetics 73. Hence, it would be of added value to investigate 
whether it is suitable to express the environmental fate processes that are relevant for 
ENPs (e.g., dissolution, aggregation, sedimentation, etc.) as first-order kinetics. If so, 
such a first-order kinetic fate model could aid in a pragmatic approach to predict the 
environmental risks of ENPs.
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ABstrACt

Screening level models for environmental assessment of engineered nanoparticles 
(ENP) are not generally available. Here, we present SimpleBox4Nano (SB4N) as the 
first model of this type, assess its validity, and evaluate it by comparisons with a known 
material flow model. SB4N expresses ENP transport and concentrations in and across 
air, rain, surface waters, soil, and sediment, accounting for nanospecific processes such 
as aggregation, attachment, and dissolution. The model solves simultaneous mass 
balance equations (MBE) using simple matrix algebra. The MBEs link all concentrations 
and transfer processes using first-order rate constants for all processes known to be 
relevant for ENPs. The first-order rate constants are obtained from the literature. The 
output of SB4N is mass concentrations of ENPs as free dispersive species, heteroaggre-
gates with natural colloids, and larger natural particles in each compartment in time 
and at steady state. Known scenario studies for Switzerland were used to demonstrate 
the impact of the transport processes included in SB4N on the prediction of environ-
mental concentrations. We argue that SB4N-predicted environmental concentrations 
are useful as background concentrations in environmental risk assessment.
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introduCtion

The nanotechnology industry is rapidly developing engineered nanoparticles (ENPs) 
that are applied in a great variety of consumer and industrial products75.ENPs are 
designed to be nanoscaled (<100 nm) in at least two dimensions, so that nanospecific 
physicochemical properties emerge from the highly interfacial nature of the chemical 
material76.This enables novel and unique applications in a wide spectrum of fields, 
such as electronics engineering, energy production, biomedical applications, food, 
agriculture, and many more14. However, the specific properties of ENPs also raise 
concern about unforeseen environmental and toxicological consequences3. There is 
thus a great need to evaluate the potential environmental risk of ENPs because release 
to the environment is considered to be inevitable99.

Current environmental risk management policies on chemical substances (e.g., the 
European Union’s chemical regulation REACH: Registration Evaluation Authorization 
and Restriction of Chemicals) have been designed for use with so-called “conventional” 
chemicals, i.e., chemical substances in atomic/ionic or molecular forms, dissolved in 
water or in the gas phase. However, regulatory procedures urgently need adjustment 
to become fit for application to the new nanochemicals that generally occur in solid 
forms, like micro- or nanocolloids126. Making such adjustments is challenging because 
of the fundamental differences in transport- and transformation mechanisms between 
colloids and solutions68, 126, 127. A major difficulty in making models for “conventional” 
chemicals fit for (nano)colloids is that hardly any field data are available to test the 
validity of nanoadjusted models127, 128. The adjustment is also an urgent task, since 
products containing ENPs are already on the market. Previous attempts to model the 
environmental fate of nanoparticles were meant to provide a first step in environmen-
tal exposure estimation of ENPs129, 130 and are still too complex for direct implemen-
tation in chemical safety assessment frameworks78.It has therefore been proposed 
to develop environmental risk assessment strategies with a pragmatic approach and 
using scientifically justified simplifications68. 

This paper is an attempt to aid in this approach by presenting a relatively simple en-
vironmental fate model that uses first-order kinetics to estimate environmental back-
ground concentrations for nanocolloids in an environmental system that is composed 
of the compartments air, soil, water, and sediment that are represented as boxes: 
SimpleBox4nano (SB4N). A similar approach in modeling the fate of nanomaterials in 
air, water, and soil was recently published by Liu and Cohen 131. Unlike SB4N, Liu and 
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Cohen’s MendNano model assumes fixed (time independent) partitioning ratios for 
the processes of aggregation and attachment, which control the environmental fate 
of colloidal systems127.In SB4N, these processes are modeled mechanistically using 
first-order rate constants as will be explained in detail below.

SB4N is a modified version of the SimpleBox model, which has served as a regional 
distribution module in the European Union System for Evaluation of Substances (EU-
SES) model, used for exposure assessment in REACH73, 132, 133. SB4N adds first-order rate 
constants for transport- and transformation processes of colloids, where the original 
SimpleBox model does so only for molecular processes of chemical substances dis-
solved in water78. It has been identified that three major adaptations are necessary to 
make SimpleBox fit for ENPs126: (i) transformation processes (e.g., from one colloidal 
form into another by homo- or heteroaggregation) should not be interpreted as remo-
val processes; rather transformation products should be treated as altered species of 
the same ENP; (ii) dissolution should be implemented as a removal mechanism and (iii) 
thermodynamic equilibrium is not expected to be representative for the actual con-
centrations in the environment, since ENPs generally form unstable colloidal systems 
69. The latter implies that concentration ratios of colloidal species cannot be calculated 
from equilibrium partitioning coefficients but must be modeled dynamically, as the 
result of forward and backward process rates126.

The aim of the present Chapter is to provide process formulations for modeling 
behavior of ENP and to evaluate its potential for use in environmental risk assess-
ment. We explain how environmental concentrations can be calculated as a function 
of ENP emissions and ENP substance properties using colloidal and ultrafine particle 
theory. As existing theory cannot exactly describe and predict environmental be-
havior of colloidal material under field conditions, we have formulated the model 
to be flexible, so that theoretically derived parameter values can be replaced with 
experimentally determined ones in case this is preferred. We have implemented the 
proposed model formulations in the spreadsheet model SimpleBox 73and used them 
to rework a previously published scenario-analysis of nanomaterials in Switzerland134. 
The previously published scenario analysis did not consider the impact of removal and 
transport processes on environmental concentrations, but SB4N does. We have tested 
SB4N by analyzing differences and commonalities between the outputs. The goal of 
this exercise is to demonstrate the impact of SB4N’s simulated removal and transport 
processes on environmental concentrations. 
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MEthods

Model Concept

Like the earlier SimpleBox versions, SB4N considers emissions into an environment 
composed of the compartments atmosphere, surface water, soil, and sediment (Figure 
3.1).

Figure 3.1. Overview of model concept SimpleBox4nano
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Unlike SimpleBox, SB4N treats partitioning between dissolved and particulate 
forms of the chemical not as equilibrium speciation but as nonequilibrium colloidal 
behavior98, 135. Therefore, within each compartment ENPs can occur in different phy-
sical–chemical forms (species): (i) freely dispersed, (ii) heteroaggregated with natural 
colloidal particles (<450 nm), or (iii) attached to larger natural particles (>450 nm) that 
are prone to gravitational forces in aqueous media. Characterization of the properties 
(e.g., size distribution (r)) and number concentrations (N) of the natural particles that 
reside in different environmental compartments are provided as parameter values 
within the glossary (Table A1).

The fate of airborne ENPs is also influenced by the rain drops that reside in the 
atmosphere. Therefore, the atmospheric compartment is divided into the subcom-
partments “rain” and “dry air” to account for the specific rates at which atmospheric 
particles are taken up in rain drops136. The SimpleBox model is a classical multimedia 
mass balance modeling system (“box model”)121, 137, in which the masses, m (kg) of ENP 
in the various environmental compartments (air, water, soil, etc.) are obtained as the 
steady-state solutions of the mass balance equations for all compartments:
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These types of calculations are usually performed on one-compartment systems be-
cause they become complicated if multiple environmental compartments are involved. 
If there is transport between compartments in both directions, it is not possible to 
analytically formulate how the mass of the substance will change over time137. Obtai-
ning time-dependent solutions of more complex systems of multiple compartments 
and species, such as SB4N, requires full dynamic, numerical modeling. However, for 
the special case of nonequilibrium colloidal interactions in SB4N, in which backward 
processes usually can be neglected, time-dependent solutions can be approxima-
ted using an extension and rearrangement of eq 2 wherein the concentration Cj is 
expressed in terms of removal rate constants kr and incoming transports from other 
compartments ∑miki,j:
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This kinetic functionality of SB4N was used to calculate the environmental concentrations 
of nano-TiO2 in Switzerland after one year of emission. Steady-state calculations (including 
the sediment compartment) have been calculated with the matrix multiplication (Eq. A1). 
The formulations presented in the model concept have been implemented in a 
spreadsheet in order to demonstrate the performance of the SB4N model. The 
spreadsheet model requires the parameters described in Table A1 as input for calculating 
mass concentrations in the compartments atmosphere, soil, surface water, and sediment 
for free dispersive, aggregated, and attached species of ENPs with one click of the button. 
 
Aggregation and Attachment 
Once ENPs have been released into environmental media they may attach to natural 
particles, such as the aerosol particles in the atmosphere120, the suspended particles in 
surface and pore waters98, 135, 138, and the solid grains in soil and sediments 110. Natural 
particles occur in a continuous distribution of sizes, split in SB4N by the often used 
operationally defined value of 450 nm, meant to separate the “colloidal” from 
“particulate” material 139. Freely dispersed nanoparticles, small homoaggregates of 
nanoparticles, and heteroaggregates of nanoparticles with natural colloids (<450 nm) are 
considered to behave as colloids, whereas heteroaggregates with natural particulates 
(>450 nm) behave as particulate matter. Size is of crucial importance not only because it 
directly controls gravitational versus thermal motion140 but also because it controls 
frequencies and impacts of collision events and high surface areas and high energies 
enhance colloid aggregation 97. 
In this Chapter, heteroaggregation of ENPs with colloidal particles is referred to as 
“aggregation”, whereas association of ENPs with larger particles is referred to as 
“attachment”. 
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considered to behave as colloids, whereas heteroaggregates with natural particulates 
(>450 nm) behave as particulate matter. Size is of crucial importance not only because 
it directly controls gravitational versus thermal motion140 but also because it controls 
frequencies and impacts of collision events and high surface areas and high energies 
enhance colloid aggregation 97.

In this Chapter, heteroaggregation of ENPs with colloidal particles is referred to 
as “aggregation”, whereas association of ENPs with larger particles is referred to as 
“attachment”.

Atmosphere: Aerosol Coagulation as Predictor for “Aggregation” and “Attachment”

The mechanism of coagulating ultrafine particles (<100 nm) described in aerosol sci-
ences can be applied to predict the “aggregation” and “attachment” behavior of ENPs 
in air71, 134.

Coagulation is the process wherein aerosol particles collide with one another due 
to their relative motion and then stick to each other. Diffusion through Brownian 
motion is the dominant mechanism for collision of ultrafine aerosol particles141. The 
rate of coagulation is the product of particle size and diffusion coefficient and is most 
effective for particles of different sizes (i.e., polydisperse particles). Large particles 
provide a large absorbing surface area, whereas the smaller particles feature a ra-
pid diffusion141. The rate of the polydisperse coagulation coefficient is expressed as 
a function of particle size (r) and diffusivity in air (Dair). Next, the Fuchs transitional 
correction coefficient (αi,j) is required to express the coagulation coefficient (fcoag) as a 
first-order rate constant for “aggregation” (kaggA) and “attachment” (kattA) in air141. The 
Fuchs correction coefficient increases with particle size approaching the value of 1 for 
large particles (>1 μm)142, and since it always has a value between 0 and 1 it is applied 
in SB4N as an efficiency (α) for “aggregation” and “attachment” for ENPs colliding with 
natural aerosol particles. Both the coagulation rate and the correction coefficient are 
eventually derived from the particle’s size and mass Table A4141, 143.

Finally, a characterization of the number concentration, size distribution, and 
densities of the natural aerosol particles is required. A common characterization that 
is applied in aerosol sciences is a classification of “nucleation mode aerosols <0.01 
μm”, “Aitken accumulation mode aerosols (0.01–0.1 μm)”, and “coarse mode aerosols 
>0.1 μm”136, 142. The nucleation (∼20 nm) and Aitken accumulation (∼116 nm) mode 
aerosol are treated by SB4N as colloidal particles because they are both smaller than 
450 nm139, 142. Hence, the rate for aggregation in air is expressed as the sum of the 
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coagulation rate for ENPs with nucleation mode and that for Aitken accumulation 
mode aerosols, whereas coagulation with coarse mode aerosols (∼1800 nm) repre-
sents “attachment” in air (Table A3)142. A characterization of the natural aerosols’ size 
distribution, number concentration, and the density of the aerosols themselves is 
presented in Table A5. 

Surface Water: Aggregation and Attachment Rates

The concepts of colloid science have been applied to estimate the rates for aggregation 
and attachment of ENPs to the natural particles in aquatic environments. Aggregation 
(kaggW) and attachment rates (kattW) are commonly obtained by multiplying the number 
concentrations of natural particles (N) with a collision rate (fcol) and the probability 
that two particles will actually remain attached after the collision event: the aggre-
gation (αagg) or attachment efficiency (αatt)97. Colloid science describes two types of 
aggregation97: (i) fast aggregation, where there is no repulsive interaction between the 
particles at a collision event, and (ii) slow aggregation, where the particles repel each 
other so that aggregation and attachment efficiencies are very small.

Surface Water: Collision Frequencies

The rate at which particles collide in the aquatic environment is described as a function 
of the particle size (r), particle density (ρ), the number concentrations of the particles 
present (N), and characteristics of the surrounding water144. There are three types of 
mechanisms that contribute to the collision frequency: (1) Brownian motion (fBrown), 
where collisions result from random diffusive movement of particles; (2) interception 
(fintercept), where particles are transported by the motion of the surrounding fluid and 
collide; and (3) differential settling (fgrav), where a difference in gravitational settling 
velocities causes the particles to deposit on top of each other97, 144. The sum of the 
contributions of these mechanisms is referred to as the collision frequency coefficient 
(fcol). The collision rate (kcol) is derived by multiplying this collision frequency coefficient 
with the number concentration of the natural counterparticles (Table A6) 144.

Surface Water: Aggregation and Attachment Efficiencies

The tendency of colloidal systems to aggregate is well understood and described in the 
classical Derjaguin Landau95 Verwey Overbeek96 (DLVO) theory of colloid stability. The 
DLVO theory is presently being modified to add corrective terms for various compli-
cations, such as the effects of uncharged polymeric coating, polyelectric coating, and 
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elastic steric stabilization on the van der Waals and electric double-layer interaction 
energies145. Unfortunately, to our knowledge, the DLVO theory has not been applied 
successfully to predict aggregation efficiencies between ENPs and natural colloids 
under real, complex, and environmental conditions that are not ideal for extrapo-
lations from laboratory conditions97. Aggregation efficiencies can be reasoned from 
the repulsive and attractive interaction energies between the two colliding colloids. 
However, the repulsive energy between ENPs and natural colloid particles in the envi-
ronment cannot be determined easily and accurately with the DLVO theory146, without 
adding corrective terms to describe situation specific conditions (morphology, surface 
structure, etc.). Instead, it is preferred to obtain aggregation efficiencies from experi-
mental work68. Apparent efficiencies can be experimentally derived by adding a known 
number concentration of ENPs to a water sample for which the number concentration 
and size distribution of the natural particles it contains is measured147. 

Observing a decrease in the number concentration of natural particles (e.g., in L–1) pro-
vides the opportunity for calculating the efficiencies for aggregation and attachment 
with first-order kinetics147:
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Examples of experimentally obtained aggregation and attachment efficiencies are 
provided in Quik et al., 2013 and Keller et al., 2010 147, 148. When experimental 
observations of actual attachment efficiencies are not available, the DLVO theory provides 
the concepts necessary for making estimations97. Thus, in the case of absent experimental 
data, we use the DLVO theory by default to derive aggregation efficiencies for SB4N as 
“order of magnitude estimates”. ENP attachment to the 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). This type of interaction can 
also be expressed with the DLVO theory97. Further explanation on the use of the DLVO 
theory for the calculation of α can be found in the Tables A7-A8. 
 
Soil and Sediments: Attachment and Aggregation Rates 
The rates to which ENPs may attach to the solid grains in soil (kattS) and sediments (kattSE) 
are predicted with the particle filtration theory110, 111. The theory describes colloid 
(nano)particles in pore waters that deposit to solid grains as a function of filtration (λfilter), 
collection efficiency (ηo), and an attachment efficiency for porous media (αatt(PM))
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(ηBrown), interception (ηintercept), and gravitational settling (ηgrav). The contributions of these 
mechanisms are predicted with semiempirical relations between the properties of the 
nanoparticle and the porous medium111. Filtration is regarded as a characteristic of the 
porous medium, which can be derived from the diameters of the solid grain collectors 
(dgrain), the porosity of the medium (f), and the Darcy velocity (UDarcy); see the Table A9 111.  
The attachment efficiencies are more difficult to predict but can be derived from packed-
bed column experiments110, 117.The collection efficiency and filtration velocity can be 
estimated with the particle filtration theory, so that an apparent attachment efficiency 
(αattS,SE) can be derived from the ENPs’ concentration in time (C0 /C(t))
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concepts necessary for making estimations97. Thus, in the case of absent experimental 
data, we use the DLVO theory by default to derive aggregation efficiencies for SB4N as 
“order of magnitude estimates”. ENP attachment to the 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). This type of interaction 
can also be expressed with the DLVO theory97. Further explanation on the use of the 
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The rates to which ENPs may attach to the solid grains in soil (kattS) and sediments 
(kattSE) are predicted with the particle filtration theory110, 111. The theory describes 
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colloid (nano)particles in pore waters that deposit to solid grains as a function of fil-
tration (λfilter), collection efficiency (ηo), and an attachment efficiency for porous media 
(αatt(PM))111. The collection efficiency (ηo) is determined by the collection mechanisms 
of Brownian motion (ηBrown), interception (ηintercept), and gravitational settling (ηgrav). 
The contributions of these mechanisms are predicted with semiempirical relations 
between the properties of the nanoparticle and the porous medium111. Filtration is 
regarded as a characteristic of the porous medium, which can be derived from the 
diameters of the solid grain collectors (dgrain), the porosity of the medium (f), and the 
Darcy velocity (UDarcy); see the Table A9 111. 

The attachment efficiencies are more difficult to predict but can be derived from 
packed-bed column experiments110, 117.The collection efficiency and filtration velocity 
can be estimated with the particle filtration theory, so that an apparent attachment 
efficiency (αattS,SE) can be derived from the ENPs’ concentration in time (C0 /C(t))111:
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For some types of ENPs, experimentally determined attachment efficiencies are avai-
lable in the scientific literature 110, 117. In case experimental work is not available, the 
attachment efficiency can be derived with the interaction force boundary layer (IFBL) 
approximation (Table A10)149, 150.The rates for the aggregation of ENPs with natural 
colloids appearing in the pore water of soil or sediment are derived with the same 
approach as for aggregation in surface waters (Table A6). 

Characterization of Altered ENP Species after Attachment or Aggregation

Once an ENP has been attached or aggregated with natural particles the SB4N model 
treats the ENP as an altered species. The mass of the aggregated or attaches species is 
characterized as the sum of the mass of the ENP and the mass off the natural particle 
it sticks to. The same principle is applied to characterize the volume of the aggregated 
and attached species (Table A11).

Deposition

Deposition is a transport mechanism that affects the environmental fate of ENPs in 
various compartments. Atmospheric ENPs will ultimately deposit to soil or surface 
waters120, while aquatic ENPs deposit to the sediment compartments at the bottom 
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of surface waters69. Transport by deposition is included in the SB4N model by deriving 
first-order rate constants (kdep) from deposition velocities (vdep) of free, aggregated, 
and attached ENP species:
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(Equation 3.6) 

 
in which kdep(i,1,2) is the first-order rate constant for deposition of ENP species i from 
compartment 1 to 2. 
  
  

in which kdep(i,1,2) is the first-order rate constant for deposition of ENP species i from 
compartment 1 to 2.

Atmospheric Deposition

Airborne ENPs are likely to deposit from the atmosphere to land or water by Brownian 
diffusion, interception by a rough surface, or gravitational settling (dry deposition) or 
through collection by rain (wet deposition) 71, 120. Wet deposition is included in SB4N 
by separating the atmosphere into the subcompartments “dry air” and “rain”, each 
possessing their own mass balance equations for the free, aggregated, and attached 
ENP species. Raindrop collection is therefore included in the model as the transport 
of ENPs from “dry air” to “rain”. Specific scavenging coefficients (Λ) express the rates 
in which the different atmospheric ENPs species are collected. The ENPs collected by 
raindrops will deposit to land or surface waters by precipitation, whereas the ENPs 
remaining in dry air will deposit with specific dry deposition velocities.

Wet Deposition

The scavenging coefficients (Λ) for free dispersive, aggregated, and attached species 
are applied in SB4N as first-order rate constants (kΛ) for the transport from “dry air” to 
“rain”. They are estimated from the diameter of the raindrops (drain), the precipitation 
rate (p0), and a collection efficiency coefficient (EΛ)151. The collection efficiency coeffi-
cient (EΛ) is based on the mechanisms of below-cloud scavenging, which are Brownian 
motion (EΛBrown), interception (EΛintercept), and gravitational impaction (EΛgrav). The contri-
bution of these collection mechanisms can be derived from the particle radius (r) and 
density (ρ) (Table A12)136. The raindrops are characterized by assuming a monodisperse 
spectrum of raindrop size. This enables the opportunity to derive a raindrop diameter 
(drain) from a semiempirical relation with precipitation rate (p0)152, 153:
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Atmospheric Deposition 
Airborne ENPs are likely to deposit from the atmosphere to land or water by Brownian 
diffusion, interception by a rough surface, or gravitational settling (dry deposition) or 
through collection by rain (wet deposition) 71, 120. Wet deposition is included in SB4N by 
separating the atmosphere into the subcompartments “dry air” and “rain”, each 
possessing their own mass balance equations for the free, aggregated, and attached ENP 
species. Raindrop collection is therefore included in the model as the transport of ENPs 
from “dry air” to “rain”. Specific scavenging coefficients (Λ) express the rates in which the 
different atmospheric ENPs species are collected. The ENPs collected by raindrops will 
deposit to land or surface waters by precipitation, whereas the ENPs remaining in dry air 
will deposit with specific dry deposition velocities. 
 
Wet Deposition 
The scavenging coefficients (Λ) for free dispersive, aggregated, and attached species are 
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in which kdep(i,rain,2) is the first-order rate constant for wet deposition of ENP species i from 
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are aqueous media, it is also possible that ENPs can dissolve inside the raindrop (Eq. A1 
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removal of ENPs from rain by wet deposition as was expressed in eq 3.5.
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in which kdep(i,rain,2) is the first-order rate constant for wet deposition of ENP species i from 
compartment rain to a secondary compartment 2 (soil or surface water). Since raindrops 
are aqueous media, it is also possible that ENPs can dissolve inside the raindrop (Eq. A1 
and Table A2). 
 
  

in which kdep(i,rain,2) is the first-order rate constant for wet deposition of ENP species i 
from compartment rain to a secondary compartment 2 (soil or surface water). Since 
raindrops are aqueous media, it is also possible that ENPs can dissolve inside the 
raindrop (Eq. A1 and Table A2).

Dry Deposition

The dry deposition of ENPs s can be expressed as an aerosol particle passing through a 
series of aerodynamic and surface resistances71, 154. The aerodynamic resistance (RA) is 
caused by the drag above the surface, which can be characterized as RA = 33 s.m–1 for 
land and RA = 333 s.m–1 for water surfaces155. The surface resistance (RS) is determined 
by the collection efficiencies for Brownian motion (EdBrown), interception (Edintercept), and 
gravitational impaction (Edgrav). The contributions of these mechanisms are empirically 
derived from the particle’s radius (r), Schmidt number (Sc), and Stokes number (St), 
which are ultimately a function of the particle’s radius and mass and some characteris-
tics of the surface the particle deposits to (Table A13)155. 

Deposition Velocity of Aquatic ENPs to Sediments

The deposition of aquatic particles to the sediment layers at the bottom of surface wa-
ters—also referred to as sedimentation—is determinant for both the concentrations 
in the water compartment and in the sediment compartment. SB4N employs a sedi-
mentation velocity derived from Stokes’ Law for gravitational settling of particles140, 156:
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The acquired sedimentation velocity (vset) is applied in eq. 5, so that the first-order rate 
constant for deposition (kdep(i,water,sed))from water bodies (VOLUMEwater) to the surface area 
of sediment(AREAsediment) is expressed as: 
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Dissolution 
Although ENPs are often sparingly soluble substances, they may eventually dissolve at 
some rate to some extent in the excess volumes of water in the environment69. Once an 
ENP has been dissolved it no longer applies to the definition of an ENP126: a solid material 
that is nanoscaled in at least two dimensions owning specific properties due to its 
nanoscale2. SB4N therefore treats the dissolution of ENPs as a removal process in all (sub) 
compartments that are aqueous media (rain, surface water, pore water). 
The mechanism of dissolution depends on the surface chemistry of the ENP and the 
surrounding water69. SB4N considers four types of dissolution mechanisms (Table A14): (i) 
the Noyes–Whitney equation for dissolution of readily soluble particles, (ii) practically 
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The acquired sedimentation velocity (vset) is applied in eq. 5, so that the first-order rate 
constant for deposition (kdep(i,water,sed))from water bodies (VOLUMEwater) to the surface 
area of sediment(AREAsediment) is expressed as:
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Dissolution

Although ENPs are often sparingly soluble substances, they may eventually dissolve at 
some rate to some extent in the excess volumes of water in the environment69. Once 
an ENP has been dissolved it no longer applies to the definition of an ENP126: a solid 
material that is nanoscaled in at least two dimensions owning specific properties due 
to its nanoscale2. SB4N therefore treats the dissolution of ENPs as a removal process 
in all (sub) compartments that are aqueous media (rain, surface water, pore water).

The mechanism of dissolution depends on the surface chemistry of the ENP and 
the surrounding water69. SB4N considers four types of dissolution mechanisms (Table 
A14): (i) the Noyes–Whitney equation for dissolution of readily soluble particles, (ii) 
practically insoluble ENP , so that its dissolution rate is zero, e.g., for nano-TiO2, nano-
CeO, nano-C69, (iii) dissolution mechanisms that are too complex to predict theoreti-
cally and thus require input from experiments65, 68, and (iv) dissolution rates that are 
derived from thermodynamics expressed with an Arrhenius equation157.

Advection

Aggregation, attachment, nanospecific deposition velocities, and dissolution are intro-
duced as new features in the SB4N model that are to be specifically derived per type 
of ENP. However, ENPs are also subjected to transport processes that only depend 
on the advective mass flows within the environment, e.g., resuspension of sediment, 
sediment burial, soil runoff, erosion of soil grains, and leaching of pore water. The first-
order rate constants for these processes (krs, krun, kbur, kleach, kerosion., see Table A15) were 
already derived in the earlier versions of SimpleBox73. In SB4N, the contribution of the 
nanoindependent advective transports is included by expressing their first-order rate 
constants in matrix A (Eq. A1).
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Evaluation

The model functionality was tested by reworking the case of TiO2 in Switzerland publis-
hed by Mueller and Nowack134. SB4N was parametrized to match their flow analysis as 
close as possible, and the same emission scenario was used. The system dimensions 
and input parameter values for this scenario are presented in (Table A16-A17). The 
model outcomes were compared to reveal and analyze effects of the added process 
formulations (Table A18). This evaluation is to demonstrate the SB4N model formulati-
ons’ capability to perform environmental exposure estimations of ENPs.

rEsults And disCussion

Impact of SB4N Transport Processes in a Realistic Emission Scenario

Here we compare outputs of SB4N using a scenario that previously has been presented 
by Mueller and Nowack based on their material flow analysis model134. Quantitative 
estimates for nano-TiO2 emissions in Switzerland have been obtained from this study 
of Mueller and Nowack who performed a substance flow analysis from products to air, 
water, and soil. The study also provided rough estimates for predicted environmental 
concentrations (PECs) reached after 1 year of emission (1-year-PECs) by dividing the 
annual emissions with the volume of the respective compartments. Environmental 
removal and transport processes are not included in the PECs reported by Mueller and 
Nowack73, 134. These PECs are compared with the total concentrations that SB4N cal-
culates for each compartment at the same emission scenario (Table 3.1). Differences 
between the PECs estimated by SB4N and Mueller and Nowack are explained by the 
transport and removal processes that are introduced in the SB4N model. Major diffe-
rences indicate effective transport and removal processes, whereas minor differences 
are a consequence of relatively slow rates for these processes (Table A18). 

Since nano-TiO2 is assumed to be practically insoluble, all removal processes intro-
duced in SB4N are related to transport from one compartment another or to outside 
the system (Figure 3.1). For atmospheric ENPs all removal is related to deposition to 
water and soil. For the atmospheric compartment SB4N calculated a 1-year-PEC that 
is a factor 170 smaller than the PEC Mueller and Nowack reported. This implies that 
atmospheric deposition is a relatively effective removal process as it reduces total 
concentrations with 2 orders of magnitude (Table A18). Furthermore, all atmospheric 
1-year-PECs that SB4N calculated for the different species of atmospheric ENPs are 
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equal to their respective steady state concentrations. This indicates that in the at-
mosphere steady state is reached within one year. 

The 1-year-PEC that SB4N calculated for ENPs in soil shows little difference with 
the PEC reported by Mueller and Nowack. A slight increase can be observed after the 
introduction of atmospheric deposition and removal from soil by leaching, runoff, and 
erosion. This implies that after 1 year the amount of ENPs entering the soil compart-
ment by atmospheric deposition is slightly larger than the amount of ENPs leaving 
the soil by removal. Furthermore, it is notable that almost all of the ENPs in soil are 
calculated to be attached to the solid grains. According to the particle filtration theory 
ENPs are quite effectively removed from the soil’s pore water by attachment to the 
soil’s solid grains. However, once the ENPs are attached, erosion is the only removal 
process, which proceeds very slowly (0.03 mm y–1). This allows the ENPs to accumulate 
and hence the steady state concentration for ENPs attached to solids in soil is very high 
(the steady state PEC is reached after >1000 years and is a factor 1900 larger than the 
1-year-PEC calculated with SB4N).

In water, the removal of ENPs by sedimentation has not led to a notable difference 
between the 1-year-PEC calculated with SB4N and the PEC Mueller and Nowack re-
ported for the water compartment. The 1-year-PEC provided by SB4N and the PEC 
at steady state are also within the same order of magnitude. Most of the ENPs in the 
water compartment are aggregated with natural colloids for both the 1-year-PECs and 
the steady-state PECs that are derived with SB4N. Settling of aggregated ENPs is the 
dominant removal mechanism for ENPs in water98 which rate is calculated to be in the 
order of magnitude of 1 y–1 (1.64 × 10–8 s–1 ≈ 1 y–1, Table A18). This explains why the 
1-year-PEC calculated by SB4N is about the same as the steady-state PEC.

Uncertainty and Justification of Simplifications

Like in all multimedia fate predictions, the SB4N modeling results are uncertain. This 
uncertainty is due to a lack of knowledge about some influential parameters: (i) emis-
sion rates, (ii) physicochemical properties (e.g., size distribution, surface reactivity, 
state of purity), and (iii) interactions with the environment (e.g., dissolution, aggrega-
tion and attachment behavior) 130. Facing such complexity, SB4N employs scientifically 
justified simplifications in order to express the mechanisms of the environmental fate 
of ENPs, e.g., by using default, assumed, or experimentally determined parameter 
values.
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SB4N fits in the pragmatic approach that is required for the environmental risk 
assessment of ENPs68. In this approach, simplifications are inevitable but acceptable if 
they can be justified scientifically.

Release: Emission Patterns

The amount and form of the released ENPs determine their environmental fate83. 
Quantitative data on the environmental release of ENPs is limited58. Therefore, release 
needs to be estimated from information on the magnitude of ENP production and 
use, but this information is limited as well158. Furthermore, emission patterns that 
characterize the extent to which ENPs are aggregated, attached, or free to disperse 
at the moment of release are yet to be derived68. As a consequence of this limited 
knowledge, emission estimation of ENPs remains speculative126. In the absence of 
such knowledge, SB4N assumes that the ENPs are released in their pristine (i.e., freely 
dispersed) form and are therefore free to disperse. We therefore also assume that the 
ENPs are released only into the environmental media in which they actually are free 
to disperse (dry air in the atmosphere, pore water in soil, and the aqueous medium of 
surface waters).

Air: Treating Atmospheric ENPs as Ultrafine Aerosol Particles

SB4N assumes that the behavior of atmospheric ENPs is similar to the behavior of 
ultrafine aerosol particles (<100 nm) because the transformation, loss, and dispersion 
processes that affect natural aerosol particles are also applicable to the dispersion 
of ENPs134. This is reasonable, as a comparison between ENPs and other airborne 
nanoparticles has demonstrated that there are only modest differences in their cha-
racteristics and behavior71. Moreover, such differences become evident only at high 
local ENP concentrations71, whereas SB4N considers (low) background concentrations.

Water: Applying Kinetics from Colloid Science

Aggregation, attachment, settling, and dissolution are the dominant nanospecific 
processes determining the fate of ENPs in water69, 127. SB4N simulates this by using 
first-order constants for the rates of these processes by applying kinetic equations 
from colloid science, which is an approach that has been recommended for the aqua-
tic exposure assessment of ENPs69. A similar approach has been applied successfully in 
box models predicting the fate of ENPs in rivers156; the approach has proven useful for 
a large range of realistic cases. These models dealt with lack of experimental data by 
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applying a range of aggregation and attachment efficiencies, yielding ranges of model 
outcomes156, whereas environmental exposure estimation for risk assessment pur-
poses requires most likely outcomes. SB4N prefers estimates of the aggregation and 
attachment efficiencies obtained from experimental work68, if these are not available 
SB4N uses predictions from the DLVO theory when observations under environmental 
conditions are not available, e.g., when theory cannot adequately account for the 
complex interactions with natural organic matter or steric interaction forces97.

Soil and Sediments: Applying Particle Filtration Theory on ENPs

SB4N uses the kinetics and semiempirical relations of the particle filtration theory111 
to predict the environmental fate in porous media such as soil and sediments. Column 
experiments investigating the fate and transport of ENPs in porous media show good 
agreement with the theory110. However, it is not preferred to predict attachment rates 
between ENPs and the solid grains with DLVO because it needs verification116. The 
DLVO theory does not account for particle effects, charge heterogeneity, or surface 
roughness159, while the attachment efficiencies are very sensitive to these type of 
heterogeneities97. Therefore, it is preferred to apply attachment efficiencies derived 
from experimental work. If these are not available, rough estimations for attachment 
efficiencies can still be derived with the DLVO theory, taking into account that they 
may not be accurate for a wide set of ENPs and collector surfaces97. 

All Compartments: Removal Due to Heteroaggregation Is Assumed To Dominate 
Compared to Removal Due to Homoaggregation

In SB4N, “aggregation” refers to the process of ENPs sticking to natural colloids. Ho-
wever, ENPs are also able to aggregate with themselves: homoaggregation. At least 
two ENPs are needed to form one homoaggregate, so that homoaggregation rates 
are expressed with second-order kinetics. Since homoaggregation obviously does not 
obey first-order kinetics, it cannot be directly incorporated in SB4N. This problem is 
overcome in SB4N by disregarding homoaggregation at all. This is justified from expe-
rimental observations in which heteroaggregation between ENPs and natural colloids 
was found to dominate over homoaggregation98, 160. The number concentration of 
natural colloids is much higher than that of ENPs, given the current and anticipated 
levels of ENP emission83. Disregarding the homoaggregation process is an acceptable 
simplification if the natural colloid concentration is expected to be abundant over 
the ENP concentration68, 69. This is the case for SB4N, because it assumes a complete 
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dispersion of ENPs within the media over a regional scale. However, this is not the case 
for local concentrations of ENPs directly after release156. Where homoaggregation is 
assumed to be a negligible environmental fate process on a background scale68, this 
is not necessarily the case for homoaggregates that are formed at a local scale and 
then persist at a background scale160. If the local formation of homoaggregates can be 
translated into an emission to the regional scale, SB4N is able to predict ENP concen-
trations using homoaggregate concentrations as input. After all, at a background scale 
just like ENPs, homoaggregates obey first-order kinetics. Thus, if it is desired, SB4N can 
be used to predict environmental background concentrations for homoaggregates, but 
it requires an “emission rate” and the properties of the aggregate as input.

All Aqueous Media: First-Order Dissolution Kinetics

Theoretically, it is not expected that the dissolution of an individual ENP obeys first-
order kinetics because the particle will shrink as dissolution proceeds and dissolu-
tion is proportional to the particles’ specific surface area that increases124. However, 
environmental risk assessment is performed on the total of ENP concentrations. A 
statistical comparison has shown that differences between the first-order kinetic and 
the shrinking particle model approach are too small to prefer one for statistical reasons 
alone161. For practical reasons, however, the first-order kinetic approach is preferred 
as it is easier to incorporate in integrated systems such as SB4N161. In the absence of 
adequate data, we argue that it is acceptable to use first-order dissolution kinetics for 
the purpose of environmental risk assessment69.

Perspectives

An implementation of the SB4N model was provided as proof of concept for modeling 
nanomaterials in SimpleBox version 4. SB4N is not the first model that is able to esti-
mate ENP concentrations for an entire environmental system130, but it may be the first 
multimedia fate model for ENPs that fits in the current frameworks of chemical safety 
assessment78. Existing fate models for ENPs are stochastic models that have been 
designed to provide a basis for a first environmental exposure estimation of ENPs. 
They require quantitative data in order to provide a range of probable environmental 
concentrations by performing a probabilistic material flow analysis (PMFA) that builds 
on Monte Carlo simulations for air, soil, water, and sediments103, 128, 129. The MendNano 
model developed by Liu and Cohen131 is similar to SB4N, but based on empirical partiti-
oning data, rather than on mechanistic formulations of the key processes. MendNano 
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models the extent to which ENPs are associated with natural particles by means of 
an attachment weighting factor. SB4N reaches the same by using first-order rate con-
stants for aggregation and attachment, for which theoretical, mechanistic estimations 
can be used in the absence of empirical data. In this respect, SB4N and MendNano are 
fundamentally different.

Current chemical safety assessment frameworks prefer model predictions as single 
values for environmental concentrations derived from chemical substance proper-
ties and emissions to the environment78. SB4N is a mechanistic model designed to 
perform environmental exposure estimations for this purpose, and hence, it requires 
physical and chemical properties of the engineered (nano) colloid particle and emis-
sion as inputs. When SB4N is applied to estimate environmental exposure to ENPs, 
it is preferred to apply experimentally derived values for the parametrizations that 
are not fully covered by existing colloid theory (e.g., aggregation and attachment ef-
ficiencies). Experimental data is available for all the parametrizations for which it is 
preferred 110, 117, 147, 148, 157, but not for all the different types of ENPs. This indicates 
that the required experiments can be performed successfully but also stresses the 
need for more experimental investigation both in general and for the application of 
the SB4N model. In case experimental data is unavailable, it is still acceptable to use 
theoretically derived parameter values as long as the resulting uncertainty is accoun-
ted for. SB4N’s ability to calculate ENP concentrations in air, soil, water, and sediment 
makes the model fit for implementation in chemical safety assessment. Furthermore, 
SB4N is able to predict the extent to which ENPs are associated with natural particles, 
which becomes useful in for further safety assessment of ENPs45. Moreover, SB4N 
covers the adjustments that are required to adapt earlier versions of SimpleBox fit for 
environmental exposure estimation of ENPs126: (i) transformation is not interpreted as 
a removal mechanism because the environmental fate of the transformation products 
from heteroaggregation and attachment are simulated as a different species of the 
same ENP, (ii) dissolution is included as a mechanism of removal through degradation, 
and (iii) complete and instantaneously reached thermodynamic equilibrium is not as-
sumed; rather, the rates at which the ENPs go toward thermodynamic equilibrium are 
represented by dissolution, aggregation, and attachment rates. With all the required 
adjustments accounted for, we believe that SB4N can be implemented in environ-
mental risk assessment frameworks for nanomaterials in the same way as the original 
SimpleBox73 is used in the environmental risk assessment of traditional chemicals: a 
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multimedia fate model that provides background concentrations for the purpose of 
environmental exposure estimation78. 

A: Appendix To Chapter 3
Detailed information and equations for the formulations of the model concept of SB4N. 
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ABstrACt

The robustness of novel multimedia fate models in environmental exposure estima-
tion of engineered nanoparticles (ENPs) remains unclear, because of uncertainties in 
the emissions, physicochemical properties and natural variability in environmental 
systems. Here, we evaluate uncertainty in predicted environmental concentrations 
(PECs) by the SimpleBox4nano (SB4N) model. Monte Carlo (MC) simulations were 
performed on the environmental fate, concentrations and speciations of nano-CeO2, 
-TiO2 and ZnO. Realistic distributions of uncertainty and variability were applied for 
all of SB4N’s input and model parameter values.  Environmental distribution over air, 
water, soil and sediment as well as nanomaterials speciation across natural colloid and 
coarse particles appeared to be similar for nano-CeO2, -TiO2 and –ZnO. ENPs in the 
atmosphere were effectively removed due to deposition. ENPs in the water column 
were removed through hetero-aggregation-sedimentation with natural particles. ENPs 
accumulated in soil by attachment to grains. The sources of uncertainty and variability 
driving variation in PECs that were identified in a Spearman rank analysis were related 
production, emission, compartment volumes, and removal by dissolution or advection 
and appeared similar for the three ENPs. Variation in speciation within environmental 
compartments was influenced most by physicochemical properties of the ENP and by 
model parameters that relate to the compartment of interest. 
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introduCtion

Nanotechnology industry is rapidly developing engineered nanoparticles (ENPs) that 
are applied in a great variety of consumer and industrial products75. Release of ENPs 
to the environment is anticipated during production, use and disposal162. However, 
ENP environmental fate, bioavailability, bioaccumulation, and toxicity and thus the 
biological risks require more knowledge in order to be fully understood163 and in order 
to prevent unforeseen environmental and toxicological impacts3.

Chemical safety assessment frameworks, such as the European Commission (EC)’s 
legislation program REACH (Registration, Evaluation, Assessment and Restriction of 
Chemicals) and the Toxic Substances Control Act of the U.S. Environmental Protection 
Agency (USEPA), have been founded to protect human health and the environment 
from potential toxic effects of chemicals63, 64. Their guidance is not yet able to cope with 
chemicals occurring as nanomaterials that possess physicochemical properties that 
diverge from those of the chemical’s equivalent bulk material or dissolved state126, 164. A 
major challenge in environmental risk assessment of ENP is to turn the models that are 
currently used to describe and predict the fate of ‘conventional chemical substances’ fit 
for use with nano substances68, 126, 127. Probabilistic mass flow analyses have been sug-
gested for this purpose129, 130, 134, 165. However, such models require input data that are not 
readily available for implementation in chemical safety assessment frameworks130, 166, 167. 
Therefore, new tools are being developed to estimate environmental exposure to ENPs 
from their emission and physicochemical proprerties alone131, 166-169 by simulating the key 
mechanisms in the environmental fate of ENPs, which are: attachment to natural parti-
cles, settling and removal by dissolution68, 126, 127, 146, 164. However, emissions of ENPs to the 
environment are uncertain, because data on production volumes165 and release during 
the different life cycles of nanomaterials products162, generally are unaccesible. Physi-
cochemical properties of ENPs that drive their environmental fate are also considered 
to be uncertain68, 127. Therefore, some important interactions between the ENP and the 
environmental matrix are hard to predict, e.g. dissolution rates of ENPs in different aque-
ous media and their attachment to natural particles170. Such uncertainty in determining 
the input parameters of new models obviously leads to variation in their predicted envi-
ronmental concentrations (PECs). At the same time, limitations in techniques measuring 
ENPs in environmental samples hamper model calibration and validation130, 167, 171, 172. 
Consequently, the robustness of the latest multimedia fate models remains unclear. 
We argue that this robustness can be evaluated by making the uncertainties in input 



Chapter 4

64

parameters and the natural varibiability in the environmental system explicit.  Here, 
we present such an evaluation for SimpleBox4nano, a multimedia environmental fate 
model that predicts concentrations, distributions and speciations of nanomaterials in 
the environment166. This evaluation is done to meet three main objectives: (i) to identify 
commonalities and differences among the environmental fates of nanomaterials with 
different chemical compositions, (ii) to derive confidence intervals for PECs calculated  
by mechanistic multimedia fate models such as SB4N, and (iii) rank the most important 
sources of uncertainty and variability in environmental exposure estimation of ENPs.

Our study approach is as follows. SB4N is an adaptation to the SimpleBox model73, 
which serves as a regional distribution module in the European Union System for Evaluation 
of Substances (EUSES) model, used by REACH as guidance in the environmental exposure 
estimation of chemicals78. In an earlier proof-of-concept study 166 we have evaluated the 
model concept of SB4N with a scenario of nano-TiO2 emission in Switzerland134. However, 
this evaluation was based on a default model concept with single model and input para-
meter values only and model outcomes apply as point estimates of parameters from this 
source166. In reality the model parameters are subject to natural variability and the input 
parameters are subject to uncertainty127. To take this into account data were collected for 
all of SB4N’s input and model parameters reflecting realistic distributions of variability and 
uncertainty including emission estimation, natural variability in the environmental system, 
and uncertainty in physicochemical properties of ENPs (Figure 4.1). 

figure. 4.1 Illustrative overview of probabilistic distributions for uncertainties in emission and in-
trinsic substance properties of engineered particles as well as natural variabilities of the environ-
mental system leading to variation in environmental exposure.
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These probability distributions were used for Monte Carlo (MC) simulations of the 
environmental fate of the three mostly used metal oxide ENPs in Europe: nano-TiO2, 
nano-ZnO and nano-CeO2

165, 173. The MC simulations yielded distributions of outputs 
(medians and 95% confidence intervals) for the PECs of three physical species of ENP 
in the environment: (i) free ‘primary’ or ‘pristine’ ENP, (ii) ENP attached to  natural 
colloids, and (iii) ENP attached to coarse particulate matter. Contributions of model 
input variances to model-predicted fate were analyzed by means of Spearman rank 
correlation analysis. Derived rank correlation coefficients express to what extent 
SB4N’s model outcomes statistically depend on the uncertainties and variabilities of 
its input parameters. The  Spearman Rank analysis assigns the highest coefficients to 
the parameters that are most important to  variation in PECs,  environmental fate and 
speciations of the ENPs, and so revealing the relative importances of the different 
sources of uncertainty and variability. 

MontE CArlo siMulAtions with siMPlEBox4nAno 

The software package Crystal Ball174 was used to perform Monte Carlo (MC) simu-
lation of SBN4 output; median values and 95% confidence intervals for PECs were 
calculated from 10,000 iterations. Output distributions of PEC were simulated for (i) 
freely dispersed particles, (ii) hetero-aggregated particles and (iii) particles attached 
to suspended particulate matter, prone to gravitational forces in aqueous media. The 
model solves mass balance equations for a steady-state situation in all compartments 
and species through matrix algebra166, 175: 
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and (iii) ENP attached to coarse particulate matter. Contributions of model input variances 
to model-predicted fate were analyzed by means of Spearman rank correlation analysis. 
Derived rank correlation coefficients express to what extent SB4N’s model outcomes 
statistically depend on the uncertainties and variabilities of its input parameters. The  
Spearman Rank analysis assigns the highest coefficients to the parameters that are most 
important to  variation in PECs,  environmental fate and speciations of the ENPs, and so 
revealing the relative importances of the different sources of uncertainty and variability.  
 
Monte Carlo Simulations With SimpleBox4nano  
The software package Crystal Ball174 was used to perform Monte Carlo (MC) simulation of 
SBN4 output; median values and 95% confidence intervals for PECs were calculated from 
10,000 iterations. Output distributions of PEC were simulated for (i) freely dispersed 
particles, (ii) hetero-aggregated particles and (iii) particles attached to suspended 
particulate matter, prone to gravitational forces in aqueous media. The model solves mass 
balance equations for a steady-state situation in all compartments and species through 
matrix algebra166, 175:  
 
 𝑚𝑚𝑚𝑚 = −𝐴𝐴𝐴𝐴−1𝑒𝑒𝑒𝑒     
(Equation 4.1) 
 
Here e (kg.s-1) is the vector of emission rates of ENPs into the environment. The system 
matrix A (s-1) represents first-order rate constants for (i) transport between compartments  
and to media outside the system (ii) the rates at which ENPs attach to natural colloid or 
coarse particles, and (iii) the rates at which ENPs are subjected to removal processes such 
as degradation and dissolution (Appendix B1)166. These rate constants were calculated 
with equations that express the interactions between ENPs and the environmental 
system166. For these calculations, the MC simulations require probability distributions of 
the natural variability in model parameters that define the environmental system and of 
uncertainty of the physicochemical properties and emissions of the ENPs.  The collected 
data (Appendix B1-B5) did not always provide the shapes of the uncertainty and variability 
distributions (e.g. normal, lognormal, Pareto). Uniform distributions were assumed in 
those cases that data only provided minima and maxima, whereas triangular distributions 
were assumed when data provided a minimum, a most-likely value and a maximum. For a 
detailed account of the probability distributions used see the supporting information, 
sections B to E. Environmental exposure estimated with the model is expressed as PECs  
(gENP.mmedium

-3; gENP.kgdryweight
-1 for porous media ). PECs are expressed for (i) the free 

pristine particles, because these are most compatible with toxicity testing protocols for 
risk assessment167, (ii) the sum of free ENPs and ENPs hetero-aggregated, because in a 
regulatory context the fraction of metal (oxides) able to pass through a filter <450 nm is 

Here e (kg.s-1) is the vector of emission rates of ENPs into the environment. The 
system matrix A (s-1) represents first-order rate constants for (i) transport between 
compartments  and to media outside the system (ii) the rates at which ENPs attach to 
natural colloid or coarse particles, and (iii) the rates at which ENPs are subjected to 
removal processes such as degradation and dissolution (Appendix B1)166. These rate 
constants were calculated with equations that express the interactions between ENPs 
and the environmental system166. For these calculations, the MC simulations require 
probability distributions of the natural variability in model parameters that define 
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the environmental system and of uncertainty of the physicochemical properties and 
emissions of the ENPs. The collected data (Appendix B1-B5) did not always provide the 
shapes of the uncertainty and variability distributions (e.g. normal, lognormal, Pareto). 
Uniform distributions were assumed in those cases that data only provided minima 
and maxima, whereas triangular distributions were assumed when data provided a 
minimum, a most-likely value and a maximum. For a detailed account of the probabi-
lity distributions used see the supporting information, sections B to E. Environmental 
exposure estimated with the model is expressed as PECs  (gENP.mmedium

-3; gENP.kgdryweight
-1 

for porous media ). PECs are expressed for (i) the free pristine particles, because these 
are most compatible with toxicity testing protocols for risk assessment167, (ii) the sum 
of free ENPs and ENPs hetero-aggregated, because in a regulatory context the fraction 
of metal (oxides) able to pass through a filter <450 nm is considered bioavailable 79, 
and (iii) total concentrations for each environmental compartment. 

Multimedia fate is evaluated with environmental distributions (EDs) (% gENP in 

compartment i.gENP in env. system 
-1), and speciation distribution patterns (SDPs) within each com-

partment (%gENP species i in compartment j. g ENP in compartment j
-1). 

Emission rates

The vector of emission was calculated by multiplying  estimated production volu-
mes165, 173 with estimated fractions that are released to air, water or soil during stages 
of the life cycle of the nanomaterial product (Appendix B2)162. Direct emission patterns 
to soil and air are considered during the use and production stage of the nanomate-
rials, whereas direct emission to surface water is only expected during the use stage. 
The fractions that are released during use are calculated as the product of the use 
patterns of the nanomaterials, e.g. cosmetics, electronics, coatings and paints, and the 
estimated fractions of release for these use patterns (Table B2.1-B2.2). Indirect emis-
sions are calculated for the disposal stage through waste incineration and waste water 
treatment containing the nanomaterial products (Figure B2.1; Table B2.1-B2.3). Here, 
it was assumed that all nano-CeO2 and TiO2 that flow from waste water treatment 
effluents to surface waters162 are emitted as ENPs that are attached to natural colloid 
particles37, 176-179. Nano-ZnO is assumed to be absent in these effluents, because it has 
been dissolved completely180. All nano-CeO2 , -TiO2 and -ZnO that is emitted to agri-
cultural soil by application of sewage sludge 165 are assumed to be attached to natural 
coarse particles prone to sedimentation during the waste water treatment process100. 
Prior to emission, nano-ZnO in the sludge is assumed to be reduced to 0-1% of its 
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initial amount180. The amount of sewage sludge that is applied to agricultural soils is 
assumed to range between 0 and 55%165. ENPs released during production, use and 
waste incineration are all assumed to be in their primary state as free ENPs, because 
release of free ENPs cause the most environmental concern13. 

Uncertainties In Physicochemical Properties Of ENPs

The physicochemical properties of ENPs that are used as input parameters in the SB4N 
model are size, specific weight, attachment efficiencies with natural particles, and disso-
lution rates in different aqueous media166. A uniform distribution was applied to express 
the variability in ENP diameter with 1 and 100 nm as respective minimum and maximum, 
because more detailed data on the actual sizes of ENPs produced in the EU is not avai-
lable2, 3. The specific weights of the nanomaterials are equal to the densities of the solid 
states of the pure chemical of which the ENP consists. Possible influences of coatings on 
the ENPs’ weight were assumed negligible. Hence, there were no distributions inserted 
in the MC simulations related to the mass density of ENPs. Dissolution is interpreted 
here as the transformation of ENPs into ionic or molecular forms126 either spontaneously 
or as a result of chemical reactions with the environmental media such as 

(re-)oxidation and sulfidication69. Dissolution rates for nano-ZnO in storm (rain)wa-
ter “within weeks”,  in freshwater “within days”, and in groundwater “within months” 
have been derived from the rough estimations of residence times published by Garner 
and Keller (Table B3.1.)170.  Dissolution rates in sediment are assumed equal to those 
in fresh water. Nano-CeO2 and –TiO2 are not expected to dissolve to any significant 
extent, even over long periods of time regardless of water type170, so that their dis-
solution rate has been set to zero.

Data for the attachment efficiencies were collected from experimental studies, and 
if not available from the Derjaguin and Landau95 Verwey and Overbeek96 (DLVO) theory 
(Appendix B4). Experimentally obtained attachment efficiencies are often presented 
as a set of values reflecting a range of environmental conditions. A uniform distri-
bution was applied with the minimal and maximal efficiencies observed within the 
boundaries of relevant environmental conditions (Table B4.1). 

The parameters applied in the DLVO theory are accompanied with ranges of vari-
ability and uncertainty in environmental conditions and ENP properties. These ranges 
were included in separate MC simulations that were performed on the DLVO-expressi-
on (Table B4.2-B4.4). However, it still remains uncertain to what extent experimentally 
derived attachment efficiencies are suitable for integration in an environmental fate 
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model97. Therefore, the acquired uncertainty distributions were not directly included 
in the evaluation of the SB4N model. Instead, the fundamental uncertainty of the ap-
plied methods to derive attachment efficiencies was also evaluated. In each iteration 
of the MC simulations, a value for each attachment efficiency was generated randomly 
from the distributions obtained from DLVO theory or experimental work (Table B4.4.). 
Then this value was used as the mode in a triangular distribution, in which the values 
of 0 and 1 have been selected as minimum and maximum, so that the fundamental 
uncertainty of these two methods was included.

Natural Variabilities Of Environmental System Parameters

For the purpose of this study we used SB4N with one spatial scale resembling a regio-
nal environmental system (Table B5.1) as defined in REACH78. According to the REACH 
guidelines in environmental exposure estimation 10 % of the total production volume 
in the EU is located at this regional scale78. Data were collected to reflect natural va-
riability in model parameters of the environmental system from (i) earlier parameter 
uncertainty analyses on SimpleBox (ii) other model studies on the environmental fate 
of nanoparticles and (iii) experimental, model and literature review studies on the 
natural variability in environmental materials, conditions and flows (Table B5.2).

spearman rank Analyses

Three sets of Spearman Rank analyses were performed to identify which input and 
model parameters are the major sources of uncertainty and variability in the PECs, 
EDPs and SDPs of nano-CeO2, - TiO2, and –ZnO.   The analyses were performed on the 
extract data of the MC simulations  containing the selected model and parameter va-
lues and calculated output values for each iteration. The Spearman’s rank correlation 
is calculated as the Pearson’s correlation coefficient on the ranks of these data.

A first set of Spearman Rank correlation coefficients was derived for the correlation 
between the PECs  and all input and model parameters with a defined probability 
distribution. The uncertainties in the estimated production volumes are generally so 
large165, 173,  that influences of other input variances on model-calculated PECs could 
be easily become obscured. Since the relation between emission rates and PECs is 
known to be linear in mass balance models137, it was decided to run a separate second 
set of analyses in which uncertainty in production volumes was excluded by setting 
them at a constant value of 1 ton per year.  It should be noted that this is common 
procedure in Life Cycle Impact Assessment of toxic chemicals, where such ratio’s of 
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steady-state masses an emission rates are named ‘ environmental fate factor181. These 
fate factors are also applicable to nanomaterials182. The PECs1t/y  illustrate how ENPs 
spread through the environment independent of the total volume that is produced, 
reflecting the accuracy of the SB4N model.  

Finally, a third set of Spearman Rank analyses was performed to determine the 
most important parameters that influence the extent to which the ENP occur as free 
pristine species,  or attached to natural colloids or coarse particles. This analysis was 
performed on the extract data of derived species distribution patterns (SDPs) within 
each environmental compartment (gspecies of ENP in compartment. gtotal ENP in compartment 

-1). 

rEsults And disCussion

Environmental fate And Exposure of nano-Ceo2, -TiO2, And -ZnO

The environmental exposure to nano-CeO2, -TiO2, and –ZnO simulated with SB4N is 
expressed with median values for PECs and their 95% CIs calculated for the free, bio-
available (the sum of free and ENPs hetero-aggregated with natural colloids), and total 
concentrations in the compartments atmosphere, water, sediments and soil (Figure 
4.3). Speciation of the ENPs as free, hetero-aggregated with natural colloid particles 
or attached to natural coarse particles are expressed with median values and 95% CIs  
for the SDPs (Figure 4.2). Differences in PECs and SDPs between nano-CeO2, -TiO2, 
and –ZnO are considered meaningful if 95% CIs do not overlap.

Figure. 4.2 The environmental distribution (ED) of nano-CeO2, -TiO2 and -ZnO over environmental 
compartments (A) and speciation within atmosphere (B), water (C), sediment (D), and soil (E). Dia-
monds represent median values of probabilistically predicted environmental concentrations and 
whiskers represent their 95% confidence intervals
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figure 4.3 Predicted environmental concentrations on a regional background scale in the EU for 
nano-CeO2, -TiO2 and -ZnO. Diamonds represent median values for predicted environmental con-
centrations and whiskers represent their 95% confidence intervals.

The environmental fate across the compartments air, soil, water and sediments appear 
to be quite similar for nano-CeO2, -TiO2 and ZnO, because most of their respective 
95 % CIs calculated by SB4N overlap (Figure 2). The relative amounts of nano-ZnO in 
the atmosphere and water  are high compared to nano-CeO2 and -TiO2. No significant 
differences can be observed between the distribution across environmental compart-
ments and species of the insoluble nano-CeO2,  and -TiO2, (Figure 4.2). This indicates 
that only the difference in dissolution  influences fate, whereas the other properties of 
nano-CeO2, -TiO2 and -ZnO and their differences in emissions do not have large effect 
on the environmental fate of these three nanoparticles.  On the other hand the SDPs 
show some clear differences, i.e. non-overlapping 95% CIs in the extent to which the 
ENPs occur as free, aggregated with natural colloid particles, or attached to natural 
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coarse particles. Atmospheric ENPs are more prone for coagulation with fine natural 
aerosol particles than large coarse mode aerosols (Figure 4.2B).  In water (Figure 
4.2C), the ENPs that are hetero-aggregated with natural colloid particles represent the 
dominant fraction (21-100%) .

In the sediment compartment (Figure 4.2D) the ENPs attached to natural coarse 
particles is the dominant species for nano-CeO2 and -TiO2, whereas for nano-ZnO there 
is now dominant species. The fraction of free ENPs in sediment  is extremely small 
for all three ENPs considered (2 10-15 – 3 10-3 %). Still, the free fractions of nano-CeO2 
and TiO2 are even smaller than that of nano-ZnO in sediment (Figure 2D).The SDPs of 
ENPs in soil (Figure 4.2D) show a sequence:  free ENPs make up the smallest fraction (1 
10-11 – 1.8 10-2 %), aggregated species are intermediate (9 10-7 -41 %), and a dominant 
fraction of ENPs is attached to the solid grains in soil (61-100%). Here the 95% CIs for 
the different species of nano-CeO2 and -TiO2 considered in soil are more distant from 
each other compared those of nano-ZnO (Figure 4.2E). 

Low Amounts Of Engineered Nanoparticles In The Atmospheres

There is no significant difference between the atmospheric PECs of the three nanoma-
terials considered, since all of the respective 95% CIs overlap (Figure 4.3). It appears 
that for atmosphere the bioavailable concentrations are almost equal to the total 
concentrations, because ENPs hetero-aggregated with fine aerosols make up for the 
dominant fractions (Figure 4.2B).

Only a small percentage of nano-CeO2, -TiO2, and -ZnO is distributed to the atmosp-
here as a function of fate and emissions (Figure 4.2A: 2.7 10-3 -3.5%). There is relatively 
little emission of nano-CeO2, -TiO2, and –ZnO to air compared to their emissions to soil 
and water 162, 170, 183. Airborne ENPs are also effectively removed by rainfall, dry deposi-
tion and coagulation with natural aerosol particles71, 120, 170. Furthermore, ENPs do not 
evaporate, so that there is no diffusive transport from the water and soil compartment 
to the atmosphere69, 126, 170. Emission is therefore considered to be the only major mass 
flow responsible for ENPs entering the air compartment166. Hence, the relative low 
amounts of nano-CeO2, -TiO2, -ZnO distributed to the atmosphere as calculated by 
SB4N was to be expected.

In aerosol sciences the probability of two coagulating particles sticking to each 
other after a collision event is approached with the Fuchs correction coefficient184. 
Since, this correction coefficient is a value between 0 and 1, it can be treated in fate 
simulations as an attachment efficiency166. In contrast to actual attachment efficiencies 
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between ENPs and natural particles in the water phase, Fuchs correction coefficients 
can ultimately be calculated as a function of the diameters and specific weights of the 
two colliding particles184. It appears that the specific weights of ENPs has little influence 
on their coagulation with aerosols, because there are no differences between SDPs of 
the three different ENPs simulated. The diameters of the ENPs are all inserted in the 
MC simulations to range between 1-100 nm. Hence, the atmospheric coagulation of 
the different ENPs is calculated to be almost exactly the same (Figure 4.2 B).

Accumulation In Soil

Total concentrations of nano-CeO2 and -TiO2 in soil are calculated to be significantly 
higher than for nano-ZnO, whereas free and bioavailable concentrations in soil are 
comparable for all three nanomaterials considered (Figure 4.3). However, the SDPs 
of nano-ZnO significantly differ from those of nano-CeO2 and TiO2. Both the free and 
hetero-aggregated fraction of nano-ZnO are significantly larger compared to those for 
nano-CeO2 and TiO2. 

The application of ENP containing sewage sludge in agriculture leads to high emis-
sion to soil of nano-CeO2 and -TiO2  which are attached to suspended coarse particles 
due to the waste water treatment process 58. These ENPs are calculated to accumulate, 
because erosion is considered to be their only removal mechanism. ENPs from direct 
emission accumulate as well, because of their fast attachment to  the immobile solid 
grains of soil89, 138, 185. SB4N calculates attachment between ENPs and solid grains to 
occur within minutes (Table B7.2), whereas the removal of attached nano-ZnO by 
dissolution takes months and removal of the practically insoluble nano-CeO2 and 
TiO2 by soil erosion alone even takes centuries. Consequentially, the free and hetero-
aggregated fractions of nano-ZnO are relatively larger than for nano-CeO2 and TiO2, 
because nano-ZnO attached to soil grains accumulates less due to its dissolution. Still, 
for both the soluble and insoluble ENPs the species attached  to the natural coarse 
particles are calculated to be dominant in soil (61-100%) (Figure 4.2E).  Stronger, the 
accumulation of these attached ENPs makes the ED to soil to be the highest for all 
environmental compartments (Figure 4.2A: 46 -100%). 

Aggregation With Natural Colloids And Particles In Water

The bioavailable concentrations appear to be dominant in the water compartment 
(Figure 4.2C and 4.3). 
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However this is only significant for nano-ZnO, as the 95% CI calculated for the frac-
tion that is attached to coarse particles, and thus not bioavailable, does not overlap 
with the dominant fraction of ENPs hetero-aggregated with natural colloid particles 
(Figure 4.2C). The fractions that are still in their free pristine state are calculated to 
range between 1 10-4 and 0.1% for all three ENPs considered (Figure 4.2C). The frac-
tions of nano-CeO2 and -TiO2 attached to natural coarse particles are calculated to be 
significantly larger compared to the free fractions, but this is not the case for nano-
ZnO.  Except for nano-TiO2, the significant patterns are obscured in the calculation of 
PECs, i.e. the 95% CI calculated for the free concentration of nano-TiO2 in water does 
not overlap with those for the bioavailable and total concentrations (Figure 4.2).

Prior to their inflow to water nano-CeO2 and –TiO2  are calcultated to accumulate 
in soil by attachment to soil grains and sludge application. The accumulation leads 
to elevated concentrations of ENPs attached to coarse particles in soil. According to 
the principles of mass balance equations, the mass flow of these ENPs attached to 
coarse particles from soil to water will be proportional to the elevated soil concentra-
tions137. Accumulation in soil is predicted to be the highest for nano-CeO2 and TiO2, 
because they do not dissolve, so that the fraction of ENPs in water that are attached 
to coarse particles are also larger for nano-CeO2 and –TiO2 than for –ZnO (Figure 4.2C). 
Nonetheless, the species of ENPs hetero-aggregated with natural colloid particles is 
dominant for all three nanomaterials, but this is only significant for nano-ZnO (Figure 
2C). Nano-ZnO is directly emitted to water only, and not via WWTP effluents, because 
it dissolves during treatment180, whereas for nano-CeO2 and -TiO2 indirect emission as 
ENPs hetero-aggregated with natural colloid particles in WWTP effluents is considera-
ble (Appendix B2)162. Still for nano-ZnO the hetero-aggregated species is calculated to 
be significantly dominant (Figure 4.2) as result of the emitted free ENPs that hetero-
aggregate with natural colloids in the water compartment.  

The mechanisms dominating the aquatic fate of ENPs, i.e. dissolution and hetero-
aggregation with settling natural particles,  are considered to be complex and difficult 
to predict69, 98, 156, 186, 187. However, despite all uncertainty, variability and complexity 
accounted for in the MC simulations of SB4N, it appears that the ENPs hetero-ag-
gregated with natural colloids is likely to represent the dominant fraction insoluble 
nano-CeO2,  and -TiO2  (21-100%), whereas for the soluble nano-ZnO the dominance 
of hetero-aggregated species is even significant (59-100%) (Figure 2C). These findings 
are supported by those reported by De Klein et al., in a spatially explicit modeling 
study of nano-CeO2  in the River Dommel validated with field measurements172, and 
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by Velzeboer et al187. who demonstrated that in turbulent aquatic systems hetero-
aggregation of ENPs with suspended particles governed the sedimentation of ENPs, 
irrespective of the ENP type studied.

Moreover, despite the differences in emission patterns, the EDs of nano-CeO2, -TiO2 
and -ZnO to the water compartment are similar (Figure 2A: 1 10-4- 49%), since the 95% 
CIs overlap and are intermediate compared to the other emission compartments, i.e. 
higher than atmosphere and lower than soil. 

sediment As Environmental sink

SB4N calculates EDs and PECs for the top layers of the sediments, because contami-
nant concentrations in the deeper layers are considered not to be bioavailable73, 166. 
Concentrations of free ENPs in sediment are calculated to be extremely low compared 
the bioavailable and total concentrations. The total and bioavailable concentration of 
nano-TiO2 is calculated to be significantly higher than that of nano-ZnO, whereas the 
free concentrations are similar for all three ENPs considered. The EDs of ENPs to the 
sediment compartment appear to be most difficult to predict as the 95% CIs are the 
largest compared  to the other compartments (Figure 4.2A). There is no emission to 
sediment, so that the EDs are dependent on the environmental fate in air, water and 
soil. It is demonstrated that accumulation of insoluble ENPs in soil eventually leads 
to elevated concentrations of ENPs attached to natural coarse particles in the water 
column. The aquatic fate that follows after emission or transport from air and soil 
to water is important for concentrations in sediment as well, since the ENPs must 
settle through the water compartment in order to reach the top layer of the sedi-
ments156, 186, 187. The dominant settling mechanism of ENPs that enter the water as free 
species is through hetero-aggregation with natural particles98, 187. Aquatic ENPs that 
are still in a free pristine state reside in the water column as a non-settling fraction98. 
Hence, the fraction of free species in the sediment compartment is calculated to be 
extremely low (2 10-15 - 3 10-3 %) as only very few free ENPs will reach the sediment 
compartment through sedimentation. Moreover, SB4N’s model parameters that 
govern the hetero-aggregation between ENPs and natural particles in the water co-
lumn are also influential for the EDs to sediment, e.g. the concentrations and sizes 
of natural particles in the water and  their attachment efficiencies with ENPs. ENPs 
attached  to larger natural particles settle faster187 and therefore are more effectively 
transported from the water to  the sediment compartment. This explains why the 
ENPs hetero-aggregated with smaller colloids are dominant in the water compartment 
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(Figure 4.2C), whereas in the sediment the species attached to natural coarse particles 
is dominant (Figure 4.2D).  

Sedimentation of natural particles also buries the top layer of the sediments, 
so that the ENPs residing in the top layers are buried to the deeper layers188, SB4N 
considers the deeper layers not to be a part of the bioavailable system166. However, 
these layers are regarded as the final environmental sink of ENPs where they will ac-
cumulate131, 138, 170, 189. Although SB4N only calculates concentrations for ENPs in the top 
layers, the MC simulations demonstrate that only an extremely small fraction of ENPs 
can reach the deeper layers of sediment in their pristine and free to disperse state as 
they cannot even reach the top layer in this state (Figure 4.2 D).

Sources of uncertainty and variability 

Compared to the PECs, the trends in environmental fate are more significant due to 
the major uncertainty in production volumes, i.e. there is more overlap between the 
95% CIs representing the PECs (Figure 4.3) compared to those of the environmental 
distributions (EDs)  (Figure 4.2). The Spearman Rank correlation coefficients confirm 
that the uncertainty in the estimated production volumes are a major source of the 
variation in the simulated PECs (Appendix B6). The uncertainty in production volume 
of nano-CeO2 is the largest for the three nanomaterials considered. This also applies 
for the 95% CIs for nano-CeO2 PECs of (5 to 8 orders of the magnitude) and for the cor-
relation coefficients between production volume and PECs (91-95%, see Table B6.1). 
Uncertainties in production volumes of nano-TiO2 and –ZnO are also the major causes 
of the variation in their respective PECs in the atmosphere, soil and water. Because the 
influence of production volumes on the PECs is so large, the influences of other input 
and model parameters are less prominent.  

In order to analyse the influences of the other SB4N model and input parameters 
the PECs simulated with the production volume set constant 1 ton per year were used. 
For all three nanomaterials considered these PECs1t/y are most influenced by a few 
parameters that determine emission fractions, compartment volumes and removal 
rates (Table B6.2). For the various compartments, the parameters with highest cor-
relation coefficient are (i) for atmosphere: the fraction of the production volume that 
is emitted to air, atmospheric mixing height, and the windspeed that determines the 
rate of advective transport of air to outside the system, (ii) for soil: dry weight of soil 
grains, soil depth, the removal rate by ENP dissolution or erosion, and emissions, i.e 
the fraction of the production volumes that are emitted to soil directly, the fraction of 
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ENPs taken up in WWTP sludge and the amount of contaminated sludge eventually ap-
plied to soil causing uncertainty in indirect emission , and (iii) for water: the fractions 
of the production volumes that are either directly emitted to water or through WWTP 
effluents, removal by ENP dissolution and water outflow (Table B6.2). For the sediment 
compartment the relationship between PECs1t/y  and model and input parameters are 
more complex to derive as more parameters show high correlation coefficients. More-
over, these parameters also reflect the interaction between ENPs and natural particles 
in the water column. The size distribution of suspended natural coarse particles ap-
pears to be the most important parameter (Table B6.2). This indicates that attachment 
of ENPs to larger settling natural particles is indeed the dominant mechanism of 
transport from the water to the sediment compartment. Hence, it is also an important 
parameter for the PECs1t/y  in water.

The Spearman rank correlation coefficients derived for the SDPs especially reflect 
the parameters that simulate the interaction between ENPs and the natural particles 
in the environment, e.g. the highest correlation coefficients for ENPs in air are as-
signed to the size  and number concentrations of aerosol particles and the size of the 
ENP (Table B6.3).  

It is notable that the model parameters that are most important for the SDP reflect 
the environmental compartment of interest, e.g. the highest Spearman Rank coef-
ficients for the SDPs in water either reflect a physicochemical property of the ENP 
or a model parameter that characterizes the water compartment (Table B6.5). This 
also applies to nano-CeO2 and –TiO2 in soil, whereas for the SDPs of nano-ZnO in soil, 
parameters reflecting the atmosphere are important as well . However, this applies to 
model parameters and not to emissions, since the uncertainty in sludge application to 
soil yields variation in PECs1t/y for the water and sediment compartment as well. 

Emission to atmosphere is low for all three nanomaterials considered. Only for 
nano-ZnO emission to soil is also low because of the limited contribution of sludge 
application, i.e. nano-ZnO in sludge is reduced to 0-1% of its initial amount180.There-
fore, although emission of airborne nano-ZnO is low,  its atmospheric fate becomes 
important for concentrations in soil as well (Table B6.4). 

For nano-ZnO, the SDPs in sediment mostly depend on model parameters re-
flecting the aquatic fate of ENPs (Table B6.6.). This predicts that the hetero-aggregates 
of nano-ZnO in sediments are already formed in the water before settling to the 
sediment compartment. The emission of nano-CeO2 and -TiO2 to soil through sludge 
application appears to be important for the PECs1t/y in sediment, although it is prior 
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to transport from soil to water and from water to sediment. This indicates that the 
sediment compartment is an environmental sink of these insoluble ENPs. 

It is notable that for all environmental compartments and nanomaterials conside-
red the uncertainty in the characterization of the physicochemical properties of the 
ENPs, such as size and attachment efficiencies with natural particles, appear to be 
important for the SDPs and to lesser extent for the prediction of total concentrations 
per environmental compartment. That does not mean attachment efficiency is not an 
important parameter for the environmental fate of ENPs. Instead, the variation in the 
attachment efficiencies inserted as input parameters in the MC simulations may not 
be large enough to yield variation in the outcomes as total concentrations. This would 
imply that attachment efficiencies for nano-CeO2, -TiO2 and ZnO can be predicted ac-
curate enough not to contribute in variation of total concentrations. Furthermore, the 
hetero-aggregated ENPs are subject to the same aquatic fate processes as the free 
ENPs, e.g. dissolution, settling and advection. Hence, the aquatic fate of free ENPs 
is quite similar to that of the total amount of ENPs, since ENPs hetero-aggregated 
with natural colloids are the dominant species in water (Figure 4.2C). However, the 
influence of the actual attachment efficiencies may also be obscured by emissions 
patterns. ENPs in WWTP effluents are assumed to be hetero-aggregated with natural 
colloids already, whereas ENPs in sludge applied to soil are assumed to be attached to 
coarse particles already. 

Comparison to previous estimates and measurements

SB4N is a classical multimedia “box model” with a matrix extended with the environ-
mental processes specifically relevant for the fate of ENPs166. The model’s equations 
specific for the environmental fate processes of ENPs have been validated separately: 
(i) the process descriptions governing the atmospheric fate of nanoparticles have been 
validated in traffic emission monitoring141, (ii) the aquatic fate sub-model has been vali-
dated in aggregation, sedimentation and dissolution experiments98, 147, 148, 172, 186, 187, 190-192, 
and (iii) the sub-model for filtration of nanoparticles through porous media, e.g. 
soil and sediments, has been validated in sand column experiments108, 110, 117, 193-195. 
SB4N unifies all these sub-models into one overarching “box model”. To date, such 
“box models” have only been validated for the emission of conventional chemicals 
through comparison with average measured environmental concentrations72, 130, 196-201. 
A validation of the integrated SB4N model against measured averaged concentrations 
however, still needs to be performed166. 
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A major issue in such a validation is that analytical tools are not yet able to dis-
tinguish between the natural and the engineered nanomaterials171. Moreover, ENPs 
attached to natural particles cannot be quantified in environmental samples171, 
whereas the MC simulations calculate that only a small fraction of ENPs does not at-
tach to natural particles and persist in their free pristine state (Figure 4.2). A formal 
validation by means of a comparison between measured and modeled environmental 
concentrations is thus hampered130 or even impossible171. Indicative validations of 
nano-CeO2, -TiO2, and -ZnO in surface waters 172, 202, 203 and air204 can only be performed 
by comparing the PECs calculated with SB4N’s model simulations with elemental mass 
concentrations of Ce, Ti, and Zn filtered for < 450 nm submicron particles171. These 
filtered concentrations actually reflect the sum of elemental mass concentrations able 
to pass through the < 450 nm filter including natural colloids, dissolved elemental 
species, ENP hetero-aggregates and free species of ENPs130, 171.  ENPs attached to 
natural coarse particles do not pass through the filter and are thus not sampled in 
field measurements at all130, 171. Hence, indicative validation is only allowed by demon-
strating that modeled concentrations for the sum of free and hetero-aggregated ENPs 
are lower compared to the measured concentrations of the respective ENP’s chemical 
element in filtered field samples171. Moreover, in such a comparison it should be noted 
that SB4N predicts regional background concentrations, whereas field measurements 
are often performed on locations at which local chemical concentrations are relatively 
high205.

Recently, the river Dommel (The Netherlands) has been sampled and filtered for 
<450 nm submicron particles by De Klein et al., 2016. These filtered samples contained 
mass concentrations of  0.04 - 0.27 and 0.63 - 1.15  mg.m-3 for elemental Ce and Ti, 
respectively172. The order of magnitude of these measured concentrations is compa-
rable to the estimated concentrations of nano-CeO2 and TiO2 in water calculated as 
the sum of the free ENPs and ENPs hetero-aggregated with natural colloid particles 
(Figure 3: 0.1µg.m-3 – 10 mg.m-3). It is unclear to what extent the measured concen-
trations of elemental Ce and Ti consists of engineered nano-CeO2 and -TiO2, but a 
comparison with characteristic elemental ratios of inert geogenic materials suggest 
at least an anthropogenic source for the measured Ti172. Markus et al. have estimated 
concentrations of nano-ZnO (1 mg.m-3) in the River Rhine as a fraction of the total 
measured concentrations of elemental Zn (15-40 mg.m-3)203, whereas the background 
concentration of nano-ZnO predicted with SB4N is predicted to be lower (7 ng.m-3 - 46 
µg.m-3) . 
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Elemental Ce has been sampled from urban air and filtered by Park et al. who find 
it to range between 0.1 and 1 ng.m-3 130, 204. The background concentrations for nano-
CeO2 estimated with SB4N covers this range completely (0.08 pg.m-3 to 4 ng.m-3), be-
cause of the great uncertainty in production volume estimations173( Appendix B1;B6). 
However, 0.1 ng.m-3 and 1 ng.m-3 are equal to the 75th and 92nd percentiles of the 
air concentrations predicted with SB4N, respectively. Hence, the modeled background 
concentrations of nano-CeO2 in air are most likely to be below that of the measured 
concentrations in urban air 204. 

To our knowledge, further field data of measured of nano-CeO2, -TiO2 and ZnO  in 
the compartments air, soil and sediment are not available. However, we argue that the 
SB4N model yields acceptable results within the context of prospective environmental 
risk assessment of nanomaterials167, although a formal and more extensive validation 
is desired once future measurement techniques allow so130, 167, 171. Nonetheless, the 
model at least appears to be plausible, because (i) the concept of box models in general 
has been validated with conventional chemicals72, 130, 196-201, (ii) SB4N’s model equations 
are experimentally validated166, (iii) PECs comply to the order of magnitude of the 
few environmental measurements available, and (iv) predicted environmental fate, 
speciations and distributions agree with expected environmental patterns of ENPs as 
reported in the scientific literature (Table B7.1).

Model Simplifications And Limitations 

SB4N is developed as a screening level  model that is neither temporal nor spatially ex-
plicit, whereas complex chemical reactions between ENPs and environmental matrices 
are only implicitly included in the a priori characterization of attachment efficiencies 
with natural particles and dissolution rates166. Such simplifications in environmental 
exposure modelling of ENPs are inevitable but acceptable if justified scientifically68. In-
stead of calculating PECs dynamically with an explicit temporal scale, SB4N calculates 
steady state concentrations. Such a simplification especially leads to overestimation of 
PECs for chemicals that are only subject to slow removal processes206. The majority of 
the removal processes included in SB4N reflect an annual timescale, but erosion of soil 
that takes centuries is the exception here166. Nano-CeO2 and TiO2 are not expected to 
dissolve to any significant extent over long periods of time170, so that once they are at-
tached to grains in soils they are considered to be removed by erosion only166. Hence, 
it should be noted that the concentrations of nano-CeO2, and TiO2 attached to coarse 
grains of soil are an overestimation if applied within the context of environmental risk 
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assessment guidelines that employ annual time scales78, but they should be treated as 
chemicals that are persistent in the environment206. 

SB4N is also not spatially explicit including landscape details that have proven 
to be important for the local environmental fate and concentration of ENPs in close 
proximity to the emission source172, 176, 177. However, multimedia fate models that are 
spatially explicit only yield better estimates if data on spatial variability in emission 
intensities are available205. In regulatory environmental exposure estimation78 the 
original SimpleBox73 is not used to simulate PECs for conventional chemicals on a local 
scale but on a regional scale. On this regional scale emission intensities are simplified 
into continuous diffuse volumes78. The simulated PECs are to be treated as regional 
background concentrations78. Since, SB4N is an adaptation to the original SimpleBox 
Model73, the PECs simulated by SB4N are to be treated as regional background con-
centrations as well166.    

The emission estimation of ENPs is further simplified by only considering direct 
release of pristine ENPs and ENPs attached to suspended particles during waste water 
treatment. However, transformation processes such as homoaggregation, surface mo-
dification and weathering can alter the pristine state before, during or directly  after 
release as well58, 126. Quantitative data on the release of ENPs is limited58, so that the 
extent to which ENPs are physically or chemically altered upon emission is difficult to 
express162. Hence, the pristine state of ENPs is chosen as a worst case starting point 
for the fate simulations after in direct release, because most data on physicochemical 
properties of nano-CeO2, -TiO2 and -ZnO are referring to this state83, 130 and because 
most concern on the environmental risk of ENPs is related to  release in a free to 
disperse form13. 

Finally, complex physical and chemical transformations reactions between ENPs 
and environmental matrices such as (re-)oxidation, sulfidication, phosphorization, 
functionalization and adsorption of natural organic matter, are not explicitly simulated. 
Rather, these processes are implicitly included treating the influence that they have on 
ENP dissolution rates in different aqueous media and the attachment between ENPs 
and natural particles58, 97 as an uncertainty. Hence, the simplifications in SB4N’s model 
simulations do not hamper environmental exposure estimation of ENPs as long as the 
PECs are interpreted on a screening level167.



81

Considerations In Screening Level Environmental Exposure Estimation Of Nanoparticles
The 95% CIs of the PECs derived probabilistically with SB4N for nano-CeO2, -TiO2 

and ZnO account for input parameter uncertainty and natural variability of the en-
vironmental system. In regulatory contexts, the purpose of environmental exposure 
estimation is to ensure safe concentrations at which no adverse effects for organsims 
in the environment are to be expected63. Such ensurance does not necessarily require 
complex probabilistic fate models that are difficult to implement in risk assessment 
frameworks167. Rather, the upper limits of the confidence intervals for PECs should be 
below the lower limits of  predicted no effect concentrations (PNECs)63, whether or 
not to use the outcome of this uncertainty study in a regulatory context is a regulatory 
choice. The simple point estimate multimedia fate models are therefore still fit for en-
vironmental exposure estimation as long as they are corrected for model uncertainty 
and variability. Here, it is discussed to what extent the magnitudes of variation in the 
PECs calculated for nano-CeO2, -TiO2, and -ZnO are fit for extrapolation to environmen-
tal exposure estimation of other nanomaterials at a screening level. 

Presently, there is not yet scientific consensus on what should be the relevant bio-
available ENP speciation for environmental exposure estimation167. PNECs are derived  
from toxicity tests designed for exposure to pristine (free) ENPs171, 207-209, but in practice 
the ENPs often aggregate with themselves before reaching the exposed organisms167. 
According to the guidelines of risk assessment the bioavailable fraction of metals in 
the environment is defined as “the fraction of a metal that passes through a filter of 
450 nm”79. If this definition also applies to nanomaterials, then the relevant exposure 
concentrations would be the sum of the free ENPs and the ENPs hetero-aggregated 
with natural colloid particles (<450 nm), whereas only the free ENPs are somewhat 
compatible to the hazard data generated in ecotoxicological studies, because they 
both fully consist of the same substance171. Nanomaterials attached to natural coarse 
particles do not at all fall under this definition of “bioavailabe” at all, but they are 
present in the environment. With a consensus lacking whether ENPs attached to 
natural coarse particles should be regarded as environmental exposure or not, the 
conservative approach would be to include them.

The results from the MC simulations show that although nano-CeO2, -TiO2, and 
-ZnO differ in chemical composition, their distribution over the compartments water, 
sediment and soil is quite similar (Figure 4.2). The only difference is that nano-ZnO is 
less accumulative in soil and sediment, because it is prone to dissolution. As a conse-
quence, there is relatively more nano-ZnO present in the atmosphere and water (Figure 
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4.2). It is plausible that the environmental distributions of nano-CeO2, -TiO2, and ZnO 
also apply to ENPs with similar emission patterns and physicochemical properties. The 
Spearman rank correlation coefficients show that for the total concentrations the most 
important parameters reflect production volumes, emission fractions, compartment 
volumes and removal rates by advection or dissolution. We argue that because these 
parameters are most important and because of the similarity in environmental fate of 
nano-CeO2, -TiO2 and -ZnO despite their different chemical compositions and solubility, 
the magnitudes of variation in the PECs of nano-CeO2, -TiO2, and –ZnO (i.e. the ratio of 
the 97.5 and 2.5 percentiles), which are  (i) a factor 10 for atmosphere and water,  (ii) 
a factor 10,000 for soluble ENPs and 100 for insoluble ENPs in sediment,  and (iii) 100 
for soil (Appendix B8) can be used as an assessment factor in screening level environ-
mental exposure estimation of other nanoparticles.  Inaccessible production volumes 
are the major source of uncertainty for total PECs. However, production volumes are 
linear proportional to PECs and environmental risk assessment of chemicals is perfor-
med by individuals with access to the respective production volumes78. Stronger, the 
actual production data of the ENPs allow more differentiation in physicochemical pro-
perties such as size and a priori characterization of dissolution rates and attachment 
efficiencies165, whereas the MC simulations have been performed for  nano-CeO2, 
-TiO2 and -ZnO that are characterized on a generic level. Compartment volumes and 
advective flows reflect a natural variability of the environmental system that is valid 
for all chemicals, whereas for emission fractions (high) and dissolution rates (slow) a 
conservatively chosen value will lead to conservative calculations of the PECs as well. 
Hence, a conservative point estimated PEC multiplied with the magnitudes of variation 
identified for nano-CeO2, -TiO2, and -ZnO should provide an exposure concentration 
that is equal or higher than the upper limit of the 95% CI of PEC calculated with the 
complex probabilistic fate model.  However, the physicochemical properties and emis-
sion patterns of the three nanomaterials evaluated are besides their dissolution rate 
quite similar. There is relatively little emission to the atmosphere162. Furthermore, 
they are all metal oxides with a specific weight higher than that of water, so that they 
do not float but settle69, whereas the a priori characterized attachment efficiencies 
with natural particles all appear to be high enough to induce accumulation in soil and 
hetero-aggregation with natural particles  in water. Hence, a screening level multime-
dia fate model can only be used for conservative environmental exposure estimation 
under the terms that (i) the most conservative values are chosen for dissolution rates 
and emission volumes, (ii) physicochemical properties of the ENP are similar to that 
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of nano-CeO2, -TiO2, and ZnO, i.e. attachment efficiencies are high enough to induce 
accumulation in soil and hetero-aggregation with natural particles  in water, and (iii) 
the atmosphere is not the dominant compartment of emission.

ConClusion

Although nano-CeO2, -TiO2 and –ZnO differ in chemical composition, their environ-
mental fate and speciation is quite similar. Despite the major uncertainties identified, 
several significant trends are demonstrated in the fate of the ENPs, such as the domi-
nance of ENPs hetero-aggregated with natural colloid particles in water, accumulation 
in soil by attachment to grains and the small fraction of ENPs that persists in a free 
pristine state, especially in the sediments compartments. Moreover, environmental 
exposure estimation of ENPs with a default point estimate multimedia fate model 
has become feasible, because the sources of uncertainty have been made explicit. 
Screening level multimedia fate models, such as SB4N, seem appropriate for screening 
level estimations of environmental exposure to ENPs, because uncertainties in emis-
sions, physicochemical properties of the substance and natural variability in the 
environmental system only leads to a variation in total PECs that is comparable to that 
of conventional chemicals , i.e. a factor 10 in air and water, 10,000 for soluble ENPs 
and 100 for insoluble ENPs in sediments, and 100 in soil72. However, the bioavailable 
concentrations in environmental exposure estimation is considered the fraction “that 
passess through a filter < 450 nm”, .i.e. the sum of the free ENPs and ENPs hetero-
aggregated with natural colloid particles. Physcial species concentrations of ENPs as 
free pristine, hetero-aggregated with natural colloid particles, or attached to coarse 
particles species are less feasible to extrapolate from nano-CeO2, -TiO2, or –ZnO to 
other nanomaterials, because they more strongly depend on the physicochemical 
properties of the nanomaterials. Further, investigation is thus required to determine 
to what extent environmental fate, speciation, and concentrations are determined by 
the physicochemical properties of the ENP for two reasons. First, to make explicit to 
what extent the variation in the bioavalaible concentrations predicted for nano-CeO2, 
-TiO2 and -ZnO are suitable for extrapolation to other nanomaterials, and second to 
evaluate the environmental distribution of nanoparticles that do not have physicoche-
mical properties comparable to nano-CeO2, -TiO2 and –ZnO.
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ABstrACt

There is a growing need for good environmental risk assessment of engineered na-
noparticles (ENPs). Environmental risk assessment of ENPs has been hampered by lack 
of data and knowledge about ENPs, their environmental fate and their toxicity. This 
leads to uncertainty in the risk assessment. To effectively deal with uncertainty in the 
risk assessment, probabilistic methods are advantageous. In the present study, we 
develop a method to model both the variability and uncertainty in environmental risk 
assessment of ENPs. This method is based on the concentration ratio (CR), the ratio of 
the exposure concentration to the critical effect concentration, both considered to be 
random. In our method, variability and uncertainty are modeled separately, so as to 
allow the user to see which part of the total variation in the CR is due to uncertainty 
and which part is due to variability. We illustrate the use of our method using a simp-
lifed aquatic risk assessment of nano-TiO2. Our method allows a more transparent risk 
assessment and can also direct further environmental and toxicological research to 
the areas in which it is most needed.
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introduCtion

There is a growing need for good environmental risk assessment of engineered na-
noparticles (ENPs). ENPs may pose a potential risk in the environment because the 
increased production and use of ENPs and derived products result in relevant release 
of ENPs into the environment 210-212.

Environmental risk assessment of ENPs has been hampered by large uncertainty. 
This un-certainty may be due to lack of data and knowledge about ENPs, their envi-
ronmental fate, their toxicity213 and about how to apply standard methods 214. Part of 
the uncertainty may also be due to artifactual results215. In traditional risk assessment 
procedures, the problem of uncertainty is commonly addressed by making use of 
conservative or worst-case scenarios.

Using conservative scenarios to deal with uncertainty, however, is not desirable 
for three rea-sons. First, a conservative scenario is by definition unrealistic in order to 
be on the safe side. This may result in an over-conservative risk assessment leading to 
unnecessarily stringent regulation on the use of nanotechnology. Second, the transpa-
rency of the risk assessment is compromised in that it is nearly impossible to explicitly 
quantify how conservative the risk assessment is. Third, in a deterministic conservative 
risk assessment, it is not possible to differentiate between uncertainty and variability. 
Uncertainty is the, in principle, reducible variation that exists due to lack of data and 
knowledge216. On the other hand, variability is the natural inherent variation that is 
present in all natural processes and living organisms and is, therefore, not reducible216. 
To improve a risk assessment, the effect of uncertainty on the risk assessment needs 
to be studied and if necessary, reduced. This is only possible if we separately quantify 
uncertainty and clearly follow the path to its sources. A deterministic risk assessment 
does not allow for such a separation in a transparent way. This hampers focused re-
search on areas of high uncertainty because these cannot be identified. Probabilistic 
methods are a way forward to effectively deal with uncertainty in the risk assessment.

A literature search on the words probabilistic risk assessment in Scopus, the world’s 
largest abstract and citation database covering more than 21 000 peer-reviewed jour-
nals, produced more than 10 000 results. Figure 5.1 illustrates the massive increase in 
the number of publications in the last 15 years. Adding the word ‘nano’ to the search, 
however, only gives a meager 60 results (20 February 2016). The difference is evident 
in Figure 1 and underlines the need for more research into probabilistic methods for 
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the risk assessment of ENPs. This call is echoed by Koelmans et al. 167 who call for 
probabilistic modeling when dealing with uncertainty.

figure 5.1. A line graph illustrating the number of publications from 1990 to 2015 on probabilistic 
risk assessment, nano risk assessment, and probabilistic nano risk assessment.

Probabilistic methods for the risk assessment of ENPs include Monte Carlo analysis 
and Bayesian networks 208, 217-219. Although these methods quantify the variation in the 
various components of the risk assessment, this variation is referred to as uncertainty 
only in the mentioned publications. Some of this variation, however, is also due to 
variability.

In the present study, we use Integrated Probabilistic Risk Assessment (IPRA) to 
model both the variability and uncertainty in environmental risk assessment of ENPs. 
The IPRA method was developed for the risk assessment of human health effects due 
to chemicals 220, 221 and has found many applications222-226. It has also been applied to 
nanosilica in food 227. To the best of our knowledge, this is the first time that IPRA is 
used for environmental risk assessment of ENPs. We illustrate the use of the method 
using a simplified aquatic risk assessment of nano-TiO2. The case study is presented 
as an illustration of our proposed method, and it should be noted that a full risk as-
sessment of nano-TiO2 is outside the scope of the present study.

Risk assessment consists of exposure assessment, hazard assessment and risk 
characterization. For environmental exposure assessment, we use the multimedia 
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fate model, SimpleBox4Nano (SB4N) 166, to predict exposure concentrations (ExpCs) of 
nano-TiO2 in the aquatic compartment. By extending the model with uncertainty and 
variability distributions, we can quantify the variability of predicted ExpCs in a cumu-
lative distribution function (cdf) with confidence bands that quantify the uncertainty.

For environmental hazard assessment, we start from the probabilistic species 
sensitivity distribution (pSSD) model of Gottschalk and Nowack228 and Coll et al. 218and 
adjust it to separately quantify variability and uncertainty. Similarly to the exposure 
assessment, our method allows the variability in critical effect concentrations (CECs) to 
be quantified in a cdf with confidence bands that quantify the uncertainty.

Finally, the exposure and hazard assessment are combined into the concentration 
ratio (CR). Besides being designed for the separate quantification of variability and 
uncertainty, our method also allows us to study the contribution of the different 
uncertainty sources to the total uncertainty in the CR.

In Section Method, we provide the background of the SB4N and pSSD models and 
de-scribe the IPRA method. In Section Results, we provide the results of applying our 
method to nano-TiO2 in water. In Section Discussion we discuss the results and discuss 
our method and its limitations.

MEthods

In this section, we provide the background of the SB4N and pSSD models. We then 
describe the IPRA method and its implementation.

Exposure assessment 

SB4N is a multimedia fate model that simulates the environ-mental fate of ENPs 166. It 
is a modification of the original SimpleBox model 73, 133, 175 used for chemical exposure 
assessment in Registration Evaluation Authorization and Restriction of Chemicals 
(REACH). SB4N models the fate of ENPs in four compartments, namely, atmosphere 
(including rain), surface water, sediment and soil (including soil pore water). Within 
each compartment, ENPs can occur in different physical-chemical forms: (i) freely 
dispersed (free), (ii) hetero-aggregated with natural colloidal particles, or (iii) attached 
to larger natural coarse particles that are prone to gravitational forces in aqueous 
media166. Using a mass balance modeling system206, 229, SB4N obtains the masses (in 
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kg) of ENPs in each of the four compartments and for each of the three forms. These 
can be converted to concentrations by dividing the mass by the total water volume.

SB4N performs a deterministic exposure risk assessment. The model takes single-
value inputs and returns single-value masses. In Section Quantifying variability and 
uncertainty in exposure, we place SB4N in a two-dimensional Monte Carlo (2DMC) 
structure in order to feed the model with variability and uncertainty data and obtain 
the variability and uncertainty distributions of the ExpCs of ENPs. For easier imple-
mentation in IPRA, we coded SB4N (which is an MS Excel model) in R software 230 in an 
object-oriented way.

Hazard assessment 

Different species have different sensitivities. Sensitivities are quantified in the form of, 
what we call, limit concentrations, such as no observed effect concentration (NOEC), 
10% lethal concentration (LC10), 50% lethal concentration (LC50), 10% effect concen-
tration (EC10), 50% effect concentration (EC50). A statistical distribution describing 
the differing sensitivities among a group of species is called a species sensitivity 
distribution (SSD). Gottschalk and Nowack 228 developed the pSSD method which, in 
addition to quantifying the variability in species’ sensitivity also includes the variation 
within a species due to different experimental conditions. This method was further 
extended to include further uncertainty about the data points and the assessment 
factors used208, 218. 

The pSSD method was developed on data from literature. The data was collected 218 
according to selection criteria in accordance with REACH guidance231. First, only effects 
on survival, growth, reproduction and changes in significant metabolic processes (e.g. 
photosynthesis218 ) were included. Second, only toxicity studies on living organisms 
were included (i.e. no tissue or in vitro experiments). Third, if chronic and acute limit 
concentrations were available, the chronic one was chosen. Fourth, only one limit 
concentration per study was used. Finally, all different limit concentrations from tests 
which used different particle type, particle sizes or media were included. For the spe-
cific case of nano-TiO2 in the aquatic compartment, there were 73 limit concentrations 
for 31 species from 5 taxonomic groups (Table C2.1) 218. 

In order to incorporate all the different limit concentrations into one SSD, the limit 
concentrations are transformed to species sensitivity values by making use of two 
assessment factors (AFs) 208, 218. In the present study, we refer to these species sensiti-
vity values as chronic critical effect concentrations (CECs). The first AF transforms the 
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limit concentration to a critical effect concentration. An AF of 1 was used for NOEC 
and highest observed no effect concentration (HONEC), AF of 2 for LC10, 20% lethal 
concentration (LC20), EC10, 20% effect concentration (EC20), lowest observed effect 
concentration (LOEC), and lowest effective dose (LED) and AF of 10 for 25% lethal con-
centration (LC25), LC50, 25% effect concentration (EC25) and EC50 values. The second 
AF transforms from short-term to long-term effects. An AF of 1 was used for long-term 
experiments and an AF of 10 was used for short-term experiments. The exposure 
time needed to classify an experiment as long- or short-term varies according to the 
taxonomic group218. 

After the data transformation step, the SSD is constructed in two steps. In the first 
step, a single empirical SSD for each species is constructed using a Monte Carlo routine 
208. In the second step, all the single SSDs are combined into one empirical SSD. 

Risk assessors are often interested in a predicted no-effect concentration (PNEC) 
which generally is the 5th percentile of the SSD, also referred to as the 5% hazard 
concentration (HC5). Coll et al. 218 extended the pSSD method to include uncertainty 
on the assessment factors and extra uncertainty on the endpoints, which, in a Monte 
Carlo simulation, provides an uncertainty distribution for the PNEC.

The pSSD method quantifies uncertainty and variability. The constructed SSD, 
however, contains both the variability of species sensitivity as well as the uncertainty 
due to experimental differences within a single species. In addition, the uncertainty 
distribution of the PNEC contains the uncertainty of the assessment factors and only 
partially the uncertainty of the limit concentrations. This is due to the fact that the 
experimental uncertainty was modelled together with variability in the constructed 
SSD, thereby, combining variability and uncertainty in one SSD. It is, therefore, neither 
possible to study the effect of uncertainty on the effect assessment, nor to study the 
contribution of the different sources of uncertainty to the hazard assessment and ulti-
mately the CR. In Section Quantifying variability and uncertainty in hazard, we adjust 
the pSSD method to allow for the separate quantification of variability and uncertainty

Integrated probabilistic risk assessment

IPRA uses a 2DMC scheme to quantify uncertainty and variability distributions se-
parately in the risk assessment as illustrated in Figure 5.2. Details on the exposure, 
hazard and risk aspects of the model are discussed in Sections Quantifying variability 
and uncertainty in exposure, Quantifying variability and uncertainty in hazard and 
Integrated probabilistic risk assessment, respectively. IPRA is available in the Monte 
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Carlo Risk Assessment (MCRA) software232 in the context of human health, but for our 
environmental risk assessment application, it was coded in R Software230.

figure 5.2 A schematic diagram of uncertainty and variability loops in the 2-dimensional Monte 
Carlo scheme used in integrated probabilistic risk assessment. SimpleBox4Nano (SB4N) is a mul-
timedia fate model that simulates the environmental fate of engineered nanoparticles producing 
exposure concentrations from input variables. DLVO = Derjaguin-Landau95-Verwey-Overbeek 96the-
ory to calculate attachment efficiencies.

Quantifying variability and uncertainty in exposure In order to allow defining variabi-
lity and uncertainty in exposure concentrations, it is important to de ne the unit at risk 
of the risk assessment. SB4N is designed to predict exposure concentrations on the 
regional scale, where regions are defined as spatial units of 200km x 200km. Variability 
in exposure is, therefore, defined as the natural occurring variation in ExpCs between 
regions.

SB4N has many input variables, which may be variable between regions, uncertain, 
or both. In order to keep the number of variables manageable, we made ainvk selec-
tion of the most important variables on which to apply the 2DMC algorithm. Meesters 
et al. 233 conducted a sensitivity analysis to determine which variables play a large role 
in determining the nanoparticle masses in the various compartments. In the present 
study, we only considered aquatic risk assessment and are, therefore, only interested in 
the nanoparticle masses in the aquatic compartment. From the sensitivity analysis233, 
we selected those variables that had a large influence on the nanoparticle masses in 
the aquatic compartment.

For each of the selected variables, we obtained ranges of possible values from 
literature (Tables C1.1-C1.4). We assumed that the main source of variation for each 



93

variable was due to either variability or uncertainty. Moreover, the available informa-
tion in the literature was not sufficient to determine which part of the range of values 
was due to variability and which part was due to uncertainty. We, therefore, assumed 
that the reported variation was due completely to either uncertainty or variability. The 
selected variables are indicated by a “V” (for a variable input) or “U” (for an uncertain 
input) in literature. The remaining variables indicated by a “C” were given the default 
value.

First, we look in some more detail at variability. In terms of the final output of the 
exposure assessment, namely predicted environmental concentration, variability is 
the naturally occurring variation in environmental concentration between regions. The 
distributions should, therefore, quantify the natural variation of that variable between 
regions.

As an example, consider the variable waterdepth, which is one of the system di-
mension variables of SB4N. It is obvious that water depth is variable when looking at a 
collection of water bodies. Considering the regional scale of SB4N, however, the water 
depth variable does not represent the depth of an individual water body, but rather 
the average water depth of all water bodies in a 200km x 200km region. The variability 
distribution for waterdepth should, therefore, quantify the variability in average water 
depth between regions. More concrete, this means capturing the variability in average 
water depth between 200km x 200km regions in the Netherlands, Italy and Norway for 
example. This variability is quantified by providing waterdepth with a variability distri-
bution, namely a lognormal distribution with a mean of 3 and a standard deviation of 
0.237 (Table C1.1).

Similarly, variability distributions were applied to all the variables from the pre-
selection considered to vary due to variability. These variables are indicated by a “V” 
in Tables C1.1-C1.4. The choice of distributions was based on experimental or expert 
knowledge from literature (see references in Tables C1.1-C1.4). To keep the method 
simple, we assumed that the variability distributions were fully known, i.e. the distri-
bution parameters are assumed to be known and not subject to uncertainty.

For one variable, namely invkdebye, we obtained an empirical variability distribu-
tion. Invkdebye is the debye length used to calculate attachment eficiencies between 
engineered and natural (nano)particles with the Derjaguin Landau Verwey Overbeek 
(DLVO) theory95, 96. Experimental debye length values were obtained by Hammes et 
al.234. Because of the large number of values (808), it was possible to quantify the 
variability via an empirical distribution.
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Next we consider uncertainty. A variable that is subject to uncertainty only, is in 
theory considered to be a constant.

As an example, consider the variable diameterenp, which represents the mean 
nano-TiO2 particle size. We assume a similar nano-TiO2 production between regions 
and, therefore, similar particle size distributions between regions. In a perfect world 
where everything is known, the mean particle size would be a known constant. In prac-
tice, however, we are uncertain about what this average particle size actually is. This 
uncertainty is quantified by providing diameterenp with an uncertainty distribution, 
namely a lognormal distribution with 2.5th percentile equal to 1 and 97.5th percentile 
equal to 100 (Table C1.2).

All variables of the pre-selection considered to be uncertain are given an uncer-
tainty distribution. These distributions are based on experimental or expert know-
ledge from literature (Tables C1.1-C1.4). As was the case for variability, there is one 
variable, namely prodvol, for which we obtained an empirical uncertainty distribution. 
Prodvol is the production volume of nano-TiO2. We obtained production volumes from 
a Monte Carlo simulation study 165from which we created the empirical distribution.

The variability and uncertainty distributions applied to the variables are given in 
(Tables C1.1-C1.4). These distributions are the inputs for the 2DMC algorithm 235 in 
which we generated 200 draws from the joint distribution of the uncertain variables 
and, given these draws, thus for each row, 1000 draws from the joint distribution of 
the variables that cause variability in the exposure (Appendix C6). The values obtained 
for each combination of uncertainty and variability draws are used as input to SB4N, 
resulting in an exposure concentration which thus represents a draw from the expo-
sure distribution for a particular draw of the uncertain variables.

The output of the algorithm is thus a 200km x 1000km matrix with exposure con-
centrations, where each row represents the variability distribution of the exposure 
given a particular draw from the joint uncertainty distribution. If each row of the 
200km x 1000km exposure concentration matrix is sorted from small to large, then 
the value in the 10k-th column of each row is an estimate of the k-th percentile of the 
exposure distribution for that particular row. Consequently, each column then repre-
sents the uncertainty distribution of 1000 equally spaced percentiles of the exposure 
distribution.
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Quantifying variability and uncertainty in hazard

Building on the pSSD method208, 218, 228, we develop a 2D Monte Carlo method to separa-
tely quantify uncertainty and variability. Again, it is necessary to define the unit at risk, 
which for effect distributions is commonly taken to be the species.

For the SSD, we need chronic critical effect concentrations (CECchronic). These, howe-
ver, are often not directly available for the species we want to include in the SSD. In 
this case, they are calculated as:
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Quantifying variability and uncertainty in hazard 
Building on the pSSD method208, 218, 228, we develop a 2D Monte Carlo method to 
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For the SSD, we need chronic critical effect concentrations (CECchronic). These, however, are 
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where CONC is the limit concentration (e.g., LC10 or EC20) obtained from a toxicological 
study, AFtime is the assessment factor to extrapolate from acute to chronic studies, and 
AFno-effect is the assessment factor to extrapolate from the limit concentration to the critical 
effect concentration. 
Variability in chronic critical effect concentrations refers to the natural variation in critical 
effect concentrations between species. This variability is quantified by defining a 
distribution over chronic critical effect concentrations for different species. In practice, 
such a distribution is often taken as the log-normal distribution236-240, assuming the species 
critical effect concentrations are normally distributed on the log scale. We also use log-
normal distributions in our method. 
The 3 variables used to calculate the chronic critical effect concentration (the limit 
concentration and 2 assessment factors in Equation 5.1) can all be subject to uncertainty. 
Uncertainty in the limit concentration is the result of differences between toxicity studies 
within a species. To quantify this uncertainty, we divide the limit concentrations into 
groups per species. The uncertainty distribution for each species is taken to be a log-
normal distribution with the 2.5th (97.5th) percentile equal to the minimum (maximum) 
concentration in that group divided (multiplied) by an uncertainty factor of 2. This 
uncertainty factor is based on the assumption that, as a result of uncertainty, the limit 
concentration can be a factor 2 lower or higher than the measured experimental limit 
concentration value(s). This factor of 2 is similar to the 50% coefficient of variation used in 
the pSSD method208. 
Within 1 species, however, there can be different experimental duration types (2 types: 
short or long) and limit concentration types (3 types: NOEC, HONEC; LC10, LC20, EC10, 

where CONC is the limit concentration (e.g., LC10 or EC20) obtained from a toxicologi-
cal study, AFtime is the assessment factor to extrapolate from acute to chronic studies, 
and AFno-effect is the assessment factor to extrapolate from the limit concentration to 
the critical effect concentration.

Variability in chronic critical effect concentrations refers to the natural variation in 
critical effect concentrations between species. This variability is quantified by defining 
a distribution over chronic critical effect concentrations for different species. In prac-
tice, such a distribution is often taken as the log-normal distribution236-240, assuming 
the species critical effect concentrations are normally distributed on the log scale. We 
also use log-normal distributions in our method.

The 3 variables used to calculate the chronic critical effect concentration (the limit 
concentration and 2 assessment factors in Equation 5.1) can all be subject to uncertainty.

Uncertainty in the limit concentration is the result of differences between toxicity 
studies within a species. To quantify this uncertainty, we divide the limit concentrati-
ons into groups per species. The uncertainty distribution for each species is taken to 
be a log-normal distribution with the 2.5th (97.5th) percentile equal to the minimum 
(maximum) concentration in that group divided (multiplied) by an uncertainty factor 
of 2. This uncertainty factor is based on the assumption that, as a result of uncertainty, 
the limit concentration can be a factor 2 lower or higher than the measured experi-
mental limit concentration value(s). This factor of 2 is similar to the 50% coefficient of 
variation used in the pSSD method208.

Within 1 species, however, there can be different experimental duration types (2 
types: short or long) and limit concentration types (3 types: NOEC, HONEC; LC10, LC20, 
EC10, EC20; LC25, LC50, EC25, EC50). An example of such a species is Danio rerio, as 
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shown in Table 5.1. We cannot combine these into 1 uncertainty distribution because 
each group needs to have different assessment factors applied to it. For these species, 
we sample in each uncertainty run 1 group with probability equal to the number of 
concentration values divided by the total number of concentration values for that spe-
cies. For the example in Table5.1, we would sample 1 of the groups with probabilities 
0.2, 0.6, and 0.2 for the 3 groups. The log-normal species uncertainty distribution is 
then assumed for that group as explained.

table 5.1. Nano–titanium dioxide effect data for Danio rerio 218.
Limit concentration type Limit concentration (μg/L) Exposure time (h) AFtime AFno-effect

HONEC 500 4320 1 1
LC50 124 500 96 10 10
LC50 156 000 24 10 10
LC50 300 000 24 10 10
HONEC 500 000 96 10 1

AF = assessment factor; HONEC = highest-observed-no-effect concentration; LC50 = 50% lethal 
concentration.

The uncertainty distribution for the assessment factors is centered around the nominal 
values, as explained in the section Hazard assessment and given in Table C2.1. As in 
the case of the limit concentrations, we again use an uncertainty factor of 2 below and 
above each assessment factor value. This is similar to the 50% deviation used in the 
pSSD method218. The obtained lower and upper bounds are again equated to the 2.5th 
and 97.5th percentiles of a log-normal distribution.

In each uncertainty run, 1 limit concentration is drawn from each of the 31 species 
uncertainty distributions. Each of these limit concentrations is then divided by a value 
drawn from the corresponding uncertainty distribution of each assessment factor. The 
resulting 31 chronic critical effect concentration values are used to estimate the mean 
and standard deviation for the log-normal distribution of the variability (i.e., the SSD). 
A detailed algorithm can be found in Appendix C6.

Similar to the exposure assessment, the output of the algorithm is a 200 × 1000 
matrix with critical effect concentrations, where each row represents the variability 
distribution of the critical effect (i.e., the SSD) for a particular draw from the joint 
uncertainty distribution. If each row of the 200 × 1000 critical effect concentration 
matrix is sorted from small to large, then the value in the 10kth column of each row 
approximately is an estimate of the kth percentile of the critical effect distribution 
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for that particular row. Consequently, each column then represents the uncertainty 
distribution of 1000 equally spaced percentiles of the critical effect distribution or SSD.

Integrated probabilistic risk assessment

In this section, we discuss the integration of the exposure and hazard assessments into 
the risk characterization. For this, we use the concentration ratio (CR), given by
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(Equation 5.2) 
 
A concentration ratio less than 1 indicates that the exposure concentration is lower than 
the chronic critical effect concentration of the species and, therefore, indicates a safe 
situation. A concentration ratio greater than 1, however, indicates a possibly unsafe 
situation. 
Combining the units of the exposure and the effect models, we obtain the unit at risk as a 
species in a 200 × 200 km region. The variability distribution, therefore, describes variation 
between random species in random regions. 
The matrix of concentration ratio values is obtained by dividing the (unsorted) exposure 
matrix by the (unsorted) critical effect matrix element-wise. Each row represents the 
variability distribution of concentration ratio given a particular draw from the joint 
uncertainty distribution. If each row of the 200 × 1000 concentration ratio matrix is sorted 
from small to large, then the value in the 10kth column of each row is an estimate of the 
kth percentile of the concentration ratio distribution for that particular row. Consequently, 
each column then represents the uncertainty distribution of 1000 equally spaced 
percentiles of the concentration ratio distribution. 
A simple graphical representation of both variability and uncertainty of the concentration 
ratio can be given in the form of a so-called concentration ratio bar graph (similar to the 
IPRA bar graphs in Jacobs et al.227 and van der Voet et al. 221). In a concentration ratio bar 
graph, a box represents the variability distribution of the concentration ratio between 
specified percentiles. These can be particular percentiles (denoted by px for the xth 
percentile; e.g., p0.1 and p99.9, p1 and p99, or p5 and p95, depending on the level of 
protection required). Whiskers are used to represent the 5% lower and 95% upper 
uncertainty limits of these percentiles. A dot on the bar indicates the median of the 
variability distribution. 
We also calculate the risk, R = P(CR > 1), together with its uncertainty bounds. 
To study the extent to which sources of uncertainty contribute to the total uncertainty 
present in a certain percentile of interest, we implement a probabilistic uncertainty 
analysis220. We group all sources of uncertainty into just 2 groups: exposure-related and 
effect-related uncertainties. This results in a 22 factorial design where sampling from the 
uncertainty distributions for each group is turned on and off. For a given percentile, 22 = 4 
values are obtained in each uncertainty run, resulting in 4 distributions, which are 
summarized by their variance. An additive model is then fitted to the 4 variances. When 
this model explains most of the variance, which is usually the case, the coefficients of the 
main effects can indicate the contribution to the total variation227. The intercept term 
represents the additional uncertainty from Monte Carlo sampling when the 2 input group 
uncertainty sources are turned off. Without any uncertainty in the inputs, there is still 

A concentration ratio less than 1 indicates that the exposure concentration is lower 
than the chronic critical effect concentration of the species and, therefore, indicates 
a safe situation. A concentration ratio greater than 1, however, indicates a possibly 
unsafe situation.

Combining the units of the exposure and the effect models, we obtain the unit 
at risk as a species in a 200 × 200 km region. The variability distribution, therefore, 
describes variation between random species in random regions.

The matrix of concentration ratio values is obtained by dividing the (unsorted) 
exposure matrix by the (unsorted) critical effect matrix element-wise. Each row repre-
sents the variability distribution of concentration ratio given a particular draw from the 
joint uncertainty distribution. If each row of the 200 × 1000 concentration ratio matrix 
is sorted from small to large, then the value in the 10kth column of each row is an 
estimate of the kth percentile of the concentration ratio distribution for that particular 
row. Consequently, each column then represents the uncertainty distribution of 1000 
equally spaced percentiles of the concentration ratio distribution.

A simple graphical representation of both variability and uncertainty of the 
concentration ratio can be given in the form of a so-called concentration ratio bar 
graph (similar to the IPRA bar graphs in Jacobs et al.227 and van der Voet et al. 221). In 
a concentration ratio bar graph, a box represents the variability distribution of the 
concentration ratio between specified percentiles. These can be particular percentiles 
(denoted by px for the xth percentile; e.g., p0.1 and p99.9, p1 and p99, or p5 and p95, 
depending on the level of protection required). Whiskers are used to represent the 5% 
lower and 95% upper uncertainty limits of these percentiles. A dot on the bar indicates 
the median of the variability distribution.

We also calculate the risk, R = P(CR > 1), together with its uncertainty bounds.
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To study the extent to which sources of uncertainty contribute to the total 
uncertainty present in a certain percentile of interest, we implement a probabilistic 
uncertainty analysis220. We group all sources of uncertainty into just 2 groups: 
exposure-related and effect-related uncertainties. This results in a 22 factorial design 
where sampling from the uncertainty distributions for each group is turned on and off. 
For a given percentile, 22 = 4 values are obtained in each uncertainty run, resulting in 4 
distributions, which are summarized by their variance. An additive model is then fitted 
to the 4 variances. When this model explains most of the variance, which is usually 
the case, the coefficients of the main effects can indicate the contribution to the total 
variation227. The intercept term represents the additional uncertainty from Monte 
Carlo sampling when the 2 input group uncertainty sources are turned off. Without 
any uncertainty in the inputs, there is still variation in output from the random Monte 
Carlo sampling of variability. Results are illustrated by means of a bar graph.

rEsults

In this section, we describe the results obtained from an application of the method 
that we propose in the present study to an aquatic risk assessment of nano-TiO2. He-
reby, we illustrate what kind of information can be obtained from our method and how 
our method can be used to gain insight into the roles that variability and uncertainty 
play in nanoparticle risk assessment.

The variability and uncertainty distributions applied to variables of the SB4N model 
are provided in Tables C1.1-C1.4.

Figure 5.3 illustrates the total exposure and the critical effect distributions, with 
uncertainty bands. The exposure distribution is plotted as an exceedance (1–cumula-
tive distribution function) curve, indicating the percentage of regions that exceed the 
concentration on the x axis. The amount of overlap of the curves is an indication of the 
amount of risk and is related to the expected risk concept and the area under the joint 
probability curve 241, 242.

Figure 5.4 shows the concentration ratio bar graph plotted for various forms of 
nanoparticle exposure. For each bar, a different exposure concentration (as indicated 
by the labels) was used to calculate the concentration ratio. The 5 bars represent the 
variability distribution of the concentration ratio between the 1st (p1) and the 99th 
(p99) percentiles. For each bar, the whiskers represent the 5% lower and 95% upper 
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uncertainty limits of these percentiles. The dot on each bar indicates the median of 
the variability distribution. Except for the free nanoparticle exposure concentrations, 
all the exposure concentrations caused to some extent a concentration ratio greater 
than 1. The implications of this are further discussed in in the Discussion section.

figure 5.3. The exposure exceedance distribution (black solid line) and critical effect cumulative 
distribution (red solid line). Dotted lines indicate the 95% uncertainty band.

figure 5.4 Concentration ratio bars illustrating the variability and uncertainty distributions of the 
concentration ratio. Boxes represent concentration ratio distributions between p1 and p99 for en-
gineered nanoparticles that are attached to coarse particles (Att. Coarse), free, hetero-aggregated 
(het-agg.) with colloids, free + hetero-aggregated with colloids, and total exposure. In each box, 
whiskers represent the lower 5% uncertainty bound and the upper 95% uncertainty bound of the 
lower and upper percentiles. Background coloring visualizes the transition from low (green) to high 
risk (red).
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Figure 5.5 illustrates the uncertainty distribution of the risk, R = P(CR > 1), using 
total exposure. The vertical line indicates the nominal risk value (0.111), which is 
R = P(CR > 1) calculated using only the variability distribution of the concentration ratio 
without any uncertainty. The risk distribution specifies variation between species and 
between regions. Note that this can correspond with many different situations, such 
as, as extremes, 11.1% of species being at risk in all regions or all species being at risk 
in 11.1% of the regions. A discussion on this double interpretation and its drawbacks 
can be found in Verdonck et al.237.

figure 5.5 Histogram of the uncertainty distribution of the risk, R = P(CR > 1). Red vertical line indi-
cates the nominal risk. CR = concentration ratio.

It is important to determine how the uncertainty in the percentiles of the concen-
tration ratio is affected by the different uncertainty sources. Figure 5.6 indicates the 
relative contribution of each source of uncertainty to the total uncertainty in 4 upper 
percentiles of the concentration ratio distribution—namely, p90, p95, p97.5, and 
p99. We note that the contribution of Monte Carlo uncertainty is negligible for all 
the percentiles; therefore, our choice for 1000 Monte Carlo iterations to describe the 
variability seems sufficiently high. The uncertainty in the critical effect concentration 
is the main contributor to the total uncertainty for all percentiles, increasing for the 



101

more extreme percentiles. To further study the exact source of this uncertainty, one 
could perform a similar uncertainty analysis on the individual uncertainty sources that 
contribute to the uncertainty in the exposure and critical effect concentrations.

figure 5.6 Bar graph illustrating the relative contribution of each source of uncertainty to the 
uncertainty of the 4 upper percentiles (p90, p95, p97.5, and p99) of the concentration ratio distri-
bution. The variances explained by the additive model for the 4 percentiles are 98.47%, 98.76%, 
94.76%, and 99.76%, respectively. MC = Monte Carlo.

disCussion

In this section, we discuss the results on the use of free nanoparticles, ENP hetero-
aggregates with natural colloid particles, and ENPs attached to natural coarse particles 
in risk assessment and model uncertainty of the exposure and effect models.

Although Figure 5.4 may lead one to believe that nano-TiO2 poses some risk to 
the aquatic environment, care should be taken in its interpretation. The concentration 
ratio is calculated using the chronic critical effect concentration, which is assumed 
to be a no-effect concentration. This concentration is extrapolated from some limit 
concentration by an assessment factor, AFno-effect. The true no-effect concentration is 
not known. Keeping this in mind, a concentration ratio greater than 1 does not indicate 
a negative effect with certainty but rather a potentially unsafe situation. We can no 
longer exclude a possible risk.

Another point to consider is the quantification of variability in the exposure assess-
ment. All of the distributions used (Tables C1.1–C1.4) are motivated by the literature 
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as the possible range the variable can take. In the case of variability, however, these 
distributions do not always necessarily reflect the realistic variability. This is because 
in the literature one usually finds the possible range of individual values that a certain 
variable can take. The variability distribution, however, should quantify the variability 
of the mean value of a variable in a region (200 × 200 km). From the central limit theo-
rem, we know that the standard deviation of the mean is σ/n, where σ is the standard 
deviation of the individual values and n the sample size243. We would, therefore, expect 
the true variability distributions to be narrower than those we used. In the case of the 
exposure, this would result in a narrower exposure concentration distribution. This 
will work into the concentration ratio distribution in Figure 5.4 and may cause the gray 
bars to be less wide, resulting in a less extreme upper percentile.

Variability in exposure, even when possibly overestimated, does not, however, 
seem to be the major source of variability in the concentration ratios. The large contri-
bution of effect variability is clearly illustrated in Figure 5.7, which shows the variability 
distributions (p1–p99) of the various exposure concentrations and the critical effect 
concentrations. The distribution of the critical effect is much wider than that of the 
exposure. The large variability in the effect is the result of the large variation in critical 
effect concentrations among species. Some species are very much more sensitive to 
nano-TiO2 than others.

figure 5.7 Exposure and critical effect concentration bars illustrating the variability and uncertain-
ty distributions of the exposure and critical effect. The first 5 boxes represent the exposure distribu-
tions between p1 and p99 for engineered nanoparticles that are attached to coarse particles (att. 
Course), free, hetero-aggregated (het-agg.) with colloids, free + hetero-aggregated with colloids, 
and total exposure. The last box represents the critical effect distribution between p1 and p99. In 
each box, whiskers represents the lower 5% uncertainty bound of the lower percentile and the up-
per 95% uncertainty bound of the upper percentiles. Background coloring visualizes the transition 
from low (blue) to high nano–titanium dioxiode (nano-TiO2) concentration (white).
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Although we might be able to reduce the total variability of the concentration ratio dis-
tribution by more accurate specification of the variability distributions in the exposure 
assessment, the large amount of variability in the effect concentrations will prevent 
any significant reduction.

In the present study, we applied the IPRA method to the aquatic risk assessment 
of nanoTiO2. This method, however, is not limited to the aquatic compartment. Sim-
pleBox4Nano is a generic model, modeling the fate of nanoparticles for the environ-
mental compartments of air, water, soil, and sediment 166. Our method can, therefore, 
be applied to any of these 4 compartments, provided there are sufficient critical effect 
data available for that compartment.

Exposure of free, hetero-aggregated, and attached ENPs

The ratios between exposure and critical effect concentrations suggest safe concentra-
tions only for the free forms of nano-TiO2 but not for exposure to hetero-aggregates 
with natural colloid particles, ENPs attached to natural coarse particles, or the sum 
of all ENP forms (Figure 5.4). That does not directly indicate that aquatic organisms 
are at risk. This is complex to assess because it is not yet known to what extent the 
relevant exposure concentration should include ENPs that are attached to natural 
particles 167. There are no approaches designed to quantify predicted exposure con-
centrations into bioavailable exposure estimates 243because the fate and exposure of 
ENPs are not incorporated in aquatic toxicity tests 209. The current risk-assessment 
frameworks, such as REACH, do not consider the fraction of chemicals or metals that is 
associated with suspended particles to contribute to environmental exposure because 
free metal species are “far more bioavailable than most complexed metal species” 79. 
Under REACH, the free (dissolved) concentration of a metal (oxide) is defined as “the 
fraction of a metal that passes through a filter of 450 nm” 79. Following this definition 
for ENPs would mean that the sum of dissolved/ionic, free pristine nanoparticulate 
forms and hetero-aggregates (<450 nm) is considered to be the bioavailable fraction. 
Moreover, aggregation might even increase the uptake and bioavailability of ENPs. 
Depending on the feeding mechanism of the organism at stake, (hetero-)aggregated 
ENPs may have grown to a size so that they no longer pass the filtering apparatus of fil-
ter feeders167, 244. On the other hand, an aggregated state probably yields higher effect 
thresholds because particle toxicity would be lowered by aggregation or encapsulation 
of the nanoscale particles167, 244. The critical effect concentrations that are applied in 
the concentration ratio are based on toxicity testing of free and homo-aggregated 
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ENPs 218 and do not account for such possible reduction of the toxicity of the hetero-
aggregated species. Hence, the concentration ratios for nanoTiO2 that do not ensure 
safe concentrations (Figure 5.4) are still conservative estimates and should thus be 
interpreted with caution. Nonetheless, the results emphasize the relevance of the 
debate over whether aquatic toxicity of ENPs should be tested in their freely dispersed 
and unaggregated state or in a more environmentally realistic state that includes ENPs 
present as aggregates167. The concentration ratios prove that only including free ENPs 
and excluding the hetero-aggregated ENPs may lead to supposed safe but in reality 
unsafe concentrations.

From the above discussion, we see that the nanoparticle form in current toxicity 
tests is not compatible with the nanoparticle form to which species are exposed in the 
environment. Toxicity testing is performed on a substance (free and homo-aggregated 
ENPs) to which species are hardly exposed (see Figure 5.7). At the same time, we do 
not know the toxicity of the substance (hetero-aggregated ENPs) to which species are 
exposed in reality. This incompatibility between toxicity and exposure data constitutes 
extra uncertainty, which, if not resolved, could possibly be modeled.

Moreover, possible cumulative exposure to natural and engineered nano-TiO2 is 
not considered in our case study, serving as a proof of concept for the IPRA approach. 
Such natural background concentrations are derived as elemental Ti concentrations 
in field samples filtered for submicron particles for <450 nm, which are found to 
typically range between 0.02 g/L and 2.3 g/L in rivers172, 245. Hence, these measured 
concentrations are actually the sum of the elemental mass of Ti in dissolved, free, and 
aggregates of nanoparticles able to pass through a filter of <450 nm 172, 245. The current 
measurement techniques are not able to quantify the different forms of Ti in these 
field samples171so that considering the cumulative exposure of natural and engineered 
particles is only possible for the predicted concentrations that reflect the sum of free 
and hetero-aggregated nano-TiO2 (Figure 5.7). Indeed, there is some overlap between 
the range of typical natural concentrations and of the concentrations calculated for en-
gineered nano-TiO2 but only at the lower end of the exposure distribution. Moreover, 
the natural Ti concentrations hardly surpass the critical effect concentrations so that 
cumulative exposure of natural and engineered nanoparticles would only contribute 
to a minor extent in the environmental risk assessment of nano-TiO2. Nonetheless, 
the possibility of such cumulative exposure again emphasizes the need for consensus 
on what forms of ENPs should be interpreted as the relevant exposure concentration 
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and their compatibility with effect concentrations determined in the current toxicity 
testing protocols167.

Exposure model uncertainty

The simulations of environmental fate and concentrations of nano-TiO2 are performed 
within the context of the chemical safety assessment guidelines of REACH63. Within 
this context, environmental exposure models are considered a means to determine 
whether manufacture, import, or uses of a substance do not lead to concentrations 
that are not safe for the environment 63. In a first-tier approach, nonspatial multimedia 
fate models such as SimpleBox suffice, but further iteration is required if the conserva-
tive estimates for exposure levels are not below PNEC values 63.

The SB4N model is a screening-level model that is designed for exposure assess-
ment of background concentrations on a regional or continental scale167, 169. Simplifi-
cations in environmental exposure modeling are inevitable but acceptable if they can 
be justified scientifically 68. As such, SB4N is a generic model that is not temporal or 
spatially explicit, whereas complex chemical reactions between ENPs and environmen-
tal matrices are only implicitly included in the calculations of speciation166. Multimedia 
fate models that are spatially explicit, however, only yield better estimates if data on 
spatial variability in emission intensities are available205. To our knowledge, such data 
are only available for nanomaterials by extrapolation of the global and US production 
volume data in proportion to the gross domestic product of the region 130, 134, 165. Inclu-
ding temporal explicitness in exposure estimation also does not yield better estimates. 
The exposure concentrations are calculated for a steady state, but recalculation of the 
progress over time in reaching the simulated steady state predicted exposure concen-
trations in surface water shows this only leads to an overestimation of insoluble ENPs 
that are attached to natural coarse particles (Appendix C4).

Furthermore, chemical transformation processes such as functionalization, oxi-
dation, sulfidication, phosphorization, and adsorption of natural organic carbon are 
considered to be too complex to explicitly include in a screening-level exposure model 
such as SB4N166-168. These complex transformations of ENPs in the environment, ho-
wever, are not disregarded in SB4N. Rather, they are indirectly included through their 
contribution in ENP dissolution rates and the interaction between ENPs with natural 
particles (see Supplemental Data). Hence, the simplification in chemical speciation 
modeling and the lack of spatial and temporal detail do not hamper the evaluation of 
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the exposure of aquatic species to nano-TiO2 as long as the SB4N model outcomes are 
interpreted on a generic screening level (i.e., conservative and first-tier)167.

Effect model uncertainty

One of the problems in hazard assessment is how to deal with more than 1 critical 
effect concentration per species. The REACH regulation suggests using the geometric 
mean for each species with equivalent data on the same toxic endpoint231. The geo-
metric mean, however, favors small values because it shifts the SSD to the left228. This 
may lead to lower critical effect concentrations and a possibly overconservative risk 
assessment 228. The pSSD method solves this problem by using all the available data 
to construct single-species SSDs, which are then combined into a single SSD. The pSSD 
method, however, does not differentiate whether these single-species SSDs quantify 
uncertainty or variability. In our method, we assume that under identical experimental 
test conditions and using identical test species, repeated experiments would, in the-
ory, result in the same limit concentration (i.e., no variability). From this assumption, 
we deduce that the observed differences in limit concentrations for the same species 
should be attributed to uncertainty. The next question is then, how this uncertainty 
should be quantified. In our method, we assumed a log-normal distribution.

Another source of model uncertainty is usage of the assessment factors. Gottschalk 
et al.208 applied the 2 assessment factors (AFtime and AFno-effect) according to REACH 
guidelines as explained in the section Hazard assessment. To apply AFtime, we need to 
know which studies are acute and which are chronic. Gottschalk et al. 208 provide a de-
tailed description of the choice of AFtime for different taxonomic groups. For algae, for 
example, limit concentrations were considered chronic from an experiment duration 
of 72 h and more, whereas an experiment duration of 21 d was considered chronic for 
vertebrates. Such choices, although based on recommendations from the literature, 
are ultimately subject to varying levels of uncertainty. This also holds for the choice 
of applying a value of 1, 2, or 10 for AFno-effect. This uncertainty was not quantified 
in our method. It is, however, possible to extend our method to include additional 
uncertainty sources. These can be added as extra uncertainty factors.
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ConClusion

In the present study, we developed an integrated probabilistic risk-assessment method 
and applied it to nano-TiO2 in the aquatic environmental compartment. This method 
allows for separate quantification of the variability and uncertainty in the risk assess-
ment. In this way, we can see which part of the total variation in the concentration ratio 
is the result of uncertainty and which part is the result of variability. Variability was 
found to contribute the most. This was mainly because of the large variability in the 
critical effect concentrations. Furthermore, the uncertainty contribution of the expo-
sure and critical effect to the total uncertainty in the concentration ratio was studied. 
We found that the uncertainty in the critical effect is by far the greatest contributor. 
This conclusion is, of course, dependent on the choice of uncertainty distributions.

We do need to caution that the results do not constitute a fully comprehensive risk 
assessment. They should, therefore, be interpreted in the context of model develop-
ment and not as an authoritative aquatic risk assessment of nano-TiO2. As discussed 
in the section Exposure of free, hetero-aggregated, and attached ENPs, there is a need 
to broaden the scope of nanoparticle forms used in toxicity tests to include hetero-
aggregated nanoparticles. This constitutes an important future research area.

We conclude that a probabilistic risk assessment in which variability and uncer-
tainty are quantified separately adds to a more transparent risk assessment. Such a 
method allows for easy identification of variability and uncertainty sources, which in 
turn can direct further environmental and toxicological research to the areas in which 
it is most needed.
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ABstrACt

Screening level environmental exposure estimation has become feasible for engineered 
nanomaterials because of novel multimedia environmental fate models. However, en-
vironmental fate and exposure of nanomaterials is still not fully understood, because 
the new generation models are often applied to predict the fate and concentrations of 
often the same specific nanomaterials. Consequently, new insights gained by the models 
remain limited to the number of nanomaterials investigated.  Therefore, it is argued to 
investigate the extent to which environmental fate and exposure of nanomaterials is 
driven by their physicochemical properties in order to effectively obtain novel insights 
that apply to all nanomaterials. The multimedia environmental fate model SimpleBox-
4nano (SB4N) is used to express environmental concentrations of nanomaterials in 
the atmosphere, water, sediment and soil as a direct function of the physicochemical 
properties driving their environmental fate. Sensitivity plots are drawn to express the 
relationships between the nanomaterial physicochemical properties (specific weight, 
diameter, Hamaker Constant, dissolution rate, and attachment efficiencies with na-
tural particles), key environmental fate processes (deposition, filtration, attachment) 
and predicted free, bioavailable and total concentrations in the four environmental 
compartments. It was found that airborne nanomaterials with diameters < 10nm are 
less prone to persist in free atmospheric concentrations, whereas bioavailable and 
total concentrations in air are rather independent of physicochemical properties. Con-
centrations of nanomaterials in water are influenced most by their dissolution rate and 
attachment efficiency if greater than a critical value. Moreover, the largest fraction of 
nanomaterials emitted to water will always be bioavailable, since nanomaterials with 
low attachment efficiencies persist as free and nanomaterials with high attachment 
efficiencies are most prone to hetero-aggregate with bioavailable colloid particles. 
Concentrations in sediment are the most complex to predict, because of influences 
of multiple physicochemical properties, such as size, specific weight, attachment effi-
ciency and dissolution rate. Poorly soluble nanomaterials (dissolution rate <10-11) that 
effectively attach to soil grains (attachment efficiency > 10-6) are predicted to persist 
in soil over 1000- 10,000 years. However, bioavailable concentrations in soil are low, 
because nanomaterials attached to soil grains are not considered to be bioavailable. 
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introduCtion

The nanotechnology industry is rapidly developing engineered nanoparticles (ENPs) 
that are applied in a great variety of consumer and industrial products75. Release of 
ENPs to the environment is anticipated in production, use and disposal 162. However, 
their environmental fate, bioavailability, bioaccumulation, toxicity and thus the biolo-
gical risk of ENPs require more knowledge in order to be fully understood 163, which 
raises concern about unforeseen environmental and (eco)toxicological consequences 
13, 70. Any misconception on human and environmental risks may seriously hamper ap-
plication of nanotechnology including promising technologies in medical applications 
and sustainable development 13, 29. Hence, the research agenda in safety assessment 
of nanomaterials is top priority in governments, the private sector and industry 26, 68 
in order to fully exploit the benefits of nanotechnology without compromising human 
and environmental health 13, 58, 68, 70, 246. 

Environmental exposure estimation of ENPs is an important component in this 
research agenda 68, 247. Novel multimedia fate models have been developed to gain 
more insight in the environmental fate of nanomaterials and to predict exposure 
concentrations 103, 129-131, 134, 146, 165, 166, 169, 176, 189. The new generation models, such as 
MendNano131, 169, NanoDUFLOW248, RedNano249 and SimpleBox4nano (SB4N) 166, 233, 250, 
are appropriate  for screening level environmental exposure estimation 233 and have 
revealed some important new insights in environmental fate and exposure of ENPs: 
(i) atmospheric concentrations are low due to effective removal and negligible inflow 
from water or soil 131, 162, 166, 169, 233, (ii) hetero-aggregation with natural particles is the 
dominant mechanism of settling from water columns to sediments 98, 156, 168, 187, (iii) 
soils and sediments are environmental sinks 131, 166, 169 (iv) only a small fraction of ENPs 
emitted to the environment will persist in a free pristine state 166, 176, 177, 189, and (v) high 
‘hotspot’ concentrations are predicted in close proximities to the locations of envi-
ronmental release 177. However, the novel ENP fate models have only been applied for 
predicting the fate and concentrations of often the same specific nanomaterials, such 
as C60, nano-Ag,-CeO2,-TiO2,-ZnO 130, 131, 166, 168, 169, 176, 177, 186, 189, 233, 247, 248. It yet remains 
unclear to what extent the predicted environmental fate and concentrations of one 
specific nanomaterial can be extrapolated to another nanomaterial233, 251. Hence, new 
insights in the environmental fate and exposure gained by the models remain limited 
to the number of ENPs investigated. Therefore, it is argued to investigate the extent 
to which environmental fate and exposure of ENPs is driven by their physicochemical 
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properties in order to effectively obtain novel insights that generically apply to all 
nanomaterials. 

The key environmental fate processes simulated in the models are deposition, at-
tachment, filtration and dissolution127, 233. By reflecting on these key processes, it can 
be deduced which physicochemical properties drive fate and exposure. Here, such 
a reflection is performed by means of a sensitivity analysis on the SB4N model that 
integrates the key processes into one model matrix 166, 233.

The process of deposition is considered here as the one-directional transport from 
one environmental compartment to the environmental compartment that lays below, 
e.g. ENPs that deposit from the water column to the sediments at the bottom. An 
important mechanism for deposition is gravitational settling that increases in velocity 
with larger size and specific weight of the nanomaterial140. Deposition from air can 
also be intermediated by coagulation with natural aerosol particles or by collection of 
raindrops 120. The rates of these processes can be calculated from the nanomaterial’s 
size and specific weight, atmospheric conditions, e.g. temperature and viscosity, and 
characteristics of the natural aerosols and raindrops166, 184.  The dominant mechanism 
of deposition from the water column to sediment is through attachment with settling 
natural particles98. Nanomaterials that do not attach to natural particles are prone 
to reside in the water column as a non-settling fraction 98. Attachment rates can be 
calculated as the frequency of collisions between the engineered nanomaterials and 
natural particles multiplied with an attachment efficiency (α) that expresses the pro-
bability of the two particles actually sticking to each other after a collision event156. 
The collision frequency is expressed in the Von Smolukowski equation as a function of 
water temperature, viscosity, density and shear rate as well as the sizes and specific 
weights of the two colliding particles 69, 147, 156, 160.

Attachment is also an important fate process of ENPs in the porous media of soils 
and sediments. Here, ENPs are subject to filtration as they are filtered from the pore 
water by attaching to solid grains. The rates at which ENPs may attach to solid grains in 
soil and sediments can be predicted with the

particle filtration theory 110, 111, 117, 193, 195. The theory describes colloid (nano)parti-
cles in pore waters that deposit to solid grains by multiplying a filtration rate with a 
collection efficiency and an attachment efficiency between the ENPs and the grains111. 
The filtration rate can be regarded as a characteristic of the porous medium that can 
be calculated from its porosity, Darcy flow velocity and the sizes of the grains 111. 
Collection efficiency is an interaction between the ENP and the solid grains that can 
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be expressed with semi-empirical relations between the size, density and Hamaker 
constant of the ENP and some characteristics of the porous medium, such as porosity, 
grain size, Darcy flow velocity 111.

Another key mechanism in the environmental fate of ENPs is dissolution 127which 
is considered here the sum of chemical and dissolution reactions transforming a solid 
ENP into a molecular, atomic or ionic dispersion 126, 166, 233. Dissolution is also consi-
dered a removal mechanism, because once an ENP has been dissolved into an ionic, 
atomic, or molecular solution, it is no longer a nanoscaled solid particle 2, 126. The rate 
and extent at which ENPs dissolve in environmental matrices is difficult to predict, as it 
depends on the complex chemistry between the ENP’s  surface and the conditions of 
the surrounding medium, such as pH, ionic strength, and dissolved oxygen 69.  Hence, 
for different ENPs under different environmental conditions, dissolution rates can vary 
between hours for ENPs that are readily soluble (e.g. nano-Ag, -ZnO) to infinity for 
ENPs that are practically insoluble (e.g. C60)170.

Reflecting on the key environmental fate processes simulated in the novel models,  
environmental fate and exposure of ENPs is determined by five physicochemical pro-
perties: (i) specific weight, (ii) size, (iii) Hamaker Constant (iv) dissolution rate and (v) 
attachment efficiencies with natural particles 166, 233. Instead of performing separate ex-
posure estimations for different nanomaterials, we argue it is more effective to evalu-
ate how these five physicochemical properties drive environmental fate and exposure. 
Such an evaluation is useful in identifying the nanomaterials that are to be considered 
priority in environmental risk assessment. Currently, priority is given towards the most 
used and produced nanomaterials for which most data are available165. Indeed, higher 
production and emission volumes will yield higher environmental exposure estimates, 
but chemical persistency, bioavailability and potential for long range transport are 
known to elevate environmental exposure and consequential impact as well206. 

Here the multimedia environmental fate SB4N is used to simulate environmental 
concentrations of nanomaterials in the atmosphere, water, sediment and soil as a 
direct function of the physicochemical properties driving their environmental fate. 
These functions are visualized by plotting a range of values for physicochemical pro-
perties that covers all nanomaterials, e.g. the range of 1-100 nm covers the sizes of all 
nanomaterials, against the concentrations predicted with the SB4N model. By means 
of such a sensitivity analysis it is determined which physicochemical properties actu-
ally matter in predicting environmental fate and exposure of nanomaterials. Next, the 
sensitivity plots expressing the relationships between physicochemical properties and 
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environmental concentrations are explained by reflecting on the original algorithms in 
the model matrix of SB4N. Then, it is discussed for which nanomaterials high environ-
mental exposure, persistency, bioavailability and long range transport potentials are 
to be expected based on its properties alone. The goal of this exercise is to investigate 
inherence between physicochemical properties, environmental fate and exposure of 
ENPs. Any found inherence can then be used as a new argument in priority setting in 
environmental risk assessment and management of nanomaterials. 

MEthods

Sensitivity analysis

A sensitivity analysis has been performed by means of a Monte Carlo (MC) simulation 
with the software package of Oracle Crystal Ball 174 comprising the probabilistic version 
of SB4N that includes natural variability in the model parameters of the environmental 
system considered233. The model solves mass balance equations for a steady-state 
situation in all compartments and speciations through matrix algebra:73, 166, 233 
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considered233. The model solves mass balance equations for a steady-state situation in all 
compartments and speciations through matrix algebra:73, 166, 233  
 
m= -A-1 e 
(Equation 6.1) 
 
Here e (kg.s-1) is the vector of emission rates of ENPs into the environment. The system 
matrix A (s-1) represents first-order rate constants for (i) transport between compartments  
and to media outside the system, (ii) attachment between ENPs and natural particles, and 
(iii) removal processes by dissolution166. These rate constants are calculated from 
algorithms that are integrated in the system matrix to predict the environmental fate and 
speciation of ENPs as a free pristine state, hetero-aggregates  with natural colloid 
particles, and ENPs attached to the surface of natural coarse particles 166. Natural 
variability of the environmental system is represented in the MC simulation by probability 
distributions assigned to the model parameters that define the environmental system 233.  
Model input parameters that refer to the physicochemical properties of the ENPs have 
been inserted as ranges that cover any type of spherical ENP (Table 6.1).  
 
Table 6.1. Physicochemical property ranges for the hypothetical ENP that covers all type of ENPs. 
Physicochemical Property Range Unit Reference 
Diameter 1-100 nm 2, 3 
Dissolution rate 10-20 – 10-3 10^Log(s-1) 170 
Attachment Efficiency 10-10 – 1 10^Log(-) 97, 252 
Specific Weight 900 -10,000 kg.m-3 [-]*1 
Hamaker constant 10-21 -10-19 10^Log (J) 253 
*1 based on specific weight of elements in periodic table  
 
Predicted Environmental Concentrations (PECs) 
The predicted environmental concentrations (PECs) and speciation of the hypothetical 
ENPs is evaluated in three separate emission scenarios of 1 t.y-1 emission of pristine (free) 
ENPs to (i) water, (ii) soil and (iii) air. Each emission scenario is simulated with a model run 
of 10,000 iterations. The MC simulation delivers output by means of an extract data sheet 
representing each iteration in the MC run. The data consist of 10,000 data points for (i) 
the randomly selected values from the inserted ranges representing the physicochemical 
properties of the hypothetical ENP (ii) the randomly selected values from the inserted 
probability distribution representing the natural variability of the environmental system, 
(iii) calculated rate constants for the key environmental processes included in matrix A, (iv) 
the calculated mass balance of ENPs per compartment and speciation. PECs are calculated 
by dividing the steady state mass (Eq. 6.1) with the volume (m3) or dry weight (kg) of the 
environmental medium. The influence of physicochemical properties on environmental 

Here e (kg.s-1) is the vector of emission rates of ENPs into the environment. The 
system matrix A (s-1) represents first-order rate constants for (i) transport between 
compartments  and to media outside the system, (ii) attachment between ENPs and 
natural particles, and (iii) removal processes by dissolution166. These rate constants 
are calculated from algorithms that are integrated in the system matrix to predict the 
environmental fate and speciation of ENPs as a free pristine state, hetero-aggregates  
with natural colloid particles, and ENPs attached to the surface of natural coarse 
particles 166. Natural variability of the environmental system is represented in the MC 
simulation by probability distributions assigned to the model parameters that define 
the environmental system 233. 

Model input parameters that refer to the physicochemical properties of the ENPs 
have been inserted as ranges that cover any type of spherical ENP (Table 6.1). 
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table 6.1. Physicochemical property ranges for the hypothetical ENP that covers all type of ENPs.
Physicochemical Property Range Unit Reference
Diameter 1-100 nm 2, 3

Dissolution rate 10-20 – 10-3 10^Log(s-1) 170

Attachment Efficiency 10-10 – 1 10^Log(-) 97, 252

Specific Weight 900 -10,000 kg.m-3 [-]*1

Hamaker constant 10-21 -10-19 10^Log (J) 253

*1 based on specific weight of elements in periodic table 

Predicted Environmental Concentrations (PECs)

The predicted environmental concentrations (PECs) and speciation of the hypothetical 
ENPs is evaluated in three separate emission scenarios of 1 t.y-1 emission of pristine 
(free) ENPs to (i) water, (ii) soil and (iii) air. Each emission scenario is simulated with a 
model run of 10,000 iterations. The MC simulation delivers output by means of an ex-
tract data sheet representing each iteration in the MC run. The data consist of 10,000 
data points for (i) the randomly selected values from the inserted ranges representing 
the physicochemical properties of the hypothetical ENP (ii) the randomly selected 
values from the inserted probability distribution representing the natural variability 
of the environmental system, (iii) calculated rate constants for the key environmental 
processes included in matrix A, (iv) the calculated mass balance of ENPs per compart-
ment and speciation. PECs are calculated by dividing the steady state mass (Eq. 6.1) 
with the volume (m3) or dry weight (kg) of the environmental medium. The influence 
of physicochemical properties on environmental fate and exposure is visualized by 
plotting the extract data. Per iteration, the data point representing the selected value 
for a physicochemical property is plotted against the predicted free, bioavailable (the 
sum of free ENPs and ENPs hetero-aggregated with colloids) and total concentrations 
as well as rate the constants simulated for the key environmental fate processes. 

Bioavailability

The bioavailable fraction of a chemical or metal compound is defined as the fraction 
that “is able to pass through a filter of < 0.45 µm” 79. The bioavailable concentrations 
are therefore calculated as the sum of the concentrations of free ENPs and the ENPs 
hetero-aggregated with natural colloids (< 0.45 µm) 233.  This implies that ENPs that are 
attached to coarse particles (> 0.45 µm) are considered not to be bioavailable. Howe-
ver, there is not yet scientific consensus whether these ENP should thus be considered 
inert and essentially harmless 126, 167, 233. Nevertheless, these coarse-attached ENPs are 
included in the predicted total concentrations per environmental compartment 233. 
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Persistence In Soil

Soil is identified as the environmental compartment where ENPs are expected to be 
persistent. Concentrations increase over time as the removal of ENPs in soil can take 
centuries233. The persistence of ENPs in soil (Psoil) is calculated as a residence time 206 
that is a function of the rate constants (k) for transport and removal of ENPs and mass 
balances (m) simulated at 1 t.y-1 emission to soil (Eq 6.2): 
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fate and exposure is visualized by plotting the extract data. Per iteration, the data point 
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Persistence In Soil 
Soil is identified as the environmental compartment where ENPs are expected to be 
persistent. Concentrations increase over time as the removal of ENPs in soil can take 
centuries233. The persistence of ENPs in soil (Psoil) is calculated as a residence time 206 that 
is a function of the rate constants (k) for transport and removal of ENPs and mass balances 
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𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
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,  
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(Equation 6.2) 
 
  The free ENPs (mfree) are considered to be removed by dissolution (kdissolve), hetero-
aggregation with natural colloids in soil porewater (khet-agg), attachment to soil grains 
(katt-grain) and advective transport by rainwater run-off (krun-off). ENPs hetero-aggregated 
with natural colloids are considered to be removed by dissolution and run-off, whereas 
ENPs that are attached to soil grains are removed by dissolution and soil erosion (kero-

sion) only 166.    

long-range transport in the atmosphere

A long-range transport potential of ENPs has been identified within the atmospheric 
compartment 120, 170. Here, the long-range transport potential (LRTP) is indicated with 
the fraction (fLRTP) of ENPs emitted to the air that travel from the regional to the conti-
nental scale, which is calculated as:
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The free ENPs (mfree) are considered to be removed by dissolution (kdissolve), hetero-
aggregation with natural colloids in soil porewater (khet-agg), attachment to soil grains (katt-

grain) and advective transport by rainwater run-off (krun-off). ENPs hetero-aggregated with 
natural colloids are considered to be removed by dissolution and run-off, whereas ENPs 
that are attached to soil grains are removed by dissolution and soil erosion 
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Long-range transport in the atmosphere 
A long-range transport potential of ENPs has been identified within the atmospheric 
compartment 120, 170. Here, the long-range transport potential (LRTP) is indicated with the 
fraction (fLRTP) of ENPs emitted to the air that travel from the regional to the continental 
scale, which is calculated as: 
 

𝑓𝑓𝑓𝑓𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑁𝑁𝑁𝑁 =
𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡

𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
 

(Equation 6.3) 
 
Here mair is the steady state mass of ENPs in the air, ktransport is the rate constant for 
advective transport from the regional to the continental scale, and eair is the emission of 
ENPs to the air (1 t.y-1). 
 
SB4N algorithms explaining sensitivity 
The sensitivity plots expressing the relationships between PECs and physicochemical 
properties are explained by reflecting on SB4N’s matrix and algorithms. The algorithms are 
used to calculate first-order rate constants that are integrated in SB4N’s matrix A 
simulating the environmental fate of ENPs166, 233. A new series of sensitivity plots are 
drawn for calculated rate constants ki(s

-1) and mass flows (g.s-1) in order to identify the 
most dominant environmental fate processes that determine the relationship between 
physicochemical properties and exposure concentrations of ENPs. Rate constants are 
included in the extract data of the MC simulation, whereas mass flow rates are calculated 
per iteration from the extract data sheet by multiplying the steady state mass mi (g) with 
the respective the rate constant (s-1). The new series of sensitivity plots for the fate 
processes are then drawn by plotting the ranges of values for the physicochemical 
properties inserted in the MC simulations (Table 6.1) against the rate constants and 
calculated mass flows. Next, the plots expressing the fate processes are compared with 
the sensitivity plots for the PECs in order to identify common patterns between fate and 
exposure.  
The original algorithms of SB4N’s include mechanistic expressions to calculate the rate 
constants for environmental fate processes as a function of ENP physicochemical 
properties and environmental conditions 166, 233. These original algorithms are consulted to 

Here mair is the steady state mass of ENPs in the air, ktransport is the rate constant for 
advective transport from the regional to the continental scale, and eair is the emission 
of ENPs to the air (1 t.y-1).
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SB4N algorithms explaining sensitivity

The sensitivity plots expressing the relationships between PECs and physicochemical 
properties are explained by reflecting on SB4N’s matrix and algorithms. The algorithms 
are used to calculate first-order rate constants that are integrated in SB4N’s matrix A 
simulating the environmental fate of ENPs166, 233. A new series of sensitivity plots are 
drawn for calculated rate constants ki(s-1) and mass flows (g.s-1) in order to identify 
the most dominant environmental fate processes that determine the relationship 
between physicochemical properties and exposure concentrations of ENPs. Rate con-
stants are included in the extract data of the MC simulation, whereas mass flow rates 
are calculated per iteration from the extract data sheet by multiplying the steady state 
mass mi (g) with the respective the rate constant (s-1). The new series of sensitivity 
plots for the fate processes are then drawn by plotting the ranges of values for the 
physicochemical properties inserted in the MC simulations (Table 6.1) against the rate 
constants and calculated mass flows. Next, the plots expressing the fate processes are 
compared with the sensitivity plots for the PECs in order to identify common patterns 
between fate and exposure. 

The original algorithms of SB4N’s include mechanistic expressions to calculate the 
rate constants for environmental fate processes as a function of ENP physicochemical 
properties and environmental conditions 166, 233. These original algorithms are consulted 
to derive simplified equations that mechanistically express the relationship between 
the PECs and the physicochemical properties determinant for the fate processes that 
are identified to be dominant. The extent to which these simplified expressions explain 
the sensitivity plots is assessed by calculating their R2 against the extract data of the 
MC simulations:
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derive simplified equations that mechanistically express the relationship between the 
PECs and the physicochemical properties determinant for the fate processes that are 
identified to be dominant. The extent to which these simplified expressions explain the 
sensitivity plots is assessed by calculating their R2 against the extract data of the MC 
simulations: 
 

𝐴𝐴𝐴𝐴2 = 1 −
∑ (𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 − 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖)2𝑖𝑖𝑖𝑖

∑ (𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 − 𝑦𝑦𝑦𝑦�)2𝑖𝑖𝑖𝑖
= 1 −

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡

 

(Equation 6.4) 
 
Here yi represents a data point for a PEC per iteration of the MC simulation, fi represents 
the PEC calculated with the newly derived equation per iteration,  𝑦𝑦𝑦𝑦�  is the average of the 
simulated PEC for all 10,000 iterations, SSres is the sum of all squares for the residuals and 
SStot the total sum of squares.  
It should be noted that this exercise is only performed for sensitivity plots that show a 
clear relationship between a PEC and a physicochemical property. Sensitivity plots that 
only display an intercept and noise only are assumed to represent a relationship between 
a PEC and a physicochemical property that is obscured by the natural variability of the 
environmental system or other the influences of other physicochemical properties.  
Hence, the influence of a physicochemical property is interpreted to be unimportant for 
simulating environmental exposure if it is represented with an obscured sensitivity plot. 
 
  

Here yi represents a data point for a PEC per iteration of the MC simulation, fi re-
presents the PEC calculated with the newly derived equation per iteration, ȳ is the 
average of the simulated PEC for all 10,000 iterations, SSres is the sum of all squares for 
the residuals and SStot the total sum of squares. 

It should be noted that this exercise is only performed for sensitivity plots that 
show a clear relationship between a PEC and a physicochemical property. Sensitivity 
plots that only display an intercept and noise only are assumed to represent a relati-



Chapter 6

118

onship between a PEC and a physicochemical property that is obscured by the natural 
variability of the environmental system or other the influences of other physicoche-
mical properties.  Hence, the influence of a physicochemical property is interpreted 
to be unimportant for simulating environmental exposure if it is represented with an 
obscured sensitivity plot.

rEsults And disCussion

fate And Exposure in the Atmosphere

Diameter appears to be an important physicochemical property driving the fate of 
ENPs in the atmosphere (Table 6.2).  From the sensitivity plot, it appears that the free 
concentration only linearly increases with particle diameter < 10 nm. The main proces-
ses removing free ENPs from dry air are identified to be coagulation with fine aerosol 
particles and the outflow of air leaving the regional scale (Figure D1A-E), so that: 
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(Equation 6.5.) 
 
ENP coagulation with fine aerosol particles linearly decreases with ENP size up to a cut-off 
point at 10 nm (Figure D1A). Coagulation of ENPs > 10 nm appears to be subject to the 
variability in particle sizes of natural fine aerosols. Other atmospheric fate processes 
removing free ENPs from dry air are gravitational settling to soil or water, coagulation with 
coarse aerosol particles and collection by raindrops166. However, these processes are 
obscured by ENP coagulation with fine aerosols that proceeds 1,000 – 100,000 times 
faster (Figure D1A-E).The atmospheric fate processes of ENPs coagulated with fine or 
coarse aerosols, e.g. gravitational settling and collection by raindrops, appear to be no 
longer influenced by the initial diameter of the ENP (Figure D2A-F). Hence, the relation 
between ENP diameter and the predicted free concentrations in air is driven by the 
dominant speciation process of coagulation with fine aerosol particles (Eq. 6.5).  
It is also notable that the simulated bioavailable concentrations in air are equal to the 
total concentrations, i.e. the sensitivity plots for bioavailable concentrations match those 
for total concentrations (Table 6.2). This is also explained by the process of coagulation 
with fine aerosols that is calculated to dominate over coagulation with coarse aerosols 
(Figure D1A-B). Consequentially, the fraction of the total concentration that is not 
bioavailable, i.e. the fraction of ENPs coagulated with coarse mode aerosols, is only minor.   
Dissolution of ENPs inside raindrops is found to reduce the bioavailable and thus total 
concentrations of ENPs in the atmosphere. However, the influence is so small that this 
relationship is not visible in the respective sensitivity plots (Table 6.2). The small influence 
can be explained by the fact that only a fraction of the atmospheric ENPs is collected by 
raindrops and thus prone for dissolution. 
The specific weight of the ENP appears to be a physicochemical property that does not 
drive atmospheric fate. Though specific weight is considered to be an important property 

ENP coagulation with fine aerosol particles linearly decreases with ENP size up to a 
cut-off point at 10 nm (Figure D1A). Coagulation of ENPs > 10 nm appears to be sub-
ject to the variability in particle sizes of natural fine aerosols. Other atmospheric fate 
processes removing free ENPs from dry air are gravitational settling to soil or water, 
coagulation with coarse aerosol particles and collection by raindrops166. However, 
these processes are obscured by ENP coagulation with fine aerosols that proceeds 
1,000 – 100,000 times faster (Figure D1A-E).The atmospheric fate processes of ENPs 
coagulated with fine or coarse aerosols, e.g. gravitational settling and collection by 
raindrops, appear to be no longer influenced by the initial diameter of the ENP (Figure 
D2A-F). Hence, the relation between ENP diameter and the predicted free concentrati-
ons in air is driven by the dominant speciation process of coagulation with fine aerosol 
particles (Eq. 6.5). 

It is also notable that the simulated bioavailable concentrations in air are equal to 
the total concentrations, i.e. the sensitivity plots for bioavailable concentrations match 
those for total concentrations (Table 6.2). This is also explained by the process of coa-
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gulati on with fi ne aerosols that is calculated to dominate over coagulati on with coarse 
aerosols (Figure D1A-B). Consequenti ally, the fracti on of the total concentrati on that 
is not bioavailable, i.e. the fracti on of ENPs coagulated with coarse mode aerosols, is 
only minor.  

Dissoluti on of ENPs inside raindrops is found to reduce the bioavailable and thus 
total concentrati ons of ENPs in the atmosphere. However, the infl uence is so small 
that this relati onship is not visible in the respecti ve sensiti vity plots (Table 6.2). The 
small infl uence can be explained by the fact that only a fracti on of the atmospheric 
ENPs is collected by raindrops and thus prone for dissoluti on.

The specifi c weight of the ENP appears to be a physicochemical property that does 
not drive atmospheric fate. Though specifi c weight is considered to be an important 
property driving the atmospheric fate of microparti cles, it appears that this applies to 
a lesser extent for parti cles in the nanoscale 141.

table 6.2. Sensiti vity plots expressing the infl uence of physicochemical properti es on simulated 
concentrati ons of ENPs in the atmosphere
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long range transport of airborne EnPs 

The dominant process removing the total amount of atmospheric ENPs on a regional 
scale is by advecti ve transport to the conti nental scale (Figure 6.1). The LRTP fracti on 
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of ENPs emitt ed to the air that travels to another scale is calculated (Eq. 6.5) to have a 
95% CI that ranges from to 36 and 98%. Hence, the LRTP fracti on that travels to the con-
ti nental scale is not signifi cantly dominant ENPs as the 95% CI overlaps with that of the 
fracti on of ENPs that deposit to soil on a regional scale (2-64%) (Figure 6.1). Nonetheless, 
the upper limit of the 95% CI of the LRTP fracti on (98%) indicates a high potenti al for long 
range transport. All ENPs in the air will ulti mately deposit to soil or water, but the at-
mospheric fate determines the locati on and the speciati on of the ENPs upon depositi on 
120. This means that emission of ENPs to the air may take place in one region, whereas 
environmental exposure may occur in other regions and environmental compartments. 
The speciati on patt erns of the ENPs that are transported out of the regional system are 
linear proporti onal to the speciati on of the predicted atmospheric concentrati ons (Table 
6.2; Figure 6.1). The cut-off  point at 10 nm thus also applies also to the speciati on of the 
outf low of ENPs. ENPs < 10 nm are less prone to fl ow out of the regional system in a free 
primary state, while a majority will be coagulated with fi ne aerosol parti cles. This also 
applies for the ENPs that deposit to water or soil (Figure 6.1). 
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outflow of ENPs. ENPs < 10 nm are less prone to flow out of the regional system in a free 
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Figure 6.1. Distribution of ENPs by atmospheric fate calculated as mass flows of atmospheric fate 
process divided by the emission to the air. 
 
Fate And Exposure In The Water Column  
Dissolution rate appears to be important for bioavailable and total concentrations of ENPs 
in the water column. The sensitivity plots show a clear relation between dissolution rate 
and concentrations (Table 6.3). Here, it should be noted that the bioavailable 

figure 6.1. Distributi on of ENPs by atmospheric fate calculated as mass fl ows of atmospheric fate 
process divided by the emission to the air.
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fate And Exposure in the water Column 

Dissoluti on rate appears to be important for bioavailable and total concentrati ons of 
ENPs in the water column. The sensiti vity plots show a clear relati on between dissolu-
ti on rate and concentrati ons (Table 6.3). Here, it should be noted that the bioavailable 
concentrati on comprises the majority of the total concentrati ons, i.e. the plots for 
total match those for bioavailable concentrati ons (Table 6.3), so that:
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concentration comprises the majority of the total concentrations, i.e. the plots for total 
match those for bioavailable concentrations (Table 6.3), so that: 
 
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 ≅ 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖        (R2 =0.99999) 
(Equation 6.6) 
 
The sensitivity plots for the simulated bioavailable and total concentration show an 
intercept and noise for dissolution rates < 10-7 s-1. Passed this critical point the total and 
bioavailable concentrations linearly decrease with dissolution rate. The critical dissolution 
rate can be explained by the other process responsible for the removal of ENPs in the 
water column which are (i) the outflow of water to a contintental scale, (ii) the deposition 
to sediment by gravitational settling of free ENPs and (iii) the deposition by sedimentation 
of ENPs attached to natural particles. The total concentration of ENPs in the water column 
can thus be approached with 229: 
  

𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎) ≅
𝑐𝑐𝑐𝑐
𝑉𝑉𝑉𝑉

1
𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤+∑𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟

   (R2 =0.89) 

(Equation 6.7) 
 
Emission (e) and water volume (V) are independent of the aquatic fate of ENPs, so that the 
concentration is proportional to the sum of the rate constants simulated for the removal 
processes. The rate constants simulated for outflow (koutflow) and deposition to sediment 
(Σkdeposition) refer to processes independent of ENP dissolution (kdissolve). The critical rate at 
which dissolution is responsible for the removal of 1% of the ENPs in the water columns 
can thus be expressed as: 
 

𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + ∑𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐
𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + ∑𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐

= 99% 

(Equation 6.8) 

 
Calculating this critical dissolution rate from the extract data yields a median of 2.2 10-7 s-1 

and a 99% CI of 7.2 10-8 -6.2 10-5 s-1. Hence, for ENPs with a dissolution rate < 2.2 10-7 s-1 
the other processes will be responsible for 99% of their removal. This explains why the 
sensitivity plots show an intercept and noise for dissolution rates 10-20 and 10-7 s-1 and a 
linear decrease in concentration for dissolution rates > 10-7 s-1.  A similar function is 
plotted for the concentration of free ENPs and their attachment efficiency with natural 
particles (Table 6.3). SB4Ns algorithm for predicting free concentrations in water can be 
simplified into:  
 

The sensiti vity plots for the simulated bioavailable and total concentrati on show an 
intercept and noise for dissoluti on rates < 10-7 s-1. Passed this criti cal point the total 
and bioavailable concentrati ons linearly decrease with dissoluti on rate. The criti cal 
dissoluti on rate can be explained by the other process responsible for the removal of 
ENPs in the water column which are (i) the outf low of water to a conti ntental scale, (ii) 
the depositi on to sediment by gravitati onal sett ling of free ENPs and (iii) the deposi-
ti on by sedimentati on of ENPs att ached to natural parti cles. The total concentrati on of 
ENPs in the water column can thus be approached with 229:
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processes. The rate constants simulated for outflow (koutflow) and deposition to sediment 
(Σkdeposition) refer to processes independent of ENP dissolution (kdissolve). The critical rate at 
which dissolution is responsible for the removal of 1% of the ENPs in the water columns 
can thus be expressed as: 
 

𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + ∑𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐
𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + ∑𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐

= 99% 

(Equation 6.8) 

 
Calculating this critical dissolution rate from the extract data yields a median of 2.2 10-7 s-1 

and a 99% CI of 7.2 10-8 -6.2 10-5 s-1. Hence, for ENPs with a dissolution rate < 2.2 10-7 s-1 
the other processes will be responsible for 99% of their removal. This explains why the 
sensitivity plots show an intercept and noise for dissolution rates 10-20 and 10-7 s-1 and a 
linear decrease in concentration for dissolution rates > 10-7 s-1.  A similar function is 
plotted for the concentration of free ENPs and their attachment efficiency with natural 
particles (Table 6.3). SB4Ns algorithm for predicting free concentrations in water can be 
simplified into:  
 

Emission (e) and water volume (V) are independent of the aquati c fate of ENPs, so that 
the concentrati on is proporti onal to the sum of the rate constants simulated for the 
removal processes. The rate constants simulated for outf low (koutf low) and depositi on 
to sediment (Σkdepositi on) refer to processes independent of ENP dissoluti on (kdissolve). The 
criti cal rate at which dissoluti on is responsible for the removal of 1% of the ENPs in the 
water columns can thus be expressed as:
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concentration comprises the majority of the total concentrations, i.e. the plots for total 
match those for bioavailable concentrations (Table 6.3), so that: 
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The sensitivity plots for the simulated bioavailable and total concentration show an 
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can thus be approached with 229: 
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   (R2 =0.89) 

(Equation 6.7) 
 
Emission (e) and water volume (V) are independent of the aquatic fate of ENPs, so that the 
concentration is proportional to the sum of the rate constants simulated for the removal 
processes. The rate constants simulated for outflow (koutflow) and deposition to sediment 
(Σkdeposition) refer to processes independent of ENP dissolution (kdissolve). The critical rate at 
which dissolution is responsible for the removal of 1% of the ENPs in the water columns 
can thus be expressed as: 
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= 99% 

(Equation 6.8) 

 
Calculating this critical dissolution rate from the extract data yields a median of 2.2 10-7 s-1 

and a 99% CI of 7.2 10-8 -6.2 10-5 s-1. Hence, for ENPs with a dissolution rate < 2.2 10-7 s-1 
the other processes will be responsible for 99% of their removal. This explains why the 
sensitivity plots show an intercept and noise for dissolution rates 10-20 and 10-7 s-1 and a 
linear decrease in concentration for dissolution rates > 10-7 s-1.  A similar function is 
plotted for the concentration of free ENPs and their attachment efficiency with natural 
particles (Table 6.3). SB4Ns algorithm for predicting free concentrations in water can be 
simplified into:  
 

Calculati ng this criti cal dissoluti on rate from the extract data yields a median of 2.2 
10-7 s-1 and a 99% CI of 7.2 10-8 -6.2 10-5 s-1. Hence, for ENPs with a dissoluti on rate < 2.2 
10-7 s-1 the other processes will be responsible for 99% of their removal. This explains 
why the sensiti vity plots show an intercept and noise for dissoluti on rates 10-20 and 
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10-7 s-1 and a linear decrease in concentration for dissolution rates > 10-7 s-1.  A similar 
function is plotted for the concentration of free ENPs and their attachment efficiency 
with natural particles (Table 6.3). SB4Ns algorithm for predicting free concentrations 
in water can be simplified into: 
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𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) ≅
𝑓𝑓𝑓𝑓
𝑉𝑉𝑉𝑉

1
𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝛼𝛼𝛼𝛼(𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)+𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆))+𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡+𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

   (R2 =1.00) 

(Equation 6.9) 
 
The sensitivity plot for free concentration in water displays an intercept and noise for 
attachment efficiencies < 10-6, whereas free concentrations decrease linear to attachment 
efficiencies > 10-6. At this apparent critical attachment efficiency the removal of free ENPs 
by aggregation with natural becomes dominant compared to other removal process (Eq. 
6.10). Small ENPs are more diffusive, so that the frequency of collisions with natural 
particles is greater 113, 114, 254. This influence is visible in the respective sensitivity plot 
(Table 6.3). From the extract data of the MC simulation it is derived that ENPs < 2nm are 
more prone to collide with both natural colloid and coarse particles (2.4 10-2 - 5.7 10-2 s-1) 
compared to ENPs > 2nm (2 10-4 - 1.0 10-2 s-1). Therefore, the critical attachment efficiency 
at which 1% of the removal free ENPs in the water column is due to attachment to natural 
particles has been calculated for both ENPs < 2 nm and for ENPs of 1-100nm:  
 

𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓(𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝛼𝛼𝛼𝛼(𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶) + 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁))𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓 + +𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓(𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
= 99% 

 (Equation 6.10) 
 
The critical attachment efficiency calculated for the entire size spectrum αcrit1-100nm = 1.2 
10-6 (99% CI= 2.3 10-8 – 6.1 10-6) and for ENPs that are smaller than 2nm, αcrit 1-2nm = 1.4 10-7 
(99% CI=3.9 10-8 – 5.9 10-7). The critical attachment efficiency is thus lower for ENPs < 2 
nm, but not on a significant level as the 99% CI overlaps with that for ENPs of 1-100 nm.  
 
  

The sensitivity plot for free concentration in water displays an intercept and noise for 
attachment efficiencies < 10-6, whereas free concentrations decrease linear to attach-
ment efficiencies > 10-6. At this apparent critical attachment efficiency the removal of 
free ENPs by aggregation with natural becomes dominant compared to other removal 
process (Eq. 6.10). Small ENPs are more diffusive, so that the frequency of collisions 
with natural particles is greater 113, 114, 254. This influence is visible in the respective 
sensitivity plot (Table 6.3). From the extract data of the MC simulation it is derived that 
ENPs < 2nm are more prone to collide with both natural colloid and coarse particles 
(2.4 10-2 - 5.7 10-2 s-1) compared to ENPs > 2nm (2 10-4 - 1.0 10-2 s-1). Therefore, the cri-
tical attachment efficiency at which 1% of the removal free ENPs in the water column 
is due to attachment to natural particles has been calculated for both ENPs < 2 nm and 
for ENPs of 1-100nm: 
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(Equation 6.9) 
 
The sensitivity plot for free concentration in water displays an intercept and noise for 
attachment efficiencies < 10-6, whereas free concentrations decrease linear to attachment 
efficiencies > 10-6. At this apparent critical attachment efficiency the removal of free ENPs 
by aggregation with natural becomes dominant compared to other removal process (Eq. 
6.10). Small ENPs are more diffusive, so that the frequency of collisions with natural 
particles is greater 113, 114, 254. This influence is visible in the respective sensitivity plot 
(Table 6.3). From the extract data of the MC simulation it is derived that ENPs < 2nm are 
more prone to collide with both natural colloid and coarse particles (2.4 10-2 - 5.7 10-2 s-1) 
compared to ENPs > 2nm (2 10-4 - 1.0 10-2 s-1). Therefore, the critical attachment efficiency 
at which 1% of the removal free ENPs in the water column is due to attachment to natural 
particles has been calculated for both ENPs < 2 nm and for ENPs of 1-100nm:  
 

𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓(𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝛼𝛼𝛼𝛼(𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶) + 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁))𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓 + +𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓(𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
= 99% 

 (Equation 6.10) 
 
The critical attachment efficiency calculated for the entire size spectrum αcrit1-100nm = 1.2 
10-6 (99% CI= 2.3 10-8 – 6.1 10-6) and for ENPs that are smaller than 2nm, αcrit 1-2nm = 1.4 10-7 
(99% CI=3.9 10-8 – 5.9 10-7). The critical attachment efficiency is thus lower for ENPs < 2 
nm, but not on a significant level as the 99% CI overlaps with that for ENPs of 1-100 nm.  
 
  

(Equation 6.10)

The critical attachment efficiency calculated for the entire size spectrum αcrit1-100nm = 
1.2 10-6 (99% CI= 2.3 10-8 – 6.1 10-6) and for ENPs that are smaller than 2nm, αcrit 1-2nm = 
1.4 10-7 (99% CI=3.9 10-8 – 5.9 10-7). The critical attachment efficiency is thus lower for 
ENPs < 2 nm, but not on a significant level as the 99% CI overlaps with that for ENPs 
of 1-100 nm. 

Bioavailability of ENPs in the water column

The identification of the critical attachment efficiencies can be helpful in assessing 
the environmental risk of ENPs252. If an ENP has an attachment efficiency which is 
< αcrit  the ENP will persist in its free primary state98, 255. This free state is believed 
to be the most toxic, because nanoparticles toxicity would be lowered by (hetero)-
aggregation 80, 244, 256. The ENPs are simulated to collide more frequently with colloid 
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parti cles (99%CI = 9.3 10-4 – 1.0 10-3 s-1) compared to coarse parti cles (99% CI =3.5 
10-5 – 8.4 10-3 s-1). Assuming similar att achment effi  ciency for natural colloid and coarse 
parti cles, the bioavailable fracti on of ENPs is simulated to be dominant upon emission 
of free ENPs to water (Table 6.3; Eq. 6.6). ENPs with att achment effi  ciencies < αcrit are 
bioavailable in their free form, whereas ENPs with att achment effi  ciencies > αcrit are 
bioavailable in a hetero-aggregate that is < 0.45 μm (Figure 6.2). As a consequence the 
calculated bioavailable concentrati on approaches the total concentrati on in the water 
column (Eq. 6.6).

table 6.3. Sensiti vity plots expressing the infl uence of physicochemical properti es on simulated 
concentrati ons of ENPs in the water column
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Figure 6.2. Extract sensitivity plot of attachment efficiency vs.  fractions of concentration in water 
that is free, hetero-aggregated with natural colloid particles, or attached to natural suspended 
coarse particles. 
 
Fate And Exposure In Sediment 
Sediment is an environmental compartment for which no emission is expected 63, 

73, 78, 166, 233. Instead ENPs emitted to the water column deposit in order to reach 
the sediments at the bottom 69, 98, 147, 187, 233. Hence, the fate of ENPs within the 
entire aquatic system needs to be considered in order to evaluate the influence of 
the physicochemical properties on ENP concentrations in the sediment 
compartment233. Exposure concentrations of ENPs in sediment are therefore more 
complex to predict compared to the other environmental compartments 69, 98, 147, 

166, 187, 233.  
The sensitivity plots for free, bioavailable and total concentrations show clear 
relationships with ENP diameter, specific weight, attachment efficiency and 
dissolution rate (Table 6.4). The Hamaker constant does not appear to be 
important at all (Table 6.4). Just as in the water column there appear to be critical 
attachment efficiencies for the free concentrations of ENPs in the sediment 
compartment, as for attachment efficiencies <10-8 the ENPs in their free form 
make up the dominant fraction of the total concentrations in sediment (Table 
6.5).  

figure 6.2. Extract sensiti vity plot of att achment effi  ciency vs.  fracti ons of concentrati on in water 
that is free, hetero-aggregated with natural colloid parti cles, or att ached to natural suspended 
coarse parti cles.

fate And Exposure in sediment

Sediment is an environmental compartment for which no emission is expected 
63, 73, 78, 166, 233. Instead ENPs emitt ed to the water column deposit in order to reach 
the sediments at the bott om 69, 98, 147, 187, 233. Hence, the fate of ENPs within the en-
ti re aquati c system needs to be considered in order to evaluate the infl uence of the 
physicochemical properti es on ENP concentrati ons in the sediment compartment233. 
Exposure concentrati ons of ENPs in sediment are therefore more complex to predict 
compared to the other environmental compartments 69, 98, 147, 166, 187, 233. 

The sensiti vity plots for free, bioavailable and total concentrati ons show clear re-
lati onships with ENP diameter, specifi c weight, att achment effi  ciency and dissoluti on 
rate (Table 6.4). The Hamaker constant does not appear to be important at all (Table 
6.4). Just as in the water column there appear to be criti cal att achment effi  ciencies 
for the free concentrati ons of ENPs in the sediment compartment, as for att achment 
effi  ciencies <10-8 the ENPs in their free form make up the dominant fracti on of the 
total concentrati ons in sediment (Table 6.5). 

Compared to the water column however, criti cal att achment effi  ciencies for 
sediment are more complex to derive, because of multi ple infl uences of other physi-
cochemical properti es of the ENPs. For instance, free ENPs are least able to sett le to 
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the sediment compartment as they are not att ached to larger natural parti cles in the 
water column 69, 98, 160, 187, 255. According to Stokes Law, the free ENPs that are larger and 
denser sett le faster, since254: 
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Compared to the water column however, critical attachment efficiencies for 
sediment are more complex to derive, because of multiple influences of other 
physicochemical properties of the ENPs. For instance, free ENPs are least able to 
settle to the sediment compartment as they are not attached to larger natural 
particles in the water column 69, 98, 160, 187, 255. According to Stokes Law, the free 
ENPs that are larger and denser settle faster, since254:  
 

𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
2(𝜌𝜌𝜌𝜌𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − 𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎)𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2𝑔𝑔𝑔𝑔

9𝜇𝜇𝜇𝜇𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎
 

(Equation 6.11) 
 
Free ENPs with a specific weight smaller than the density of water (< 1000 kg.m-3) are 
calculated not to settle at all, but to remain floating254. Once the free ENPs (> 1000 kg.m-3) 
reach the sediment they can still hetero-aggregate with natural colloid particles inside the 
sediment pore water or attach to sediment grains as a function of filtration 166, 187, 188, 255. 
Furthermore, ENPs in sediment can dissolve, resuspend back to the water column or get 
buried to the deeper layer of sediment 156, 166, 248. These fate processes are all included in 
the model matrix of SB4N 166, 233 and should all be considered to derive a critical 
attachment efficiency at which free ENPs are no longer dominant in the sediment 
compartment. 
Nonetheless, the extract data of the MC simulations provided sufficient raw data to 
express surface plots for sediment concentrations of free ENPs (g.kg-1) as a function of 
dissolution rate and attachment efficiency (Figure 6. 3A-C) as well as for the rate constant 
(s-1) for free settling (vsettle/hwater) of practically insoluble ENPs (kdissolve <10-15) and 
attachment efficiency (Figure 6.4 A-C). 

Free ENPs with a specifi c weight smaller than the density of water (< 1000 kg.m-3) 
are calculated not to sett le at all, but to remain fl oati ng254. Once the free ENPs (> 
1000 kg.m-3) reach the sediment they can sti ll hetero-aggregate with natural colloid 
parti cles inside the sediment pore water or att ach to sediment grains as a functi on 
of fi ltrati on 166, 187, 188, 255. Furthermore, ENPs in sediment can dissolve, resuspend back 
to the water column or get buried to the deeper layer of sediment 156, 166, 248. These 
fate processes are all included in the model matrix of SB4N 166, 233 and should all be 
considered to derive a criti cal att achment effi  ciency at which free ENPs are no longer 
dominant in the sediment compartment.

Nonetheless, the extract data of the MC simulati ons provided suffi  cient raw data 
to express surface plots for sediment concentrati ons of free ENPs (g.kg-1) as a functi on 
of dissoluti on rate and att achment effi  ciency (Figure 6. 3A-C) as well as for the rate 
constant (s-1) for free sett ling (vsett le/hwater) of practi cally insoluble ENPs (kdissolve <10-15) 
and att achment effi  ciency (Figure 6.4 A-C).

ENP Concentrati ons In Sediment Plott ed Against Att achment Effi  ciency And Dissoluti on Rate
A: Free B: Bioavailable C: Total Legend
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ENP Concentrations In Sediment Plotted Against Attachment Efficiency And Dissolution Rate 

A: Free B: Bioavailable C: Total Legend 

    
Figure 6.3 A-C. Free (A), bioavailable (B), and total (C) concentrations of ENPs in sediment as a function of attachment efficiency and dissolution rate. 
 
Insoluble ENP Concentrations In Sediment Plotted Against Attachment Efficiency And Settling Rate 
A: Free B: Bioavailable C: Total Legend 

   

 
Figure 6.4 A-C. Free (A), bioavailable (B), and total (C) concentrations of ENPs in sediment as a function of attachment efficiency and the settling rate of 
free ENPs. 
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figure 6.3 A-C. Free (A), bioavailable (B), and total (C) concentrati ons of ENPs in sediment as a 
functi on of att achment effi  ciency and dissoluti on rate.
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Insoluble ENP Concentrati ons In Sediment Plott ed Against Att achment Effi  ciency And Sett ling Rate
A: Free B: Bioavailable C: Total Legend

figure 6.4 A-C. Free (A), bioavailable (B), and total (C) concentrati ons of ENPs in sediment as a 
functi on of att achment effi  ciency and the sett ling rate of free ENPs.

Free concentrati ons in sediment are reduced by att achment to natural parti cles (Figure 
6.3 A; 6.4 A; Table 6.4), bioavailable concentrati ons appear not to be driven by att ach-
ment effi  ciency (Figure 6.3 B; 6.4 B; Table 6.4) and total concentrati ons increase with 
att achment effi  ciency (Figure 6.3 C; 6.4 C; Table 6.4). Assuming that concentrati ons 
in the water column are proporti onal to concentrati ons in sediment, the algorithms 
of SB4N to calculate free, bioavailable and total concentrati on in sediment can be 
simplifi ed to:
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Free concentrations in sediment are reduced by attachment to natural particles (Figure 
6.3 A; 6.4 A; Table 6.4), bioavailable concentrations appear not to be driven by attachment 
efficiency (Figure 6.3 B; 6.4 B; Table 6.4) and total concentrations increase with 
attachment efficiency (Figure 6.3 C; 6.4 C; Table 6.4). Assuming that concentrations in the 
water column are proportional to concentrations in sediment, the algorithms of SB4N to 
calculate free, bioavailable and total concentration in sediment can be simplified to: 
 

𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) = 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)
𝑉𝑉𝑉𝑉𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠

𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)

𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝛼𝛼𝛼𝛼�𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠)+𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠�
   

(R2 =1) 
(Equation 6.12)  
 
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) = 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) + 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓), with 
 
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) =
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)

𝑉𝑉𝑉𝑉𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠

𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)

(𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
+

𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝛼𝛼𝛼𝛼(𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠))

(𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
,  

(R2 =1) 
(Equation 6.13) 
 
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) = 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) + 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) + 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓), with 
 
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) =
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)

𝑉𝑉𝑉𝑉𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠

𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)

(𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
+

𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝛼𝛼𝛼𝛼(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.(𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠))

(𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎+𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
  

(R2=1) 
(Equation 6.14) 
 
Burial, resuspension and dissolution are included in SB4N as the fate processes 
responsible for the removal of the total amount of ENPs in sediment 156, 166. The rates of 
these processes do not depend on attachment efficiency. The increase in total 
concentration as a function of increasing attachment efficiency must thus be due to an 
increase of deposition of ENPs attached to natural particles settling from the water 
column 98, 147, 176, 177, 186, 187, 189, 252. Prior to such deposition to the sediment compartment, 
the ENPs are subject to speciation in the water column. This speciation is a function of 
their attachment efficiency with natural particles 98, 156, 166, 168, 187, 192(Figure 6.2). It appears 
that the critical attachment efficiency at which hetero-aggregated ENPs are dominant in 
the water column (Figure 6.2) is equal to the critical attachment efficiency at which the 
total concentrations in the sediment compartment no longer increases: 10-4 (Table 6.4). It 
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Burial, resuspension and dissolution are included in SB4N as the fate processes res-
ponsible for the removal of the total amount of ENPs in sediment 156, 166. The rates 
of these processes do not depend on attachment efficiency. The increase in total 
concentration as a function of increasing attachment efficiency must thus be due to 
an increase of deposition of ENPs attached to natural particles settling from the water 
column 98, 147, 176, 177, 186, 187, 189, 252. Prior to such deposition to the sediment compartment, 
the ENPs are subject to speciation in the water column. This speciation is a function 
of their attachment efficiency with natural particles 98, 156, 166, 168, 187, 192(Figure 6.2). It 
appears that the critical attachment efficiency at which hetero-aggregated ENPs are 
dominant in the water column (Figure 6.2) is equal to the critical attachment efficiency 
at which the total concentrations in the sediment compartment no longer increases: 
10-4 (Table 6.4). It is displayed that the fraction of ENPs attached to coarse particles is 
proportional to the fraction of ENPs hetero-aggregated with natural colloid particles 
(Figure 6.2). This induces that once the hetero-aggregated species become dominant 
(> 99 %), the fraction of species attached to coarse particles cannot further increase 
(Figure 6.2). However, ENPs attached to natural coarse particles settle faster than those 
hetero-aggregated with natural colloids187. Consequential to the fast settling process, 
the dominant mass flow of ENPs entering the sediment compartment is simulated to 
be mediated by attachment with suspended coarse particles (Figure 6.5).
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is displayed that the fraction of ENPs attached to coarse particles is proportional to the 
fraction of ENPs hetero-aggregated with natural colloid particles (Figure 6.2). This induces 
that once the hetero-aggregated species become dominant (> 99 %), the fraction of 
species attached to coarse particles cannot further increase (Figure 6.2). However, ENPs 
attached to natural coarse particles settle faster than those hetero-aggregated with 
natural colloids187. Consequential to the fast settling process, the dominant mass flow of 
ENPs entering the sediment compartment is simulated to be mediated by attachment 
with suspended coarse particles (Figure 6.5). 
 

 
Figure 6.5 Simulated Steady State Mass Flows (g.s-1) of free, hetero-aggregate colloid, and coarse-
attached ENPs as a function of attachment efficiency.  
 
This may explain why there are two critical attachment efficiencies related to the 
concentrations of ENPs in sediment. If (i) α  < 10-6, free ENPs are dominant in the water 
column prior to deposition (Figure 6.2) so that the free ENPs are dominant in the sediment 
compartment as well (Figure 6.3 A; 6.4 A; 6.5). If (ii) 10-6 < α< 10-4, free ENPs in the water 
column are no longer dominant so that they are effectively transported to sediment by 
ENPs attachment to natural particles. Consequentially, the mass flow for deposition of 
coarse-attached ENPs (Figure 6.5) and total concentrations in sediment are increased 
(Table 6.4). If (iii) α> 10-4, total concentrations in sediment no longer linearly increase with 
attachment efficiency, because the ENPs hetero-aggregated with natural colloids are 
dominant in the water column (Figure 6.2; 6.5). 
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figure 6.5 Simulated Steady State Mass Flows (g.s-1) of free, hetero-aggregate colloid, and coarse-
attached ENPs as a function of attachment efficiency. 

This may explain why there are two critical attachment efficiencies related to the 
concentrations of ENPs in sediment. If (i) α  < 10-6, free ENPs are dominant in the water 
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column prior to depositi on (Figure 6.2) so that the free ENPs are dominant in the 
sediment compartment as well (Figure 6.3 A; 6.4 A; 6.5). If (ii) 10-6 < α< 10-4, free ENPs 
in the water column are no longer dominant so that they are eff ecti vely transported to 
sediment by ENPs att achment to natural parti cles. Consequenti ally, the mass fl ow for 
depositi on of coarse-att ached ENPs (Figure 6.5) and total concentrati ons in sediment 
are increased (Table 6.4). If (iii) α> 10-4, total concentrati ons in sediment no longer 
linearly increase with att achment effi  ciency, because the ENPs hetero-aggregated with 
natural colloids are dominant in the water column (Figure 6.2; 6.5).

table 6.4. Sensiti vity plots expressing the infl uence of physicochemical properti es on simulated 
concentrati ons of ENPs in sediment
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fate And Exposure in soil

Total concentrations of ENPs in soil are strongly influenced by dissolution rate and at-
tachment efficiency with natural particles, whereas free concentrations are influenced 
by attachment efficiency and ENP diameter (Table 6.5). Insoluble ENPs accumulate in 
soil if they are effectively filtered by attachment to soil grains 233. Once attached to a 
soil grain, erosion is the only fate process that transports the ENPs out of the soil. Such 
removal by erosion takes over centuries, so that even at extreme low rates dissolution 
is the dominant removal mechanism for ENPs attached to soil grains233.

The concentrations of ENPs in soil can be predicted with SB4Ns algorithms that 
are simplified into a function of dissolution rate, attachment efficiency, filtration and 
advective transport (leaching, run-off and erosion) (Eq. 6.16-6.18).
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Fate And Exposure In Soil 
Total concentrations of ENPs in soil are strongly influenced by dissolution rate and 
attachment efficiency with natural particles, whereas free concentrations are influenced 
by attachment efficiency and ENP diameter (Table 6.5). Insoluble ENPs accumulate in soil 
if they are effectively filtered by attachment to soil grains 233. Once attached to a soil grain, 
erosion is the only fate process that transports the ENPs out of the soil. Such removal by 
erosion takes over centuries, so that even at extreme low rates dissolution is the 
dominant removal mechanism for ENPs attached to soil grains233. 
The concentrations of ENPs in soil can be predicted with SB4Ns algorithms that are 
simplified into a function of dissolution rate, attachment efficiency, filtration and 
advective transport (leaching, run-off and erosion) (Eq. 6.16-6.18). 
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𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

1
𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝛼𝛼𝛼𝛼(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡.+𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)+𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟ℎ+𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

   

(R2=1) 
(Equation 6.15) 
 
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) = 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) + 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) ,   with 
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(Equation 6.17) 
 
Poorly soluble ENPs that effectively attach to soil grains are identified to be persistent 166, 

233, 250. Such persistence is calculated as a residence time that expresses how long the ENPs 
stay in soil (Eq. 6.4) 206. It appears that dissolution rate and attachment efficiency with soil 
grains are two physicochemical properties that complement each other in the persistence 
of ENPs in soil (Eq. 6.4). ENPs with a dissolution rate < 10-11 s-1 and an attachment 
efficiency α >10-6 are calculated to have residence time between 1,000 and 10,000 years 
as a consequence of effective filtration and slow removal (Figure 6.4). 
The bioavailable concentration is calculated to be far less persistent, since the free ENPs 
and ENPs hetero-aggregated with natural colloids are more effectively removed by soil 

Poorly soluble ENPs that effectively attach to soil grains are identified to be persistent 
166, 233, 250. Such persistence is calculated as a residence time that expresses how long 
the ENPs stay in soil (Eq. 6.4) 206. It appears that dissolution rate and attachment effici-
ency with soil grains are two physicochemical properties that complement each other 
in the persistence of ENPs in soil (Eq. 6.4). ENPs with a dissolution rate < 10-11 s-1 and an 
attachment efficiency α >10-6 are calculated to have residence time between 1,000 and 
10,000 years as a consequence of effective filtration and slow removal (Figure 6.4).

The bioavailable concentration is calculated to be far less persistent, since the free 
ENPs and ENPs hetero-aggregated with natural colloids are more effectively removed 
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by soil run-off  and leaching to the deeper layers of soil (Eq. 6.16, 17) 166 compared to 
the slow process of erosion 73, 133, 229. 

The decrease of the bioavailable concentrati on with increasing att achment effi  ci-
ency can be explained by the frequency of collisions between ENPs and the natural 
colloids in soil pore water (fcol(NC))  that is simulated to be less than the frequency of 
collisions between ENPs and soil grains by fi ltrati on (ffi ltr.). This implies that free ENPs 
with high att achment effi  ciency that are prone for hetero-aggregati on with natural 
colloids are sti ll more likely to att ach to soil grains instead. Consequenti ally, they are 
no longer bioavailable. However, the dominance of fi ltrati on over hetero-aggregati on 
decreases weakly with ENP diameter (Figure D3), which explains why larger ENPs are 
simulated to be more prone to persist as free and bioavailable ENPs in soil (Table 6.5).  

126 
 

Figure 6.6. Soil Persistence Of ENPs as a function of attachment efficiency and dissolution rate 

Considerations for environmental risk assessment 
Here, it is evaluated how the derived relationships between the physicochemical 
properties of ENPs and their environmental fate and exposure can be useful for 
environmental risk assessment. 
 
Dissolution rate and attachment efficiency are most important 
Environmental fate and exposure of ENPs are driven by the physicochemical properties 
diameter, specific weight, attachment efficiency and dissolution rate. Dissolution rate and 
attachment efficiency appear to be the most important properties but are also the most 
complex to characterize. Dissolution rates depend on the surface chemistry between the 
ENP and the environmental medium 69, 170, whereas attachment efficiencies depend on the 
environmental medium and the size, shape and surface of both the ENP and the natural 
particle it collides with97. The complexity of ENP dissolution and attachment behavior in 
environmental media is often dealt with by treating them as an uncertainty 168, 170, 233. 
Nonetheless, it seems that this is an acceptable approach, because variations in predicted 
environmental exposure as a consequence of uncertain dissolution rate or attachment 
efficiency are easily foreseen when consulting SB4N’algorithms (Eq. 6.7-6.10, Eq. 6.13-18) 
and the sensitivity plots (Tables 6.2-6.5). Moreover, if dissolution rates or attachment 

figure 6.6. Soil Persistence Of ENPs as a functi on of att achment effi  ciency and dissoluti on rate
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table 6.5. Sensiti vity plots expressing the infl uence of physicochemical properti es on simulated 
concentrati ons of ENPs in soil

Plots
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ConsidErAtions for EnvironMEntAl risk AssEssMEnt

Here, it is evaluated how the derived relationships between the physicochemical 
properties of ENPs and their environmental fate and exposure can be useful for envi-
ronmental risk assessment.

Dissolution rate and attachment efficiency are most important

Environmental fate and exposure of ENPs are driven by the physicochemical properties 
diameter, specific weight, attachment efficiency and dissolution rate. Dissolution rate 
and attachment efficiency appear to be the most important properties but are also 
the most complex to characterize. Dissolution rates depend on the surface chemistry 
between the ENP and the environmental medium 69, 170, whereas attachment efficien-
cies depend on the environmental medium and the size, shape and surface of both 
the ENP and the natural particle it collides with97. The complexity of ENP dissolution 
and attachment behavior in environmental media is often dealt with by treating them 
as an uncertainty 168, 170, 233. Nonetheless, it seems that this is an acceptable approach, 
because variations in predicted environmental exposure as a consequence of uncer-
tain dissolution rate or attachment efficiency are easily foreseen when consulting 
SB4N’algorithms (Eq. 6.7-6.10, Eq. 6.13-18) and the sensitivity plots (Tables 6.2-6.5). 
Moreover, if dissolution rates or attachment efficiencies are below a critical value, they 
do not influence predicted environmental exposure at all.

Speciation as free, colloidal hetero-aggregates and coarse-attached ENPs

The direct relationships between the physicochemical properties of ENPs and their 
predicted environmental exposure emphasize the need to include speciation modeling 
in environmental risk assessment 167, 233, 250. Free ENPs are considered to be bioavailable 
and most toxic79, 167, 170, ENPs hetero-aggregated with natural colloids are considered to 
be bioavailable and appear to be dominant 79, 233, 250, whereas ENPs attached to coarse 
particle are not considered to be bioavailable [24, 51], but it is unclear whether they 
can be treated as essentially harmless166.  

Concentrations of the more toxic free ENPs in aqueous media are reduced effecti-
vely if attachment efficiencies are high. However, the bioavailable fraction of ENPs in 
water is independent of attachment efficiency. ENPs with low attachment efficiency 
reside in the water column as free ENPs and are therefore bioavailable, whereas ENPs 
with high attachment efficiencies are most prone to aggregate with natural colloids 
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that are bioavailable nonetheless 98. ENPs with high attachment efficiencies in soil 
however are most prone to attach to coarse grains via filtration. Consequentially, free 
and bioavailable concentrations are predicted to be low, but total concentrations are 
high as insoluble ENPs attached to soil grains persist for 1,000-10,000 years.  

Speciation and exposure of ENPs in the sediment compartment is complex to pre-
dict given the relationships with the physicochemical properties size, specific weight, 
attachment efficiency, and dissolution rate. Accurate determination of the physicoche-
mical properties is thus most important for risk assessment for exposure to ENPs in the 
sediment compartment. 

Speciation and exposure of ENPS in the atmosphere is found to be driven by di-
ameter. All airborne ENPs are more prone to coagulate with fine aerosols compared 
to coarse aerosols. However, small ENPs (<10 nm) are prone to coagulate rapidly in 
any case, whereas the coagulation rate of larger ENPs (>10 nm) also depends on the 
particle size distributions of the natural aerosols.

For all environmental compartments it is thus indicated that speciation of ENPs is 
important in environmental exposure estimation. However, environmental speciation 
patterns are not incorporated in aquatic toxicity tests215 and there are no approaches 
designed to quantify PECs into bioavailable exposure estimates 243. Moreover, there 
is not yet scientific consensus whether nanomaterials attached to natural particles 
should be included in environmental exposure167. Environmental risk assessment of 
ENPs is thus still hampered by a lack of knowledge about their speciation even though 
simulation of environmental speciation of ENPs is now feasible and more insightful.

Opportunities for model simplifications

Multimedia fate simulations performed by SB4N are rather complex as they comprise 
a large number of algorithms integrated into one model matrix that represents the 
distribution of ENPs over environmental compartments and speciation patterns 166, 233. 
However, the sensitivity plots for physicochemical identified to be important can be 
explained with a relative simple algorithm. Therefore, the simplified algorithms them-
selves are already suitable for environmental exposure estimation, but only under the 
terms that (i) the emission of ENPs is to the same environmental compartment that 
is evaluated for exposure, and (ii) the ENPs are emitted in a free state. A complex 
multimedia fate model such as SB4N is thus necessary for environmental exposure 
estimation in case it is desired to include ENP speciation patterns and emissions to 
multiple compartments.
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ConClusion

Setting priority in environmental risk assessment of ENPs by accounting for the physi-
cochemical properties that yield the highest environmental exposure estimates is not 
straightforward. Screening level environmental exposure estimation already requires 
complex multimedia fate models such as SB4N to account for ENP speciation patterns 
and emissions to multiple compartments. Moreover, dissolution rates and attachment 
efficiencies are the most important properties driving the simulated environmental 
fate and exposure, which are the properties that are the most complex to characterize. 
The sensitivity analysis also reveals a complex dilemma what speciations of ENPs to 
prioritize in environmental risk assessment: (i) the most toxic free ENPs for which low 
concentrations are predicted, (ii) the bioavailable majority, or (iii) the coarse-attached 
ENPs that are considered to be most persistent but least harmful. However, novel 
insights that generally apply to all ENPs are gained from the sensitivity analysis as 
well, which may be helpful in solving the dilemma: (i) critical attachment efficiencies 
indicate whether ENPs persist in free concentrations, (ii) large fractions of bioavaila-
ble ENPs are specifically predicted upon emission to the atmosphere and the water 
column, and (iii) the persistence of ENPs in soil can be expressed as a simple function 
of dissolution rate and attachment efficiency. Screening level environmental exposure 
estimation and risk assessment of ENPs thus remains a complex exercise even though 
environmental fate and speciation modeling is becoming more insightful.
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PErsPECtivEs for iMPlEMEntAtion of siMPlEBox4nAno in 
ChEMiCAl sAfEty AssEssMEnt lEgislAtion

Chemical safety assessment frameworks, such as the European Commission (EC)’s 
legislation program REACH (Registration, Evaluation, Authorization and Restriction of 
Chemicals) and the Toxic Substances Control Act of the U.S. Environmental Protection 
Agency (USEPA), have been founded to protect human health and the environment 
from potential toxic effects of chemicals 63, 64. Chapter 2 explains that their guidance is 
not yet able to cope with chemicals occurring as nanomaterials that possess physico-
chemical properties that diverge from those of the chemical’s equivalent bulk material 
or dissolved state126. It appears this is still the case 164, 257. 

The provisions of the current regulatory framework for chemical risk assessment 
and management in the European Union, the REACH regulation, apply to engineered 
nanomaterials79 but include very little reference to substances in particulate and 
nanoforms 13. There is still a need to adequately assess and manage the potential 
risks of nanomaterials164, even though manufacturers, importers and downstream 
users must ensure the safe use of each substance (whatever its form) under REACH.  
Nanotechnology industry thus introduces new challenges for regulators, such as the 
European Commission and European Chemical Agency, as well as all other stakehol-
ders258. Chapter 2 demonstrates that one of these challenges was to turn the models 
that are used to describe and predict the fate of ‘conventional chemical substances’ 
fit for environmental exposure estimation of nano substances68, 126, 127. Environmental 
exposure estimation of chemicals is an important obligation within REACH guidance 
63. REACH offers the multimedia fate model SimpleBox 73, 132, 133 as technical guidance 
within The European Union System For The Evaluation Of Substances (EUSES)  to 
perform environmental exposure estimation of chemicals on a screening level78. The 
adjustments required to turn SimpleBox fit for nano identified in Chapter 2 126 are 
successfully implemented in the model concept of SimpleBox4nano (SB4N) presen-
ted in Chapter 3 166. The model robustness of SB4N was tested to be comparable to 
that of the original SimpleBox model in Chapter 4 233. The case study of Chapter 5 
regarding nano-TiO2 in surface waters demonstrated  that SB4N is suitable for envi-
ronmental risk assessment of nanomaterials 250.Moreover, as explained in Chapter 
6, the physicochemical properties that drive the environmental fate and exposure of 
nanomaterials have been identified with SB4N259. Although environmental exposure 
estimation of nanomaterials has become possible with SB4N on a screening level 167, 
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implementation of SB4N in REACH guidance is not yet feasible because of limitations 
of the model itself and a lack of compatibility with the other components in chemical 
safety assessment under REACH, such as the identification of substance properties 260, 
release estimation261, and (eco)toxicity testing231.  

idEntifiCAtion of suBstAnCE ProPErtiEs

The substance properties SB4N asks as input parameters are dissolution rate, attach-
ment efficiencies with natural particles, specific weight and size, see Chapter 3 166. The 
specific weight of the nanomaterials is easily determined as the specific weight of the 
pure substance (Chapter 3 166 ) and is therefore considered not to be an uncertainty 
(Chapter 4) 233. Techniques determining the size of nanomaterials is well documented 
in REACH guidance appendices developed for nanomaterials, but it should be noted 
that engineered nanomaterials will occur in a distribution of size instead of one specific 
size257. In Chapter 6 it is concluded that attachment efficiencies and dissolution rates 
are the two most important parameters driving the environmental fate and exposure 
of nanoparticles259, but they are also the most difficult to characterize 69, 168, 170. Dis-
solution rates depend on the surface chemistry between the nanoparticle and the 
surrounding medium 69. Environmental conditions such ionic strength, pH, alkalinity 
and natural concentrations of oxygen, sulphide, phosphor, and chloride can inhibit or 
increase dissolution, so that dissolution rates of the same nanoparticle can vary per 
environmental medium 170. Attachment efficiencies between engineered nanoparticles 
and natural particles are determined by physicochemical properties of both colliding 
particles, such as size, Hamaker constant, zeta-potential, as well as environmental 
conditions such as ionic strength, pH, and concentrations of dissolved natural orga-
nic matter97. The tendency of colloidal systems to aggregate is well understood and 
described in the classical Derjaguin Landau 95 Verwey Overbeek 96(DLVO) theory of 
colloid stability, but it remains unclear to what extent it is able to accurately predict 
attachment efficiencies between engineered nanoparticles and natural colloids under 
real, complex, and environmental conditions that are not ideal for extrapolations 
from laboratory conditions97. Significant limitations in applying the conventional 
environmental fate models to nanomaterials are recognized in the REACH guidance 
documents that refer to environmental exposure estimation 78. Chapter 2 explains 
that the conventional fate models that calculate environmental exposure from the 
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chemical’s octanol-water partition coefficients, vapour pressure and solubility cannot 
be used for nanomaterials 126. Manufacturers and importers of nanomaterials are 
advised to collect measurement information on environmental release, fate including 
aggregation and agglomeration and concentrations in the environment where pos-
sible257. In appendices developed by REACH for safety assessment of nanomaterials 
it is recognized that the solubility of nanomaterials may be difficult to determine and 
is frequently recorded as less than the analytical detection limit262. Moreover, the ap-
pendices refer to dissolution as a transformation process that produces ions which are 
regarded as the toxics to be considered in predicting bioaccumulation and predicted 
no effect concentrations (PNECs) 262. However, for environmental exposure estimation 
of nanomaterials dissolution should be considered a removal process, because once it 
is dissolved it no longer applies to the definition of a nanomaterial, see Chapter 2 126. 
Hence, by considering the ionic species as the toxic substance, the nanotoxicity related 
to the high specific surface area of the nanomaterial is neglected 167.   

More technical guidance in characterizing nanomaterial dissolution rates and 
attachment efficiencies with natural particles is thus required. In Chapter 4 it is de-
monstrated that in screening level environmental exposure estimation with SB4N it 
suffices to use conservatively estimated values for dissolution rates 233. In Chapter 6 
it was concluded that for attachment efficiencies it is sufficient to indicate whether 
they are larger are smaller than calculated critical attachment efficiencies at which 
nanomaterials reside in the water column as the more toxic free species or become 
persistent in soil and sediments259. Hence, for a first-tier assessment of environmental 
exposure to nanomaterials with the screening level model SB4N it is only necessary 
to derive indicative or conservative values for attachment efficiencies and dissolution. 
However, that does not necessarily apply for further tier-assessments.       

rElEAsE EstiMAtion

REACH offers guidance in emission estimation of chemicals by publishing so-called 
(Specific) Environmental Release Classes, i.e. (Sp)ERCs 84, 85. ERCs assign standard 
fractions of chemical production volumes released to air, water, and soil for standar-
dized scenarios in production and manufacture processes, consumer and professional 
use, as well as the service life and disposal of the chemical product 84. SpERCs can be 
composed by manufactures and importers in case the ERCs are unfit or too conser-
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vative for specific chemical release scenarios85. Emission patterns of nanomaterials 
that comply to the concept of (Sp)ERCs are available as  the fractions of nanomaterial 
production volumes that are released to air, water or soil during the different stages of 
the life cycle of the nanomaterial product162. However, such emission patterns do not 
account for physical and chemical transformations of the nanomaterial prior, upon, 
or directly after release68, 263, whereas these transformation processes may affect the 
toxicity and environmental fate of the nanomaterial 58, see also Chapter 2 126. It is 
therefore proposed to include the products of these transformation processes, e.g. 
homoaggregation, dissolution, surface modification and weathering 58, in the release 
estimation procedures within chemical safety assessment frameworks for nanomate-
rials 68. Chapter 4,5 and 6 explain that more specific information on altered states of 
the nanomaterial prior to emission may indeed lead to more accurate environmental 
exposure estimation with SB4N 233, 250, 259.

In Chapter 3 it is discussed that SB4N can be used to predict environmental 
background concentrations for homoaggregates of engineered nanomaterials, but 
it requires an “emission rate” and the properties of the aggregate as input 166. Ho-
moaggregation is not included in SB4N as an environmental fate process, because 
it can be assumed negligible on the regional background scale the model employs 
98, 160, 166, 186, 187, 255. However, the number concentrations of engineered nanomaterials  
can be high enough to aggregate with themselves prior to release in the product 
matrix or waste water58, 263, or directly after release in close proximity to the emis-
sion source 68, 156, 176, 177, 189, 263. Though homoaggregation is assumed to be a negligible 
environmental fate process on a background scale 68, this is not necessarily the case 
for homoaggregates that are formed at a local scale and then persist at a background 
scale 69, 156. In order to account for homoaggregation in environmental exposure 
estimation of nanomaterials it thus required to translate local formation of homoag-
gregates into an emission to the regional scale that is employed by SB4N (Chapter 3 
166). Such translation asks for characterization of the physicochemical properties of 
the homoaggregates used in SB4N as input parameters referring to size, mass density, 
dissolution rates, and attachment efficiencies with natural particles (Chapter 3 166). 
Alteration of such properties will influence environmental fate as explained in Chapter 
6 259, e.g. increased size leads to increased settling velocities and coagulation with fine 
aerosol particles.  

In Chapter 4 it is discussed that more information on the fate of nanomaterials in 
waste water treatment plants (WWTPs) prior to emission to the environment may also 
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lead to more accurate environmental exposure estimation with SB4N 233. The Simple-
Treat model that REACH offers for simulating waste water treatment of chemicals100, 101 
is not fit for simulations of nanomaterials, which is discussed in Chapter 2 126. However, 
fractions of the production volumes of nanomaterials that are released into WWTP 
influents can be derived from their production processes and use patterns 162. During 
treatment, nanomaterials can dissolve and attach to suspended particles that either 
settle as WWTP sludge or leave the WWTP in effluent waters 102, 190, 191. Effluents from 
WWTPs are a major emission route for engineered nanomaterials entering surface 
waters, whereas application of WWTP sludge to agricultural soils is a major emission 
route for engineered nanomaterials entering soil162, 165. Emission to air from WWTPs 
is not expected for nanomaterials, because they do not volatize69, 162. From pilot 
experiments measuring nanomaterials and dissolution products in WWTP influents, 
effluents and sludge, it is estimated that between 75 and 97% of insoluble nanomate-
rials in the WWTP influents end up in sludge, whereas the other 3 to 25% will end up 
in the WWTP effluents 31, 162. For nanomaterials, that are soluble, e.g. nano-ZnO and 
-Ag, it was found that 0% ends up in effluents and 0-1% ends up in sludge because the 
nanomaterial has been dissolved during treatment122, 180. However, the experiments 
are only able to measure nanomaterial concentrations in the treated water and do 
not last long enough to prove that activated sludge treatment will lead to steady-state 
concentrations 104. 

The Spearman Rank coefficients referring to WWTP fate in Chapter 4, demonstrate 
that environmental exposure estimation with SB4N will be improved by reducing 
the uncertainty in the fractions of nanomaterials estimated in WWTP effluents and 
sludge 233. Moreover, SB4N considers free nanomaterials and hetero-aggregates with 
natural colloids to be prone for advective transport by leaching and run-off, whereas 
nanomaterials attached to coarse particles accumulate in soil as they are only remo-
ved by erosion that takes centuries (see Chapter 6 259). It is therefore also desired to 
characterize to what extent the nanomaterials attach to coarse sludge particles during 
treatment ( see Chapter 4 233). Such characterization could be done by predicting the 
fate of nanomaterials in WWTPs, e.g. by adapting the SimpleTreat model 100, 101  used 
under REACH  for predicting the fate of chemicals during waste water treatment74, 78 
into a SimpleTreat4Nano module. After all, the model concept of SimpleTreat is si-
milar to that of SimpleBox as they are both based on chemical mass balance equati-
ons73, 100, 101, 132, 133. Hence, it is feasible to adapt  SimpleTreat to be fit for nanomaterials 
by extending its model matrix in a similar way as was done for the SB4N model, i.e. 
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the model matrix presented in Chapter 3 that calculates rate constants for performing 
mass balance equations for the free, hetero-aggregated and coarse attached species 
of nanomaterials including dissolution as a removal mechanism 166.

Other transformation processes prior to environmental release identified are dis-
solution in the product matrix, combustion, surface weathering and modification 58. In 
Chapter 2 it was stated that nanomaterials that are already dissolved in the product 
matrix are obviously not released to the environment as a solid substance that com-
plies to the definition of a nanomaterial 2, 126.Instead a release of ions, molecules or 
atoms or precipitates of the dissolution product should be considered 79, 262. For these 
species environmental risk assessment can be performed separately, but that does not 
necessarily require Chapter 3’s model matrix developed for environmental exposure 
estimation of nanomaterials166. Combustion, surface weathering and modification are 
transformation processes that alter the surface chemistry of the nanomaterial58 which 
could lead to altered attachment efficiencies with natural particles and nanomaterial 
dissolution rates that depend on surface chemistry 69. SB4N is still suitable for environ-
mental exposure estimation of nanomaterials in the cases it is desired to account for 
such transformation processes prior to environmental release. However, it requires 
the altered physichochemical properties of the transformed nanomaterial, i.e. size, 
specific weight, dissolution rates and attachment efficiencies, as input parameters. This 
is suggested consistently over Chapters 3-5, as a solution to SB4N’s model limitations 
166, 250, 259. Still it does call for the development of technical guidance in characterizing 
these input parameters, since such guidance is not yet available74.

ECotoxiCity tEsting

Environmental fate and exposure of nanomaterials are not incorporated in aquatic 
toxicity tests215 and there are no approaches designed to quantify predicted envi-
ronmental concentrations into bioavailable exposure estimates 243. There is not yet 
scientific consensus whether nanomaterials attached to natural particles should be 
included as environmental exposure167. In Chapter 5 it is quantified to what extent 
environmental risk assessment of nanomaterials is hampered by this lack of consensus 
250. 

REACH guidance considers the fraction of chemicals or metals that is associated 
with suspended particles not to contribute to environmental exposure, because free 



143

metal species are “far more bioavailable than most complexed metal species”79. As 
such, the free and thus bioavailable concentration of a metal (oxide) is defined as 
“the fraction of a metal that passes through a filter of 450 nm” 79. In Chapter 4-6 it is 
discussed that applying this definition for ENPs would mean that the sum of dissolved/
ionic, free pristine nanoparticulate forms and hetero-aggregates (< 450 nm) is to be 
considered bioavailable 233, 250, 259. However, only the free nanomaterials are somewhat 
compatible to the hazard data generated in ecotoxicological studies, because they both 
fully consist of the same substance 167, 171, 228. Free nanomaterials are also likely to yield 
lower toxic effect thresholds, because of their specific nanotoxicity related to their 
high specific surface area 167, 215, 243, 244, i.e. toxicity is lowered by (hetero)aggregation or 
encapsulation of the nanoscale particles 80, 167, 244. Nanomaterials attached to natural 
coarse particles do not at all fall under REACH’s definition of “bioavailabe”. Rather, it 
is implicitly assumed that chemicals and metals associated with (coarse) solids are 
considered inert, immobile and essentially harmless. Nonetheless, this assumption 
has been made explicit in Chapter 2 126. Still, it is not yet known whether nanomaterials 
associated with coarse particles can indeed be assumed to be harmless. After all, they 
are present in the environment. Stronger, in Chapter 6 they are calculated to be very 
persistent in soil259 and in Chapter 5 it is demonstrated that their contribution to envi-
ronmental risk assessment can be quantified250. It is expected that free nanomaterials, 
nanomaterials hetero-aggregated with natural colloids, and nanomaterials attached to 
natural coarse particles have separate threshold levels for toxic effects 167, 215, 243. Howe-
ver, it is extremely complex to derive the exact values for these separate thresholds, 
because (i) measurement techniques are not able to detect nanomaterials attached 
to coarse particles171, (ii) nanomaterials tend to dissolve or aggregate with themselves 
before reaching the exposed organism 167, 215, (iii) measure techniques are not able to 
distinguish between free nanomaterials and nanomaterials that are hetero-aggregated 
with natural colloids130, 171, 208. Consequentially, organisms in toxicity tests are exposed 
to a mixture with an unknown composition of different species of nanomaterials, 
whereas Chapters 3-6 show that environmental exposure models are able to calculate 
separate concentrations of the different species 166, 233, 250, 259. It is thus unclear to what 
extent the predicted environmental concentrations (PECs) are compatible with predic-
ted no-effect concentrations (PNECs) 167. The composition of the mixture of nanoma-
terial species in mesocosm toxicity testing could be modeled, as discussed in Chapter 
5 250, but an extrapolation step is still required if the modeled mixture composition of 
the PNEC does not agree with that of the PEC215. In Chapters 4 -6 it is proposed that 
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the worst case approach to deal with this problem is to compare the PNECs for the 
nanomaterial species with the lowest effect threshold to the predicted total exposure 
concentrations, i.e. the sum of all species concentrations. Indeed, such a worst case 
approach leads to overconservative environmental risk assessment 233, 250, 259, but it 
may already ensure safe concentrations at which no adverse effects for organisms in 
the environment are to be expected63. Nonetheless, if safe concentrations cannot be 
ensured with a worst case approach, further tier environmental risk assessment is 
required63. In Chapter 5 it is therefore recommended that further investigation on the 
ecotoxicity of the different environmental speciations of nanomaterials is still desired 
in order to overcome the incompatibility between predicted exposure and no-effect 
concentrations 167, 215, 250.

High exposure concentrations are especially anticipated for nanomaterials atta-
ched to the grains of soil and sediment, see Chapter 4 and 6 233, 259. If future research 
demonstrates whether or not the nanomaterials attached to coarse particles are es-
sentially harmless would mean a major step forward for environmental risk assessment 
focused on these compartments. Furthermore, it is estimated that free nanomaterials 
in a pristine state are more toxic as homo- or hetero-aggregated nanomaterials 167. 
However, it still should be assessed if this generic extrapolation applies to all kinds of 
nanomaterials. In Chapter 5 it is demonstrated that the abundance of nanomaterials 
hetero-aggregated with natural colloids dominate environmental risk coefficients250. 
Separating PNEC values for free and hetero-aggregated nanomaterials would thus 
mean a major step forward in environmental risk assessment 167.    

sB4n ModEl liMitAtions

Along Chapters 3-6 it is discussed that environmental exposure estimation with SB4N 
is open for improvement 166, 233, 250, 259. Major limitations of the model are its temporal 
scale, simplifications of environmental transformation and transport processes, and 
opportunities for model validation and calibration 166, 233, 250, 259. 

Exposure concentrations are calculated with SB4N for a steady state situation 
(Chapter 4 166), but it takes 1,000 – 10,000 years to reach this state for practically in-
soluble nanomaterials that are attached to soil grains (Chapter 6 259). REACH guidance 
however, prescribes environmental exposure estimation on an annual basis 78. In 
Chapters 4-6 it is demonstrated that steady state calculations consequentially over-



145

estimate (i) the concentrations predicted for nanomaterials attached to soil grains, 
(ii) the predicted mass flows for transport from soil to water by erosion, and (iii) the 
concentrations of nanomaterials attached to suspended particles in the water column 
and to sediment grains233, 250, 259. This overestimation is not necessarily problematic, be-
cause it can still demonstrate safe concentrations in a worst case scenario. Moreover, 
there is not yet consensus whether these nanomaterials attached to coarse particles 
are to be considered harmless or not. However, as concluded in Chapter 6, the lack of 
consensus also inflicts a major dilemma: nanomaterials that attach to natural particles 
are persistent in soil, whereas nanomaterials that do not attach are more toxic and 
bioavailable 259. Overestimation of exposure concentrations by performing steady 
state calculations is a relevant issue for risk assessment of persistent nanomaterials 
that are insoluble nanomaterials and possess high attachment efficiencies with natural 
particles (Chapter 6 259). However, it also applies to persistent chemicals in general 
121, 206, 264. The original SimpleBox model is able to calculate dynamic concentrations as 
a function of time for persistent chemicals 73, 132, 133. The dynamic module of SimpleBox 
can be used for nanomaterials, and this is also done in the version that is released 
by the RIVM 265. In Chapter 3 and 5 it is indicated that nanomaterial concentrations 
can thus be calculated over time if necessary, but it requires full dynamic numerical 
modelling which is more difficult to perform166.

Another (over)simplification recognized in Chapter 3 in predicting the environ-
mental fate and exposure of nanomaterials with SB4N is that the model assumes 
all nanomaterials to be spherical 166. This assumption may affect the calculation of 
nanomaterial diffusivity89, settling velocities 69, 140, attachment efficiencies 97, and 
dissolution rates161. Hence, shape influences all key processes of environmental fate 
of nanomaterials mentioned in Chapter 6 127, 259. However, there methods are avai-
lable to correct for shape with respect to settling and diffusivity by characterizing 
the aero- and hydrodynamic diameter of the nanomaterial 140, 266. Dissolution rates 
of nanomaterials should theoretically decrease as shapes deviate from sphericity 
reducing the specific surface area of the substance5. Theoretically deriving attachment 
efficiencies for non-spherical nanomaterials however is not yet feasible 97. Therefore, 
it is proposed in Chapter 3 to feed the SB4N model with experimental values for at-
tachment efficiencies in such cases where theoretical approaches are not available 166. 
The SB4N model is thus able to deal with non-spherical shaped nanomaterials, but 
not by default as it requires corrections for the calculation of their environmental fate, 
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experimentally derived input parameter values for the physicochemical properties of 
the nanomaterial, or both.

Another major issue for implementing fate models such as SB4N in chemical safety 
assessment framework is that opportunities for model validation and calibration are 
limited171. Analytical techniques measuring nanomaterials in field samples are not able 
to detect nanomaterials attached to coarse particles nor to distinguish between free 
primary engineered nanoparticles, natural nanoparticles, or nanomaterials hetero-
aggregated with natural colloidal particles 130, 171. Indicative validation is only allowed 
by demonstrating that modeled concentrations for the sum of free and hetero-aggre-
gated ENPs are lower compared to the measured concentrations of the respective 
ENP’s chemical element in filtered field samples171, which is demonstrated for SB4N in 
Chapter 4 and 5 233, 250. However, it cannot be excluded that SB4N requires adjustments 
once future measurement techniques are able to detect and quantify the different 
environmental speciations of nanomaterials. Environmental exposure estimation with 
SB4N should therefore be performed with the reservation that formal validation is still 
required. This could be done by considering the identified uncertainties and natural 
variabilities that leads to variation in predicted environmental exposure derived in 
Chapter 4 233. Moreover, possible future calibration of SB4N should not be problematic 
as the model is designed to be flexible, see Chapter 3 166. 

rECoMMEndAtions for futurE rEsEArCh 

Existing multimedia chemical fate and exposure models required adaptations to be fit 
for nanomaterials, see Chapter 2 126. By developing the SB4N model screening level 
environmental exposure estimation and evaluation of the environmental fate of nano-
materials has become feasible, see Chapter 3 166. In Chapter 4 it is demonstrated that 
the model is sufficiently robust 233, Chapter 5 demonstrates the model is suitable for 
environmental risk assessment 250 and Chapter 6 shows the model is able to evaluate 
the environmental fate of nanomaterials with deviating physicochemical properties259. 
As such, the SB4N model is fit for chemical safety assessment frameworks for perfor-
ming environmental exposure estimation and risk assessment with a worst case or 
conservative approach. In case such a worst case approach seems insufficient, further 
adaptations can be done to improve the model itself or to improve its compatibility 
with the other components in chemical safety assessment.  Improvements for the 
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model itself are identified to be: (i) inclusion of dynamic modelling for calculation of 
exposure concentrations over time, (ii) corrected fate simulations for non-spherical 
shaped nanomaterials, (iii) possible future validation and calibration once measure-
ment techniques detecting and quantifying nanomaterials in field samples allow so. 
Improvements in compatibility with other chemical safety assessment components are 
identified to be: (i) the development of technical guidance for estimating nanomaterial 
dissolution rates and attachment efficiencies as part of their substance properties iden-
tification, (ii) inclusion of nanomaterial speciations in release estimation and WWTP 
simulation models, e.g. chemical transformation and dissolution products, homo-and 
hetero-aggregates, nanomaterials attached to surface of coarse particles, (iii) create 
scientific consensus on bioavailability and ecotoxicity of  environmental speciations of 
nanomaterials. Screening level environmental exposure estimation of nanomaterials 
is now feasible, also thanks to the development of SB4N, and the perspectives for 
developing legislation for the environmental risk assessment of nanomaterials are 
promising74. 

ovErAll ConClusions And AChiEvEMEnts

In Chapter 2 it is revealed that environmental exposure estimation of chemicals under 
REACH requires adjustment in order to be fit for nanomaterials. Major deviations are 
identified between the environmental fate of nanomaterials and the environmental 
fate of conventional chemicals according to the REACH guidance. This a consequence of 
three major but rather implicit assumptions that are valid for environmental exposure 
estimation with the multimedia fate model SimpleBox that is prescribed under REACH: 
(i) environmental transformation processes are all thought of as removal processes, 
whereas alterations of nanomaterials in the environment may greatly affect their pro-
perties, environmental effects, and behavior, (ii) in REACH, chemicals are supposed to 
dissolve instantaneously and completely upon release into the environment, whereas 
nanomaterials should be treated as nondissolved nanosized solids, and (iii) in REACH, 
partitioning of dissolved chemicals to solid particles in air, water, and soil is estimated 
with thermodynamic equilibrium coefficients, but in the case of nanomaterials ther-
modynamic equilibrium between “dispersed” and “attached” states is generally not 
expected. In Chapter 2 it was thus concluded that SimpleBox needs adjustment to 
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cover the specific environmental fate of nanomaterials, also because other screening 
level environmental exposure fate models were also not available for nanomaterials.

In Chapter 3, the model concept of the nano-module of SimpleBox4 (SB4N) was 
presented as one of the first models of its type. SimpleBox4 predicts environmental 
concentrations by solving mass balance equations for emissions to the compartments 
air, water and soil, the transport between those compartments and chemical parti-
tioning across the different media inside the compartments. For SB4N an extended 
model matrix has been developed in order to integrate the necessary adjustments. 
In contrast to the original SimpleBox, SB4N predicts environmental concentrations by 
calculating mass balance equations for emissions of multiple speciations of the same 
ENP: (i) primary free ENPs, (ii) ENPs hetero-aggregated with natural colloids and (iii) 
ENPs attached to natural coarse particles. The transport of ENPs from one environmen-
tal compartment to another is inserted in the model matrix of the original SimpleBox 
is one mass flow, whereas in SB4N there are three separate mass flows for the transfer 
of the three species considered. The three major adjustments necessary identified in 
Chapter 2 are thus covered in SB4N, since (i) transformation is not interpreted as a 
removal mechanism because the environmental fate of the transformation products 
from hetero-aggregation and attachment are simulated as a different species of the 
same ENP, (ii) dissolution is included as a mechanism of removal through degradation, 
and (iii) complete and instantaneously reached thermodynamic equilibrium is not as-
sumed; rather, the rates at which the ENPs go toward thermodynamic equilibrium are 
represented by dissolution, hetero-aggregation, and attachment rates. Furthermore, 
the model concept has been proven to be operational by re-working a case study of 
nano-TiO2 in Switzerland.

In Chapter 4, the robustness of the novel multimedia fate SB4N has been evaluated 
by quantifying uncertainties in emissions, physicochemical properties and natural 
variability in environmental systems. Monte Carlo (MC) simulations were performed 
on the environmental fate, concentrations and speciations of nano-CeO2, -TiO2 and 
-ZnO in order to check the sensitivity of the model outcomes to the different sour-
ces of uncertainty and variability. A Spearman ranks analysis has been performed to 
identify those sources of uncertainty and variability that drives variation in predicted 
environmental exposure the most, which are (i) production volumes that are not open 
for public consultation (ii), the distribution of emissions over environmental compart-
ments as a consequence of their production, use and service life, (iii) dimensions and 
mass flows in the environmental system such as compartment volumes and advection 
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between compartments, (iv) environmental removal by dissolution processes. From 
this analysis it is deduced that, except for dissolution rate, the major uncertainties 
in modeling the environmental fate of nanomaterials are not related to their physi-
cochemical properties. This conclusion is underpinned by the variations in predicted 
environmental concentrations of nanomaterials. These variations are found to be of 
a similar order of magnitude for those of conventional chemicals, because it appears 
that conventional chemicals and nanomaterials share the same sources of uncertainty 
that are not dependent on the chemical itself, e.g. emissions and dimensions of the 
environmental system.  

This also explains why the environmental fate of nano-CeO2, TiO2 and -ZnO are 
simulated to be quite similar: (i) nanomaterials in the atmosphere are effectively 
removed by deposition and coagulation with fine aerosols, (ii) nanomaterials in the 
water column are removed through hetero-aggregation–sedimentation with natural 
particles, and (iii) nanomaterials tend to accumulate in soil by attachment to grains. 
The speciation of nanomaterial concentrations within environmental compartments 
however, appears to be more complex to simulate. Speciation as free, hetero-
aggregates with natural colloid particles, and attachments to natural coarse particles 
is strongly influenced by the physicochemical properties of the nanomaterial and by 
model parameters that relate to the environmental compartment of interest.

In Chapter 5, it is explored to what extent the uncertainty and variability in predic-
ted concentration of nano-TiO2 in water is of influence in an integrated probabilistic 
risk assessment. It is found that the variation in predicted environmental exposure 
concentrations (2 orders of magnitude) is only minor compared to the variation in 
predicted critical concentrations at which ecotoxicological effects may occur (8 orders 
of magnitude). Furthermore, the probabilistically performed environmental risk as-
sessment case study proves that only considering free and pristine nanomaterials and 
excluding transformation products, such as hetero-aggregates with natural colloid 
particles, may lead to supposed safe but actual unsafe concentrations. Scientific con-
sensus on including environmentally transformed nanomaterials in risk assessment is 
thus of absolute importance.

The influence of physicochemical properties of nanomaterials on their environ-
mental fate and exposure is further explored in Chapter 6. Probabilistic simulations of 
environmental fate have been performed on hypothetical nanoparticles that represent 
all realistic input parameter values related to physicochemical properties. From this 
sensitivity analysis it is found that airborne nanomaterials with diameters < 10nm are 
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less prone to persist in free concentrations, whereas bioavailable and total concentra-
tions of ENPs in air are rather independent of physicochemical properties. Concentrati-
ons of nanomaterials in water are most influenced by dissolution rate and attachment 
efficiency provided that they are greater than a critical value. Moreover, the dominant 
fraction of ENPs emitted to water will be bioavailable as ENPs with low attachment 
efficiency persist as free, whereas ENPs with high attachment efficiencies are most 
prone to hetero-aggregate with small bioavailable natural particles. Concentrations in 
sediment are most complex to predict, as they significantly depend on the diameter, 
specific weight, attachment and dissolution rate of the nanomaterial. Poorly soluble 
ENPs that effectively attach to soil grains are predicted to persist over 1000- 10,000 
years yielding high total but low bioavailable concentrations in soil. Furthermore, the 
low R2 values for the regression between physicochemical properties and predicted 
environmental exposure demonstrate that the complex SB4N model cannot be simpli-
fied into a linear regression model. The complexity incorporated in the model is thus 
necessary in environmental fate modeling even on the screening level that SB4N aims.

Finally, Chapter 7 demonstrates that implementation of SB4N in the framework 
of REACH is feasible although that requires some adjustment in REACH guidelines for 
identification of substance properties, release estimation and ecotoxicity assessment. 
Future research and model development to overcome the current limitations of SB4N 
would also ease an implementation process. Nonetheless, the successful implementa-
tions of SB4N in the UseTox framework and the aimed implementation in the NanoFase 
framework 267 demonstrate that environmental risk assessment has become feasible 
for nanomaterials thanks to the novel multimedia fate model 182, 243, 268-271. 
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table A1. Glossary of terms

symbol Description Value / Unit Eq. Nr. ref.

A First-order removal and transport rate constant matrix  s-1 1 1

AENP ENP surface m2 - (-)

AHamaker(123) Overall Hamaker constant for ENP (1), water (2), and 
grain collector (3)

(-) - 2

AArrhenius Arrhenius constant for Arrhenius equations (-) - 3

As Analytical Smoluchowski-Levich solution (-) 35 4

áveg Vegetation hair width 1.0 .10-5 m - 5

Áveg Vegetation large collection radii 5.0 .10-4 m - 5

cenv.cond Influence on dissolution rate by environmental conditions (-) - 3

C0 Experiment’s initial concentration N.m-3 - 1

Cci Cunningham coefficient for atmospheric particle i (-) 13 6

c̄thermal ( i ) Thermal velocity of particle  i in air m.s-1 15 7

C(t) Experiment’s concentration at time t N.m-3 - 1

Cv/Cd Viscous versus total drag ratio 0.3 - 5

dGrain Grain collector diameter 0.256 mm - 8

Dair ( i ) Diffusivity of  particle i in air m2.s-1 12 9

Di Diffusivity of  particle i in water m2.s-1 41 10

DSP Diffusivity of  solution product m2.s-1 - (-)

dENP Diameter of the engineered nanoparticle m - (-)

drain Representative diameter of a rain droplet m MA7*1 11,12

e Emission of ENPs to the environment g.s-1 1 1

eelectron Elemental charge 1.6 10-19 V - (-)

EΛi Total raindrop collection efficiency for atmospheric 
particle i

(-) 52 13

EΛBrown Raindrop collection efficiency for Brownian motion (-) 53 13

EΛintercept Raindrop collection efficiency for interception (-) 54 13

EΛgrav Raindrop collection efficiency for gravitational impaction (-) 55 13

EdBrown ( soil ) Collection efficiency of Brownian motion to soil surfaces (-) 67 5

EdBrown ( water ) Collection efficiency of Brownian motion to surface water (-) 64 5

Ed int.cept ( soil ) Collection efficiency of  interception to soil (-) 68 5

Ed int.cept  ( water ) Collection efficiency of  interception to surface water (-) 65 5

Edgrav ( soil ) Collection efficiency of  inertial impaction to soil (-) 69 5

Edgrav ( water ) Collection efficiency of  inertial impaction to surface 
water

(-) 66 5

Eactivation Required activation energy for dissolution J - 3

f Porous medium porosity (-) 0.456 14-16

fcoag(i , j) Polydisperse coagulation coefficient between 
atmospheric particle i and j. 

s-1 10 9

fcol(i,j) Collision rate between ENPs and natural particles in 
aqueous media

s-1 20 17
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table A1. Glossary of terms (continued)

symbol Description Value / Unit Eq. Nr. ref.

fBrown Collision frequency due to Brownian motion s-1 16 17

fIntercept Collision frequency due to interception s-1 17 17

fgrav Collision frequency due to gravitational settling 
differences

s-1 18 17

friv Fraction of interception by vegetation 0.01 - 5

fBrenner(0,0,r/r+h) Brenner function for deposition to surfaces (-) 45 18

g1(H) Universal hydrodynamic function (-) 45 2

Gshear Surface water shear rate 10 s-1 - 17

h Separation distance between particle i and j m - (-)

I Ionic strength of the aqueous medium 1-10 .10-3 M - 19

kb Boltzmann constant 1.38 .10-23 
J.K-1

- (-)

kΛARagg Rain drop collection rate for aggregated ENP species  s-1 51 (-)

kΛARatt Rain drop collection rate for attached ENP species  s-1 51 (-)

kΛARfree Rain drop collection rate for free ENP species  s-1 51 (-)

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

s-1 2 (-)

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

s-1 6 (-)

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

s-1 8 (-)

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

s-1 4 (-)

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

s-1 3 (-)

kattS Attachment rate for ENPs with solid grains in soil (S) s-1 7 (-)

kattSE Attachment rate for ENPs with solid grains in sediment 
(SE)

s-1 9 (-)

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

s-1 5 (-)

kbur Burial of ENPs to deeper sediments s-1 76 14-16

kdepASagg First-order rate constant for dry deposition from dry air 
(A) to soil (S) for aggregated ENP species

s-1 MA 6*1 (-)

kdepASatt First-order rate constant for dry deposition from dry air 
(A) to soil (S) for attached ENP species

s-1 MA 6*1 (-)

kdepASfree First-order rate constant for dry deposition from dry air 
(A) to soil (S) for free ENP species

s-1 MA 6*1 (-)

kdepAWagg First-order rate constant for dry deposition from dry air 
(A) to water (W) for aggregated ENP species

s-1 MA 6*1 (-)

kdepAWatt First-order rate constant for dry deposition from dry air 
(A) to soil (W) for attached ENP species

s-1 MA 6*1 (-)

kdepAWfree First-order rate constant for dry deposition from dry air 
(A) to soil (W) for free ENP species

s-1 MA 6*1 (-)
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table A1. Glossary of terms (continued)

symbol Description Value / Unit Eq. Nr. ref.

kdepRSagg First-order rate constant for wet deposition from rain (R) 
to soil (S) for aggregated ENP species

s-1 MA 6*1 (-)

kdepRSatt First-order rate constant for wet deposition from rain (R) 
to soil (S) for attached ENP species

s-1 MA 6*1 (-)

kdepRSfree First-order rate constant for wet deposition from rain (R)  
to soil (S) for free ENP species

s-1 MA 6*1 (-)

kdepRWagg First-order rate constant for wet deposition from rain (R)  
to water (W) for aggregated ENP species

s-1 MA 6*1 (-)

kdepRWatt First-order rate constant for wet deposition from rain (R)  
to soil (W) for attached ENP species

s-1 MA 6*1 (-)

kdepRWfree First-order rate constant for wet deposition from rain (R)  
to soil (W) for free ENP species

s-1 MA 6*1 (-)

kdepWSEagg First-order rate constant for deposition from water (W) to 
sediments (SE) for aggregated ENP species

s-1 MA 6*1 (-)

kdepWSEatt First-order rate constant for deposition from water (W) to 
sediments (SE) for attached ENP species

s-1 MA 6*1 (-)

kdepWSEfree First-order rate constant for deposition from water (W) to 
sediments (SE) for free ENP species

s-1 MA 6*1 (-)

kerosionSWatt First-order rate constant for run-off from soil (S) to water 
(W) for attached ENP species

s-1 74 (-)

krsSEWagg First-order rate constant for resuspension from 
sediments (SE) to water (W) for aggregated ENP species

s-1 69 14-16

krsSEWatt First-order rate constant for resuspension from 
sediments (SE) to water (W) for attached ENP species

s-1 70 14-16

krsSEWfree First-order rate constant for resuspension from 
sediments (SE) to water (W) for free ENP species

s-1 69 14-16

krunSWagg First-order rate constant for run-off from soil (S) to water 
(W) for aggregated ENP species

s-1 73 (-)

krunSWfree First-order rate constant for run-off from soil (S) to water 
(W) for free ENP species

s-1 73 (-)

Kni Knudsen number of the atmospheric particle i (-) 14 6

KF Pseudo-first-order rate constant for attachment efficiency s-1 44 2

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

mas Mass of altered species particle g 47 (-)

mCP Mass of counter particle g - (-)

mi Individual mass particle i g - (-)

mENP Mass of the engineered nanoparticle g - (-)

MSP Molarity of solution product M - (-)

NA Avogadro’s number 6.02 x 10-23 
mol-1

- (-)

Nacc Number concentration of Aitken accumulation mode 
aerosol particles

2.9 109 N.m-3 - 20

Ncoarse Number concentration of coarse mode aerosol particles 3 105 N.m-3 - 20

NNC(S) Number concentration of natural colloids in soil pore 
water

1 . 1011N.m-3 - 21
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table A1. Glossary of terms (continued)

symbol Description Value / Unit Eq. Nr. ref.

NNC(SE) Number concentration of natural colloids in sediment 
pore water

1 . 1011N.m-3 - 21

NNC(W) Number concentration of natural colloids in surface 
water

1 . 1011N.m-3 - 21

Nnuc Number concentration of nucleation mode aerosol 
particles

3.2 109 N.m-3 - 20

NSP(W) Number concentration of suspended particles (>450 nm) 
in surface water

N.m-3 - 21

NR Aspect ratio number (-) 37 4

NPE Peclet Number (-) 38 4

NVDW Van der Waals attraction number (-) 39 4

NG Gravity number (-) 40 4

p0 Precipitation rate 2.22 10-8 
m.s-1

- 14-16

r Radius m - (-)

rNC Radius of natural colloids in water 300 nm - 21

rNLP Radius of natural larger particles in water 2.8 105 - 14-16

ras Radius of individual altered species particle m 50 (-)

R Ideal gas constant 8.314 J.K-1.
mol-1

- (-)

RA Aerodynamic resistance 33 s.m-1 ; 333 
s.m-1

- 5

rrain Rain drop radius m MA 7*1 11,12

RS ( i ) Surface resistance for atmospheric particle i s.m-1 - 5

Re Reynolds number (-) 56 13

S(β) Function of Spielman & Friedlander for surface collisions (-) - 22

Sci Schmidt number of atmospheric particle i (-) - 13

[SPaq(0-δD)] Solution product concentration within diffusion 
boundary layer

mg.l-1 (-)

[SPbg] Background concentration of solution product mg.l-1 - (-)

St* Critical Stokes Number (-) 61 13

Sti Stokes number of atmospheric particle i (-) 59 13

t Time s - (-)

T Temperature K - (-)

Tair Air temperature 285 K - 23

u* Friction velocity 0.19 m.s-1 - 23

UDarcy Darcy approach velocity 9 10-6m.s-1 - 4

vdep ( i ) Dry deposition velocity atmospheric particle i m.s-1 62 5

vset(i) Gravitational settling velocity of suspended particle i m.s-1 19 24

vterm ( i ) Terminal velocity of atmospheric particle i m.s-1 57 13

vterm ( rain ) Representative terminal velocity of a rain droplet m.s-1 57 13
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table A1. Glossary of terms (continued)

symbol Description Value / Unit Eq. Nr. ref.

VCP Volume of individual counter particle m3 - (-)

VENP Volume of individual ENP m3 - (-)

Vas Volume of individual altered species particle m3 48 (-)

VEDL(i,j) Electric double layer repulsive energy  between particle 
i and j

J 26, 30 2

Vmax(i,j) Maximum interaction energy barrier between particle i 
and j

J 24 2

VVDW(i,j) Van der Waals attractive energy between particle i and j J 25, 29 2

VT Total energy barrier between particle i an j J 46 2

z Counter ion valence e.g. 4 - (-)

αagg Aggregation efficiency between ENP and natural colloid 
(<450 nm)

(-) 22 2

αatt Attachment efficiency between ENP and large particle 
(>450 nm)

(-) 28, 41 2

αCc Empirical constant for deriving Cunningham coefficient 1.142 - 6

βCc Empirical constant for deriving Cunningham coefficient 0.558 - 6

βIFBL Interaction force boundary layer approximation 
parameter

(-) 43 2

βi , j Transitional correction coefficient for coagulation 
between atmospheric particle i and j.

(-) 11 9

γCc Empirical constant for deriving Cunningham coefficient 0.999 - 6

γs Porosity dependency parameter (-) 36 4

ψi Surface potential of particle i V - (-)

ψNP Surface potential of natural particle 55 mV - 25

ε0 Dielectric permittivity in vacuum 8.854 x 10-12 
F.m-1

- (-)

εr Relative dielectric permittivity of water 78.5 at 25˚C - (-)

η0 Total collection efficiency for deposition of ENPs onto 
solid grains in porous media

(-) 32 4

ηBrown Collection efficiency for deposition onto solid grains by 
Brownian motion

(-) 33 4

ηIntercept Collection efficiency for deposition onto solid grains by 
interception

(-) 34 4

ηgrav Collection efficiency for deposition onto solid grains by 
gravitational impaction

(-) 35 4

ηair Kinematic viscosity of air 1,48.10-5 
J.m-3.s-1

- (-)

κDebye Debye length m - 26

λair Mean free path in air 66.10-9 m - 27

λcw Characteristic wave length ≈100 nm - 28

λfilter Filtration in porous media m-1 31 4

Λi Scavenging coefficient of atmospheric particle i s-1 51 13

Ґi Dimensionless surface potential of  particle i (-) 27 2
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table A1. Glossary of terms (continued)

symbol Description Value / Unit Eq. Nr. ref.

ρas Density of individual altered species particle kg.m-3 49 (-)

ρaerosol Assumed density for nucleation, accumulation and 
coarse mode aerosols

1.371 .105 
g.m-3

- 29

ρair Density of air
1.225 kg.m-3

- (-)

ρENP Density of ENP kg.m-3 - (-)

ρi Density of particle i kg.m-3 - (-)

ρwater Density of water 998 kg.m-3 - (-)

δD Diffusion boundary layer thickness m 23 26

τair ( i ) Relaxation of atmospheric particle i in air s 60 13

μair Dynamic viscosity of air 1.81 10-5 
J.m-3.s-1

- (-)

μwater Dynamic viscosity of water 8.9 x 10-4 Pa.s - (-)

*1 MA= Main Article
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𝑚𝑚𝑚𝑚 = −𝐴𝐴𝐴𝐴−1 ∙ 𝑒𝑒𝑒𝑒             
       (1) 
The mass balance equation of SB4N, with m is steady state ENP mass (g) per compartment and 
species, emission e to the environment (g.s-1) and transport and removal rates (s-1) expressed in 
matrix A  
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15
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  𝐴𝐴𝐴𝐴
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡

0 0 0

0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓)

0 0
𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

0 0
𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

0 0 0 0 0

0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

0 0
𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔

𝑔𝑔𝑔𝑔
0 0

𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑
𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔
𝑔𝑔𝑔𝑔

0 0 0 0

0 0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)
0 0

𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑
𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡

0 0
𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡

0 0 0

0 0 0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓)

𝑘𝑘𝑘𝑘 𝑎𝑎𝑎𝑎
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝐴𝐴𝐴𝐴
𝑘𝑘𝑘𝑘 𝑎𝑎𝑎𝑎

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐴𝐴𝐴𝐴

𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

0 0 0 0 0

0 0 0 0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

)
0 0

𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔

𝑔𝑔𝑔𝑔
0 0 0 0

0 0 0 0 0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)
0 0

𝑘𝑘𝑘𝑘 𝑓𝑓𝑓𝑓
𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡

0 0 0

0 0 0 0 0 0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

)
𝑘𝑘𝑘𝑘 𝑎𝑎𝑎𝑎

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝐴𝐴𝐴𝐴

𝑘𝑘𝑘𝑘 𝑎𝑎𝑎𝑎
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐴𝐴𝐴𝐴

𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑
𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

0 0

0 0 0 0 0 0 0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔

𝑔𝑔𝑔𝑔
)

0 0
𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔

𝑔𝑔𝑔𝑔
0

0 0 0 0 0 0 0 0 0 0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡)

0 0
𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡

0 0 0 0 0 0 0 0 0
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝑓𝑓𝑓𝑓𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴

𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑘𝑘𝑘𝑘 𝑎𝑎𝑎𝑎
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑘𝑘𝑘𝑘 𝑎𝑎𝑎𝑎

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎

0 0 0 0 0 0 0 0 0 0
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝑓𝑓𝑓𝑓𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴

𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔
𝑔𝑔𝑔𝑔

0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔

𝑔𝑔𝑔𝑔
)

0

0 0 0 0 0 0 0 0 0 0 0
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝑓𝑓𝑓𝑓𝐴𝐴𝐴𝐴
𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴

𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡

0 0
−

(Σ
𝑘𝑘𝑘𝑘 𝑟𝑟𝑟𝑟

𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎
𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡 ⎦⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎤
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table A2. First-order rate constants for total removal (Σkr) per compartment and species of ENP
Species in compartment Total sum of removal rates per species in compartment 
Free in dry air: ΣkrAfree = kaggA + kattA + kΛARfree + kdepASfree + kdepAWfree+ koutflow ( air )

Agg. in dry air: ΣkrAagg = kΛARagg + kdepASagg + kdepAWagg+ koutflow ( air )

Att. in dry air: ΣkrAatt = kΛARatt + kdepASatt + kdepAWatt+ koutflow ( air )

Free in rain: ΣkrRfree = kdepRSfree + kdepRWfree+ kdissolveRfree+ koutflow ( air )

Agg. in rain: ΣkrRagg = kdepRSagg + kdepRWagg+ kdissolveRagg+ koutflow ( air )

Att. in rain: ΣkrRatt = kdepRSatt + kdepRWatt+ kdissolveRatt+ koutflow ( air )

Free in soil pore water: ΣkrSfree = kaggS + kattS + kleachSfree + krunSWfree + kdissolveSfree

Agg. in soil pore water: ΣkrSagg = kleachSagg + krunSWagg + kdissolveSagg

Att. to soil grains: ΣkrSatt = kerosionSWatt + kdissolveSatt

Free in water: ΣkrWfree = kaggW + kattW + kdepWSEfree + kdissolveWfree+ koutflow ( water )

Agg. in water: ΣkrWagg = kdepWSEagg + kdissolveWagg+ koutflow ( water )

Att. in water: ΣkrWatt = kdepWSEatt + kdissolveWatt+ koutflow ( water )

Free in sediment pore water: ΣkrSEfree = kaggSE + kattSE + kburSEfree + krsSEWfree + kdissolveSEfree

Agg. in sediment pore water: ΣkrSEagg = kburSEagg + krsSEWagg + kdissolveSEagg

Att. to sediment grains: ΣkrSEatt = kburSEatt + krsSEWatt + kdissolveSEatt
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Table A2. First-order rate constants for total removal (Σkr) per compartment and species of ENP 
Species in 
compartment 

Total sum of removal rates per species in compartment  

Free in dry air: Σ𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝐴𝐴𝐴𝐴 + 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴 + 𝑘𝑘𝑘𝑘Λ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
+ 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓+𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟) 

Agg. in dry air: Σ𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑘𝑘𝑘𝑘Λ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔+𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟) 
Att. in dry air: Σ𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘Λ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡+𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟) 
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Att. to sediment 
grains: 

Σ𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

 
 𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑉𝑉𝑉𝑉𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
, waterflow= 2247 m3s-1 

𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟)
𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

=
𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒
 

𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 = �(1 4𝜋𝜋𝜋𝜋𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡)⁄ /𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑  

  

table A3. Derivation of aggregation and attachment rates for compartments atmosphere (A), water (W), soil 
(S) and sediment (SE)
Compartment Equations for attachment  and aggregation rate

Atmosphere
2 kaggA = fcoag(ENP , nuc) · αENP , nuc · Nnuc + fcoag(ENP , acc) · αENP , acc · Nacc

3 kattA = fcoag(ENP , coarse) · αENP , coarse · Ncoarse

Surface water 4 kagg ( W = fcol ( ENP , NC ) · αagg ( ENP , NC ) · NNC ( W )

5 kattW = fcol ( ENP , NLP ) · αatt ( ENP , SP ) · NSP ( W )

Soil
6 kaggS = fcol ( ENP , NC ) · αagg ( ENP , NC ) · NNC ( S )

7 kattS = λfilter· αatt ( ENP , grain ) · η0 ( ENP , grain ) · UDarcy

Sediment
8 kaggSE = fcol ( ENP , NC ) · αagg ( ENP , NC ) · NNC ( SE )

9 kattSE = λfilter· αatt ( ENP , grain ) · η0 ( ENP , grain ) · UDarcy
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table A4. Deriving coagulation rates between ENPs and natural aerosol particles7,9

Parameter Equation
Coagulation coefficient 10 fcoag ( i , j ) = 4π(ri + rj)(Dair ( i ) + Dair ( j ))
Transitional correction coefficient 11
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Table A4. Deriving coagulation rates between ENPs and natural aerosol particles7,9 
Parameter Equation 

Coagulation coefficient 10 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 4𝜋𝜋𝜋𝜋�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗��𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖) + 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑗𝑗𝑗𝑗)� 

Transitional correction coefficient 11 

𝛼𝛼𝛼𝛼(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =

⎝

⎛1 +
4�𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖) + 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑗𝑗𝑗𝑗)�

(𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗)�𝐶𝐶𝐶𝐶�̅�𝑡𝑡𝑡ℎ𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖)
2 + 𝐶𝐶𝐶𝐶�̅�𝑡𝑡𝑡ℎ𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑗𝑗𝑗𝑗)

2
⎠

⎞

−1

 

Particle diffusivity in air 12 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖) = (𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖) (6𝜋𝜋𝜋𝜋𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖)⁄  

Particle Cunningham coefficient 13 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = 1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖(𝛼𝛼𝛼𝛼𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐 + 𝛽𝛽𝛽𝛽𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐 · 𝑒𝑒𝑒𝑒−
𝛾𝛾𝛾𝛾𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖) 

Particle Knudsen number 14 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖 = 𝜆𝜆𝜆𝜆𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖⁄  

Particle thermal velocity 15 𝐶𝐶𝐶𝐶�̅�𝑡𝑡𝑡ℎ𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) = (8𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) �𝜋𝜋𝜋𝜋𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖⁄  

 
Table A5. Characterization of background concentrations of natural aerosol particles*1 20 
Mode Diameter (nm) Size standard 

deviation  
Number concentration (N.m-3) 

Nucleation 20 0.245 3.2 109 

Accumulation 116 0.217 2.9 109 

Coarse 1800 0.380 3 105 

*1. The density of an aerosol particle itself is characterized as 1.37 102 kg.m-3 based on the 
average chemical composition of measured aerosols29 

  

Particle diffusivity in air 12 Dair ( i ) = ( kbTairCci ) / ( 6πηairri )
Particle Cunningham coefficient 13 Cci = 1 + Kni ( αCc +  βCc·e- γCcKni )
Particle Knudsen number 14 Kni = λair / ri

Particle thermal velocity 15

154 
 

Table A4. Deriving coagulation rates between ENPs and natural aerosol particles7,9 
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Coagulation coefficient 10 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 4𝜋𝜋𝜋𝜋�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗��𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖) + 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑗𝑗𝑗𝑗)� 

Transitional correction coefficient 11 

𝛼𝛼𝛼𝛼(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =

⎝

⎛1 +
4�𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖) + 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑗𝑗𝑗𝑗)�

(𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗)�𝐶𝐶𝐶𝐶�̅�𝑡𝑡𝑡ℎ𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖)
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2
⎠

⎞
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Particle diffusivity in air 12 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖) = (𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖) (6𝜋𝜋𝜋𝜋𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖)⁄  

Particle Cunningham coefficient 13 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = 1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖(𝛼𝛼𝛼𝛼𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐 + 𝛽𝛽𝛽𝛽𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐 · 𝑒𝑒𝑒𝑒−
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𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖) 

Particle Knudsen number 14 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖 = 𝜆𝜆𝜆𝜆𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖⁄  
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Table A5. Characterization of background concentrations of natural aerosol particles*1 20 
Mode Diameter (nm) Size standard 

deviation  
Number concentration (N.m-3) 

Nucleation 20 0.245 3.2 109 

Accumulation 116 0.217 2.9 109 

Coarse 1800 0.380 3 105 

*1. The density of an aerosol particle itself is characterized as 1.37 102 kg.m-3 based on the 
average chemical composition of measured aerosols29 

  

table A5. Characterization of background concentrations of natural aerosol particles*1 20

Mode Diameter (nm) Size standard deviation Number concentration (N.m-3)
Nucleation 20 0.245 3.2 109

Accumulation 116 0.217 2.9 109

Coarse 1800 0.380 3 105

*1. The density of an aerosol particle itself is characterized as 1.37 102 kg.m-3 based on 
the average chemical composition of measured aerosols29
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table A6. Collision rates between ENPs with natural colloids (<450 nm) and larger suspended particles in 
water.30

Collision mechanism Equation
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Table A6. Collision rates between ENPs with natural colloids (<450 nm) and larger suspended 
particles in water.30 
Collision mechanism Equation 

Brownian motion 16 
𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =

2𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
3𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬

�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�
2

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 ∙ 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
 

Interception 17 𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
4
3𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�

3
 

Differential settling 18 𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜋𝜋𝜋𝜋�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�
2 ∙ �𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖) − 𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑗𝑗𝑗𝑗)� 

Gravitational settling 
velocity 

19 
𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖) =

2 (𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬)𝑔𝑔𝑔𝑔 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2

9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬
 

Total collision frequency 
coefficient 

20 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) 

Collision rate 21 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗  

 
  

Interception 17
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Table A6. Collision rates between ENPs with natural colloids (<450 nm) and larger suspended 
particles in water.30 
Collision mechanism Equation 

Brownian motion 16 
𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =

2𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
3𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬

�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�
2

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 ∙ 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
 

Interception 17 𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
4
3𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�

3
 

Differential settling 18 𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜋𝜋𝜋𝜋�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�
2 ∙ �𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖) − 𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑗𝑗𝑗𝑗)� 

Gravitational settling 
velocity 

19 
𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖) =

2 (𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬)𝑔𝑔𝑔𝑔 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2

9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬
 

Total collision frequency 
coefficient 

20 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) 

Collision rate 21 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗  

 
  

Differential settling 18 fgrav ( i , j ) = π(ri + rj)2 · |vset ( i ) - vset ( j )|
Gravitational settling 
velocity

19
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Collision mechanism Equation 

Brownian motion 16 
𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =

2𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
3𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬

�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�
2

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 ∙ 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
 

Interception 17 𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
4
3𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�

3
 

Differential settling 18 𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜋𝜋𝜋𝜋�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�
2 ∙ �𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖) − 𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑗𝑗𝑗𝑗)� 

Gravitational settling 
velocity 

19 
𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖) =

2 (𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬)𝑔𝑔𝑔𝑔 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2

9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬
 

Total collision frequency 
coefficient 

20 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) 

Collision rate 21 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗  

 
  

Total collision frequency 
coefficient

20 fcol ( i , j ) = fBrown ( i , j ) + fIntercept ( i , j ) + fgrav ( i , j )

Collision rate 21 kcol(i , j) = fcol ( i , j ) · Nj

table A7. Derivation of aggregation efficiencies between ENPs and natural colloids*1 2

Parameter Equation
Aggregation efficiency 22
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Table A7. Derivation of aggregation efficiencies between ENPs and natural colloids*1 2 
Parameter Equation 

Aggregation efficiency 22 
𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜅𝜅𝜅𝜅𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒

�−
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿

�
 

Diffusion boundary 
layer 

23 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷 = κ𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−1 = ��(εrε0kbT) (2NAe2I)⁄ �
−1

 

Interaction energy 24 𝑉𝑉𝑉𝑉max (𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� 

Attractive Van der 
Waals Energy 

25 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = −
𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

6ℎ�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�(1 + 14ℎ 𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤)⁄
 

Repulsive Electric 
Double Layer Energy 

26 
𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 64𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

�
𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

𝑧𝑧𝑧𝑧 ∙ 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
�
2

Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗exp (−𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷 · ℎ) 

Dimensionless surface 
potential 

27 Γ𝑖𝑖𝑖𝑖 = 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ �
𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓Ψ(𝑖𝑖𝑖𝑖)

4𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
� 

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is 
necessary for the colloids to stick to each other as they must overcome the repulsive energy 
between them.31 In case the ENP and  natural colloid are of about equal size a simple approximation 
(VT ≈ Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The 
aggregation efficiency (αagg)is ultimately derived as a function of the ionic strength of the 
surrounding water (I), the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface 
potentials (ΨENP, ΨNC) of the ENPs and the natural colloids (NC).2  

22.1 𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
∫ �exp�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp� 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

24.2 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 
 
25.2 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)∙𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

6ℎ(𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)  
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Table A7. Derivation of aggregation efficiencies between ENPs and natural colloids*1 2 
Parameter Equation 

Aggregation efficiency 22 
𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜅𝜅𝜅𝜅𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒

�−
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿

�
 

Diffusion boundary 
layer 

23 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷 = κ𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−1 = ��(εrε0kbT) (2NAe2I)⁄ �
−1

 

Interaction energy 24 𝑉𝑉𝑉𝑉max (𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� 

Attractive Van der 
Waals Energy 

25 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = −
𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

6ℎ�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�(1 + 14ℎ 𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤)⁄
 

Repulsive Electric 
Double Layer Energy 

26 
𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 64𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

�
𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

𝑧𝑧𝑧𝑧 ∙ 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
�
2

Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗exp (−𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷 · ℎ) 

Dimensionless surface 
potential 

27 Γ𝑖𝑖𝑖𝑖 = 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ �
𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓Ψ(𝑖𝑖𝑖𝑖)

4𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
� 

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is 
necessary for the colloids to stick to each other as they must overcome the repulsive energy 
between them.31 In case the ENP and  natural colloid are of about equal size a simple approximation 
(VT ≈ Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The 
aggregation efficiency (αagg)is ultimately derived as a function of the ionic strength of the 
surrounding water (I), the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface 
potentials (ΨENP, ΨNC) of the ENPs and the natural colloids (NC).2  

22.1 𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
∫ �exp�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp� 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

24.2 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 
 
25.2 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)∙𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

6ℎ(𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)  
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𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜅𝜅𝜅𝜅𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒

�−
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿

�
 

Diffusion boundary 
layer 

23 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷 = κ𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−1 = ��(εrε0kbT) (2NAe2I)⁄ �
−1

 

Interaction energy 24 𝑉𝑉𝑉𝑉max (𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� 

Attractive Van der 
Waals Energy 

25 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = −
𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

6ℎ�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�(1 + 14ℎ 𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤)⁄
 

Repulsive Electric 
Double Layer Energy 

26 
𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 64𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

�
𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

𝑧𝑧𝑧𝑧 ∙ 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
�
2

Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗exp (−𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷 · ℎ) 

Dimensionless surface 
potential 

27 Γ𝑖𝑖𝑖𝑖 = 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ �
𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓Ψ(𝑖𝑖𝑖𝑖)

4𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
� 

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is 
necessary for the colloids to stick to each other as they must overcome the repulsive energy 
between them.31 In case the ENP and  natural colloid are of about equal size a simple approximation 
(VT ≈ Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The 
aggregation efficiency (αagg)is ultimately derived as a function of the ionic strength of the 
surrounding water (I), the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface 
potentials (ΨENP, ΨNC) of the ENPs and the natural colloids (NC).2  

22.1 𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
∫ �exp�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp� 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

24.2 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 
 
25.2 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)∙𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

6ℎ(𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)  

  

Attractive Van der Waals 
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𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜅𝜅𝜅𝜅𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒

�−
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿

�
 

Diffusion boundary 
layer 

23 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷 = κ𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−1 = ��(εrε0kbT) (2NAe2I)⁄ �
−1

 

Interaction energy 24 𝑉𝑉𝑉𝑉max (𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� 

Attractive Van der 
Waals Energy 

25 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = −
𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

6ℎ�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�(1 + 14ℎ 𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤)⁄
 

Repulsive Electric 
Double Layer Energy 

26 
𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 64𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

�
𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

𝑧𝑧𝑧𝑧 ∙ 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
�
2

Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗exp (−𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷 · ℎ) 

Dimensionless surface 
potential 

27 Γ𝑖𝑖𝑖𝑖 = 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ �
𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓Ψ(𝑖𝑖𝑖𝑖)

4𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
� 

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is 
necessary for the colloids to stick to each other as they must overcome the repulsive energy 
between them.31 In case the ENP and  natural colloid are of about equal size a simple approximation 
(VT ≈ Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The 
aggregation efficiency (αagg)is ultimately derived as a function of the ionic strength of the 
surrounding water (I), the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface 
potentials (ΨENP, ΨNC) of the ENPs and the natural colloids (NC).2  

22.1 𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
∫ �exp�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp� 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

24.2 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 
 
25.2 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)∙𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

6ℎ(𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)  
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𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜅𝜅𝜅𝜅𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒

�−
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿

�
 

Diffusion boundary 
layer 

23 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷 = κ𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−1 = ��(εrε0kbT) (2NAe2I)⁄ �
−1

 

Interaction energy 24 𝑉𝑉𝑉𝑉max (𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� 

Attractive Van der 
Waals Energy 

25 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = −
𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

6ℎ�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�(1 + 14ℎ 𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤)⁄
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𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 64𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

�
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�
2

Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗exp (−𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷 · ℎ) 
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4𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
� 

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is 
necessary for the colloids to stick to each other as they must overcome the repulsive energy 
between them.31 In case the ENP and  natural colloid are of about equal size a simple approximation 
(VT ≈ Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The 
aggregation efficiency (αagg)is ultimately derived as a function of the ionic strength of the 
surrounding water (I), the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface 
potentials (ΨENP, ΨNC) of the ENPs and the natural colloids (NC).2  
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�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp� 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
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24.2 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 
 
25.2 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)∙𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

6ℎ(𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)  
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𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿

�
 

Diffusion boundary 
layer 

23 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷 = κ𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−1 = ��(εrε0kbT) (2NAe2I)⁄ �
−1

 

Interaction energy 24 𝑉𝑉𝑉𝑉max (𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� 

Attractive Van der 
Waals Energy 

25 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = −
𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

6ℎ�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�(1 + 14ℎ 𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤)⁄
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26 
𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 64𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

�
𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

𝑧𝑧𝑧𝑧 ∙ 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
�
2

Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗exp (−𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷 · ℎ) 
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27 Γ𝑖𝑖𝑖𝑖 = 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ �
𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓Ψ(𝑖𝑖𝑖𝑖)

4𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
� 

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is 
necessary for the colloids to stick to each other as they must overcome the repulsive energy 
between them.31 In case the ENP and  natural colloid are of about equal size a simple approximation 
(VT ≈ Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The 
aggregation efficiency (αagg)is ultimately derived as a function of the ionic strength of the 
surrounding water (I), the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface 
potentials (ΨENP, ΨNC) of the ENPs and the natural colloids (NC).2  

22.1 𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
∫ �exp�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp� 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

24.2 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 
 
25.2 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)∙𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

6ℎ(𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)  

  

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is ne-
cessary for the colloids to stick to each other as they must overcome the repulsive energy between 
them.31 In case the ENP and  natural colloid are of about equal size a simple approximation (VT ≈ 
Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The aggregation 
efficiency (αagg)is ultimately derived as a function of the ionic strength of the surrounding water (I), 
the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface potentials (ΨENP, ΨNC) of the 
ENPs and the natural colloids (NC).2 
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Table A7. Derivation of aggregation efficiencies between ENPs and natural colloids*1 2 
Parameter Equation 

Aggregation efficiency 22 
𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜅𝜅𝜅𝜅𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒

�−
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿

�
 

Diffusion boundary 
layer 

23 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷 = κ𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−1 = ��(εrε0kbT) (2NAe2I)⁄ �
−1

 

Interaction energy 24 𝑉𝑉𝑉𝑉max (𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� 

Attractive Van der 
Waals Energy 

25 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = −
𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

6ℎ�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗�(1 + 14ℎ 𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤)⁄
 

Repulsive Electric 
Double Layer Energy 

26 
𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 64𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

�
𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

𝑧𝑧𝑧𝑧 ∙ 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
�
2

Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗exp (−𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷 · ℎ) 

Dimensionless surface 
potential 

27 Γ𝑖𝑖𝑖𝑖 = 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ �
𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓Ψ(𝑖𝑖𝑖𝑖)

4𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
� 

*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 (VVDW) and the repulsive electrical 
double-layer (VEDL) energies. The resultant interaction energy (VT) determines the work that is 
necessary for the colloids to stick to each other as they must overcome the repulsive energy 
between them.31 In case the ENP and  natural colloid are of about equal size a simple approximation 
(VT ≈ Vmax) for the aggregation efficiency for the two colliding colloids can be applied.32 The 
aggregation efficiency (αagg)is ultimately derived as a function of the ionic strength of the 
surrounding water (I), the radii (rENP, rNC), Hamaker constants (AHamaker(ENP,water,NC)), and surface 
potentials (ΨENP, ΨNC) of the ENPs and the natural colloids (NC).2  

22.1 𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
∫ �exp�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp� 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
�/(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
�+ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

24.2 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 
 
25.2 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)∙𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

6ℎ(𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)  
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Table A8. Derivation of attachment efficiencies between ENPs and suspended particle (>450 nm) in 
surface waters *1. 33,34 
 Equations 

Attachment efficiency 28 
𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = �� �𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)�

𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉

∞
𝑑𝑑𝑑𝑑ℎ/(𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇)�

−1

 

Van der Waals energy 29 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗) ∙ 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
12ℎ  

Electric double layer 
energy 

30 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗𝑒𝑒𝑒𝑒−𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉ℎ 

*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).   

  

Van der Waals energy 29
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Table A8. Derivation of attachment efficiencies between ENPs and suspended particle (>450 nm) in 
surface waters *1. 33,34 
 Equations 

Attachment efficiency 28 
𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = �� �𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)�

𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉

∞
𝑑𝑑𝑑𝑑ℎ/(𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇)�

−1

 

Van der Waals energy 29 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = −

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗) ∙ 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
12ℎ  

Electric double layer 
energy 

30 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎Ґ𝑖𝑖𝑖𝑖Ґ𝑗𝑗𝑗𝑗𝑒𝑒𝑒𝑒−𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉ℎ 

*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).   

  

Electric double layer energy 30 VEDL = 2πεoεrҐiҐje- δDh

*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).  

table A9. Application of the particle filtration theory4
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Table A9. Application of the particle filtration theory4 
 Equation 

Filtration 31 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 =
3
2

(1 − 𝑓𝑓𝑓𝑓)
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑓𝑓𝑓𝑓

 

Total collection efficiency 32 𝜂𝜂𝜂𝜂0(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 + 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Brownian collection 33 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 = 2.4𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠1/3𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.081𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.715𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Collection by interception 34 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 0.55𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴1.55𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.125𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.125 

Gravitational collection 35 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.22𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.24𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺1.11𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Porosity dependent 
parameter 

36 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = 2(1−𝛾𝛾𝛾𝛾5)
2−3𝛾𝛾𝛾𝛾+3𝛾𝛾𝛾𝛾5−2𝛾𝛾𝛾𝛾6

, with 𝛾𝛾𝛾𝛾 = (1 − 𝑓𝑓𝑓𝑓)1/3 

Aspect ratio Number 37 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

 

Peclet Number 38 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 =

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

 

Van der Waals Number 39 
𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟,𝑗𝑗𝑗𝑗)

𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇
 

Gravity Number 40 
𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 =

2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔
9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎

 

Diffusivity of particle i in 
water 

41 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

6𝜋𝜋𝜋𝜋𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
 

 
 
 

Total collection efficiency 32 η0 ( i , j ) = ηBrown + ηIntercept + ηgrav

Brownian collection 33 ηBrown = 2.4As
1 / 3NR

- 0.081NPe
- 0.715NVDW

0.053

Collection by interception 34 ηIntercept = 0.55NR
1.55NPe

- 0.125NVDW
0.125

Gravitational collection 35 ηgrav = 0.22NR
- 0.24NG

1.11NVDW
0.053

Porosity dependent parameter 36
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Table A9. Application of the particle filtration theory4 
 Equation 

Filtration 31 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 =
3
2

(1 − 𝑓𝑓𝑓𝑓)
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑓𝑓𝑓𝑓

 

Total collection efficiency 32 𝜂𝜂𝜂𝜂0(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 + 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Brownian collection 33 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 = 2.4𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠1/3𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.081𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.715𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Collection by interception 34 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 0.55𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴1.55𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.125𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.125 

Gravitational collection 35 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.22𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.24𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺1.11𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Porosity dependent 
parameter 

36 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = 2(1−𝛾𝛾𝛾𝛾5)
2−3𝛾𝛾𝛾𝛾+3𝛾𝛾𝛾𝛾5−2𝛾𝛾𝛾𝛾6

, with 𝛾𝛾𝛾𝛾 = (1 − 𝑓𝑓𝑓𝑓)1/3 

Aspect ratio Number 37 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

 

Peclet Number 38 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 =

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

 

Van der Waals Number 39 
𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟,𝑗𝑗𝑗𝑗)

𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇
 

Gravity Number 40 
𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 =

2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔
9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎

 

Diffusivity of particle i in 
water 

41 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

6𝜋𝜋𝜋𝜋𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
 

 
 
 

Aspect ratio Number 37

158 
 

Table A9. Application of the particle filtration theory4 
 Equation 

Filtration 31 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 =
3
2

(1 − 𝑓𝑓𝑓𝑓)
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑓𝑓𝑓𝑓

 

Total collection efficiency 32 𝜂𝜂𝜂𝜂0(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 + 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Brownian collection 33 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 = 2.4𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠1/3𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.081𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.715𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Collection by interception 34 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 0.55𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴1.55𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.125𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.125 

Gravitational collection 35 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.22𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.24𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺1.11𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Porosity dependent 
parameter 

36 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = 2(1−𝛾𝛾𝛾𝛾5)
2−3𝛾𝛾𝛾𝛾+3𝛾𝛾𝛾𝛾5−2𝛾𝛾𝛾𝛾6

, with 𝛾𝛾𝛾𝛾 = (1 − 𝑓𝑓𝑓𝑓)1/3 

Aspect ratio Number 37 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

 

Peclet Number 38 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 =

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

 

Van der Waals Number 39 
𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟,𝑗𝑗𝑗𝑗)

𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇
 

Gravity Number 40 
𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 =

2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔
9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎

 

Diffusivity of particle i in 
water 

41 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

6𝜋𝜋𝜋𝜋𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
 

 
 
 

Peclet Number 38

158 
 

Table A9. Application of the particle filtration theory4 
 Equation 

Filtration 31 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 =
3
2

(1 − 𝑓𝑓𝑓𝑓)
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑓𝑓𝑓𝑓

 

Total collection efficiency 32 𝜂𝜂𝜂𝜂0(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 + 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Brownian collection 33 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 = 2.4𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠1/3𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.081𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.715𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Collection by interception 34 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 0.55𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴1.55𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.125𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.125 

Gravitational collection 35 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.22𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.24𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺1.11𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Porosity dependent 
parameter 

36 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = 2(1−𝛾𝛾𝛾𝛾5)
2−3𝛾𝛾𝛾𝛾+3𝛾𝛾𝛾𝛾5−2𝛾𝛾𝛾𝛾6

, with 𝛾𝛾𝛾𝛾 = (1 − 𝑓𝑓𝑓𝑓)1/3 

Aspect ratio Number 37 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

 

Peclet Number 38 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 =

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

 

Van der Waals Number 39 
𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟,𝑗𝑗𝑗𝑗)

𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇
 

Gravity Number 40 
𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 =

2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔
9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎

 

Diffusivity of particle i in 
water 

41 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

6𝜋𝜋𝜋𝜋𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
 

 
 
 

Van der Waals Number 39
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Table A9. Application of the particle filtration theory4 
 Equation 

Filtration 31 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 =
3
2

(1 − 𝑓𝑓𝑓𝑓)
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑓𝑓𝑓𝑓

 

Total collection efficiency 32 𝜂𝜂𝜂𝜂0(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 + 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Brownian collection 33 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 = 2.4𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠1/3𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.081𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.715𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Collection by interception 34 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 0.55𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴1.55𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.125𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.125 

Gravitational collection 35 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.22𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.24𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺1.11𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Porosity dependent 
parameter 

36 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = 2(1−𝛾𝛾𝛾𝛾5)
2−3𝛾𝛾𝛾𝛾+3𝛾𝛾𝛾𝛾5−2𝛾𝛾𝛾𝛾6

, with 𝛾𝛾𝛾𝛾 = (1 − 𝑓𝑓𝑓𝑓)1/3 

Aspect ratio Number 37 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

 

Peclet Number 38 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 =

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

 

Van der Waals Number 39 
𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟,𝑗𝑗𝑗𝑗)

𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇
 

Gravity Number 40 
𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 =

2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔
9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎

 

Diffusivity of particle i in 
water 

41 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

6𝜋𝜋𝜋𝜋𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
 

 
 
 

Gravity Number 40

158 
 

Table A9. Application of the particle filtration theory4 
 Equation 

Filtration 31 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 =
3
2

(1 − 𝑓𝑓𝑓𝑓)
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑓𝑓𝑓𝑓

 

Total collection efficiency 32 𝜂𝜂𝜂𝜂0(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 + 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Brownian collection 33 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 = 2.4𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠1/3𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.081𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.715𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Collection by interception 34 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 0.55𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴1.55𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.125𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.125 

Gravitational collection 35 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.22𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.24𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺1.11𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Porosity dependent 
parameter 

36 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = 2(1−𝛾𝛾𝛾𝛾5)
2−3𝛾𝛾𝛾𝛾+3𝛾𝛾𝛾𝛾5−2𝛾𝛾𝛾𝛾6

, with 𝛾𝛾𝛾𝛾 = (1 − 𝑓𝑓𝑓𝑓)1/3 

Aspect ratio Number 37 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

 

Peclet Number 38 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 =

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

 

Van der Waals Number 39 
𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟,𝑗𝑗𝑗𝑗)

𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇
 

Gravity Number 40 
𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 =

2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔
9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎

 

Diffusivity of particle i in 
water 

41 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

6𝜋𝜋𝜋𝜋𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
 

 
 
 

Diffusivity of particle i in water 41
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Table A9. Application of the particle filtration theory4 
 Equation 

Filtration 31 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 =
3
2

(1 − 𝑓𝑓𝑓𝑓)
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑓𝑓𝑓𝑓

 

Total collection efficiency 32 𝜂𝜂𝜂𝜂0(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 + 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Brownian collection 33 𝜂𝜂𝜂𝜂𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟 = 2.4𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠1/3𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.081𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.715𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Collection by interception 34 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 0.55𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴1.55𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓−0.125𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.125 

Gravitational collection 35 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.22𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴−0.24𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺1.11𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷0.053 

Porosity dependent 
parameter 

36 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = 2(1−𝛾𝛾𝛾𝛾5)
2−3𝛾𝛾𝛾𝛾+3𝛾𝛾𝛾𝛾5−2𝛾𝛾𝛾𝛾6

, with 𝛾𝛾𝛾𝛾 = (1 − 𝑓𝑓𝑓𝑓)1/3 

Aspect ratio Number 37 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 =
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

 

Peclet Number 38 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 =

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

 

Van der Waals Number 39 
𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟,𝑗𝑗𝑗𝑗)

𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 ∙ 𝑇𝑇𝑇𝑇
 

Gravity Number 40 
𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 =

2𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔
9𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎

 

Diffusivity of particle i in 
water 

41 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

6𝜋𝜋𝜋𝜋𝜇𝜇𝜇𝜇𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
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Attachment efficiency 42
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Table A10. Application of the interaction force boundary layer (IFBL) approximation*1 22,35 
 Equation 

Attachment 
efficiency 

42 
𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = �

𝛽𝛽𝛽𝛽𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

1 + 𝛽𝛽𝛽𝛽𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
�𝑆𝑆𝑆𝑆𝛽𝛽𝛽𝛽(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) 

IFBL function 43 
𝛽𝛽𝛽𝛽𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =

1
3 (2)1/3Γ �

1
3�𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠

−1/3 �
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
�
1/3

�
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖

� 

uncorrected 
pseudo-first rate 
attachment rate 
constant 

44 

𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 �� [𝑔𝑔𝑔𝑔1(𝐻𝐻𝐻𝐻) exp�𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) 𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇⁄ �

𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉

0

− 1]𝑑𝑑𝑑𝑑ℎ�

−1

 

Brenner function 45 
𝑔𝑔𝑔𝑔1(𝐻𝐻𝐻𝐻) = 𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎(0,0, 𝑎𝑎𝑎𝑎

ℎ+𝑎𝑎𝑎𝑎)
−1 = �1 +

3
4 �

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
ℎ + 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

� + 0 ��
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uncorrected 
pseudo-first rate 
attachment rate 
constant 

44 

𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 �� [𝑔𝑔𝑔𝑔1(𝐻𝐻𝐻𝐻) exp�𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) 𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇⁄ �

𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉

0

− 1]𝑑𝑑𝑑𝑑ℎ�

−1

 

Brenner function 45 
𝑔𝑔𝑔𝑔1(𝐻𝐻𝐻𝐻) = 𝑓𝑓𝑓𝑓𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎(0,0, 𝑎𝑎𝑎𝑎

ℎ+𝑎𝑎𝑎𝑎)
−1 = �1 +

3
4 �

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
ℎ + 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

� + 0 ��
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

ℎ + 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
�
2
��

−1

 

Total interaction 
energy 

46 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝐿𝐿𝐿𝐿(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) + 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝛬𝛬𝛬𝛬(ℎ,𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) 

*1 With the IFBL approximation, attachment efficiencies can be derived from 
the radius (r), density (ρ), surface potential (Ψ) and Hamaker constant 
(AHamaker(ENP,water,grain)) of the ENP, and the radius of the grain (rgrain), porosity (f), and 
Darcy velocity (UDarcy) of the porous medium, see Table A8 [2].

Table A11. Characaterization of size and mass of altered species of ENPs (aggregated*1 or 
attached*1) 
Altered species 
property 

Equation 

Mass 47 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 = 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 
Volume 48 𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 = 𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑉𝑉𝑉𝑉𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 
Density 49 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠⁄  
Radius 50 𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 = (𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 (4/3𝜋𝜋𝜋𝜋)⁄ )1/3 
*1Further characterization of the Hamaker constant and surface potential of the altered species is 
not necessary. 
 
  

Total interaction 
energy

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

*1 With the IFBL approximation, attachment efficiencies can be derived from the radius (r), density 
(ρ), surface potential (Ψ) and Hamaker constant (AHamaker(ENP,water,grain)) of the ENP, and the radius of 
the grain (rgrain), porosity (f), and Darcy velocity (UDarcy) of the porous medium, see Table A8 [2].

table A11. Characaterization of size and mass of altered species of ENPs (aggregated*1 or attached*1)
Altered species property Equation
Mass 47 mas = mENP + mCP

Volume 48 Vas = VENP + VCP

Density 49 ρas = mas / Vas

Radius 50 ras = (Vas / (4 / 3π))1 / 3

*1Further characterization of the Hamaker constant and surface potential of the altered species 
is not necessary.
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Table A12. Scavenging coefficients as function of particle size and density13 
 Equation 
Scavenging coefficient  51 𝑘𝑘𝑘𝑘𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖 = Λi =

3
2
𝐸𝐸𝐸𝐸Λ𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝0
𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Collection coefficient 52 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖) + 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖) + 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖) 
Brownian collection 53 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝑖𝑖𝑖𝑖) =

4
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �1 + 0.4𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖1/3 + 0.16𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖1/2� 

Collection by interception 54 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖) = 4
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟
�
𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟
𝜇𝜇𝜇𝜇𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟

+ �1 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

�� 

Collection by gravitational 
impaction 

55 
𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖) = �

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗ + 2 3⁄ �
3 2⁄

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 > 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗ 

Reynolds Number 56 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =

𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟) ∙ 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟
2 ∙ 𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Particle terminal velocity 57 
𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) =

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
18𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Particle Schmidt Number 58 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 =
𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖)
 

Particle Stokes Number 59 
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 =

2𝜏𝜏𝜏𝜏𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖)�𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟) − 𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖)�
𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Particle relaxation time 60 
𝜏𝜏𝜏𝜏𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖) =

(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟)𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
18𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Critical Stokes Number 
(EΛgrav = o if St* > Sti) 

61 
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗ =

1.2 + 1
12ln (1 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

1 + ln (1 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)  

 
  

Collection coefficient 52 EΛi = EΛBrown ( i ) + EΛIntercept ( i ) + EΛgrav ( i )

Brownian collection 53
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Table A12. Scavenging coefficients as function of particle size and density13 
 Equation 
Scavenging coefficient  51 𝑘𝑘𝑘𝑘𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖 = Λi =

3
2
𝐸𝐸𝐸𝐸Λ𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝0
𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Collection coefficient 52 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖) + 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖) + 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖) 
Brownian collection 53 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝑖𝑖𝑖𝑖) =

4
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �1 + 0.4𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖1/3 + 0.16𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖1/2� 

Collection by interception 54 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖) = 4
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
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𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Particle relaxation time 60 
𝜏𝜏𝜏𝜏𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖) =

(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟)𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
18𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Critical Stokes Number 
(EΛgrav = o if St* > Sti) 

61 
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗ =

1.2 + 1
12ln (1 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)
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Table A12. Scavenging coefficients as function of particle size and density13 
 Equation 
Scavenging coefficient  51 𝑘𝑘𝑘𝑘𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖 = Λi =

3
2
𝐸𝐸𝐸𝐸Λ𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝0
𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Collection coefficient 52 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖) + 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖) + 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖) 
Brownian collection 53 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝑖𝑖𝑖𝑖) =

4
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �1 + 0.4𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖1/3 + 0.16𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖1/2� 

Collection by interception 54 𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖𝑖𝑖) = 4
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟
�
𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟
𝜇𝜇𝜇𝜇𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟

+ �1 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 2⁄ 𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

�� 

Collection by gravitational 
impaction 

55 
𝐸𝐸𝐸𝐸𝛬𝛬𝛬𝛬𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖) = �

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗ + 2 3⁄ �
3 2⁄

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 > 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗ 

Reynolds Number 56 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =

𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟) ∙ 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟
2 ∙ 𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Particle terminal velocity 57 
𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) =

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖2(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟)𝑔𝑔𝑔𝑔 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
18𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Particle Schmidt Number 58 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 =
𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 ∙ 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖)
 

Particle Stokes Number 59 
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 =

2𝜏𝜏𝜏𝜏𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖)�𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟) − 𝑣𝑣𝑣𝑣𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖)�
𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Particle relaxation time 60 
𝜏𝜏𝜏𝜏𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟(𝑖𝑖𝑖𝑖) =

(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟)𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
18𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟

 

Critical Stokes Number 
(EΛgrav = o if St* > Sti) 

61 
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡∗ =

1.2 + 1
12ln (1 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

1 + ln (1 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)  

 
  

table A13. Dry deposition velocities as a function of particle size and density.5,7

Equation 
Dry deposition velocity of 
particle i to compartment 2

62

161 
 

Table A13. Dry deposition velocities as a function of particle size and density.5,7 
 Equation  
Dry deposition velocity of 
particle i to compartment 
2 

62 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟,2) =
1

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2) + 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2)
+ 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) 

Surface resistance 63 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2) =
1

𝑢𝑢𝑢𝑢∗�𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,2)�
 

Brownian collection at 
deposition to water 

64 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−1/2 

Interception at deposition 
to water 

65 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 0 

Gravitational impaction at 
deposition to water 

66 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 10−3𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖  

Brownian collection at 
deposition to soil 

67 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−2/3 

Interception at deposition 
to soil 

68 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) =

𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣
𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 �𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔 �

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�+ (1

− 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔) �
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + Á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔
�� 

Gravitational impaction at 
deposition to soil 

69 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = �

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛼𝛼𝛼𝛼𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�
𝛽𝛽𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 

 
 
Table A14. ENP dissolution rates*1 for different mechanisms3,24,25,36  
Mechanism Equation 
Noyes-Whitney for readily 
soluble ENPs 

70 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎) = 𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁
𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷

��𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0−𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉)� − �𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑔𝑔𝑔𝑔� ∙ 𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁� 

Practically insoluble 71 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐼𝐼𝐼𝐼) = 0 
Experimentally determined 
apparent dissolution rate 

72 
𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡) = −

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝐶𝐶𝐶𝐶0 𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡))⁄
𝑡𝑡𝑡𝑡  

Dissolution following Arrhenius 
expression 

73 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠) = 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔.𝑐𝑐𝑐𝑐𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒−𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄  

*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. 
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Table A13. Dry deposition velocities as a function of particle size and density.5,7 
 Equation  
Dry deposition velocity of 
particle i to compartment 
2 

62 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟,2) =
1

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2) + 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2)
+ 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) 

Surface resistance 63 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2) =
1

𝑢𝑢𝑢𝑢∗�𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,2)�
 

Brownian collection at 
deposition to water 

64 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−1/2 

Interception at deposition 
to water 

65 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 0 

Gravitational impaction at 
deposition to water 

66 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 10−3𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖  

Brownian collection at 
deposition to soil 

67 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−2/3 

Interception at deposition 
to soil 

68 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) =

𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣
𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 �𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔 �

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�+ (1

− 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔) �
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + Á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔
�� 

Gravitational impaction at 
deposition to soil 

69 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = �

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛼𝛼𝛼𝛼𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�
𝛽𝛽𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 

 
 
Table A14. ENP dissolution rates*1 for different mechanisms3,24,25,36  
Mechanism Equation 
Noyes-Whitney for readily 
soluble ENPs 

70 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎) = 𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁
𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷

��𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0−𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉)� − �𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑔𝑔𝑔𝑔� ∙ 𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁� 

Practically insoluble 71 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐼𝐼𝐼𝐼) = 0 
Experimentally determined 
apparent dissolution rate 

72 
𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡) = −

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝐶𝐶𝐶𝐶0 𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡))⁄
𝑡𝑡𝑡𝑡  

Dissolution following Arrhenius 
expression 

73 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠) = 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔.𝑐𝑐𝑐𝑐𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒−𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄  

*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. 
 
  

Brownian collection at 
deposition to water

64 EdBrown ( i , water ) = Sci
- 1 / 2

Interception at deposition to 
water

65 Ed int.cept ( i , water ) = 0

Gravitational impaction at 
deposition to water

66 Edgrav ( i , water ) = 10- 3Sti

Brownian collection at 
deposition to soil

67 EdBrown ( i , soil ) = Sci
- 2 / 3

Interception at deposition 
to soil

68
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Table A13. Dry deposition velocities as a function of particle size and density.5,7 
 Equation  
Dry deposition velocity of 
particle i to compartment 
2 

62 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟,2) =
1

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2) + 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2)
+ 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) 

Surface resistance 63 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2) =
1

𝑢𝑢𝑢𝑢∗�𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,2)�
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73 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠) = 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔.𝑐𝑐𝑐𝑐𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒−𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄  

*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. 
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Table A13. Dry deposition velocities as a function of particle size and density.5,7 
 Equation  
Dry deposition velocity of 
particle i to compartment 
2 

62 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟,2) =
1

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2) + 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2)
+ 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) 

Surface resistance 63 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2) =
1

𝑢𝑢𝑢𝑢∗�𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,2)�
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72 
𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡) = −

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝐶𝐶𝐶𝐶0 𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡))⁄
𝑡𝑡𝑡𝑡  

Dissolution following Arrhenius 
expression 

73 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠) = 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔.𝑐𝑐𝑐𝑐𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒−𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄  

*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. 
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Table A13. Dry deposition velocities as a function of particle size and density.5,7 
 Equation  
Dry deposition velocity of 
particle i to compartment 
2 

62 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟,2) =
1

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2) + 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2)
+ 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) 

Surface resistance 63 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2) =
1

𝑢𝑢𝑢𝑢∗�𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,2)�
 

Brownian collection at 
deposition to water 

64 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−1/2 

Interception at deposition 
to water 

65 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 0 

Gravitational impaction at 
deposition to water 

66 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 10−3𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖  

Brownian collection at 
deposition to soil 

67 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−2/3 

Interception at deposition 
to soil 

68 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) =

𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣
𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 �𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔 �

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�+ (1

− 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔) �
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + Á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔
�� 

Gravitational impaction at 
deposition to soil 

69 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = �

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛼𝛼𝛼𝛼𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�
𝛽𝛽𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 

 
 
Table A14. ENP dissolution rates*1 for different mechanisms3,24,25,36  
Mechanism Equation 
Noyes-Whitney for readily 
soluble ENPs 

70 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎) = 𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁
𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷

��𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0−𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉)� − �𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑔𝑔𝑔𝑔� ∙ 𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁� 

Practically insoluble 71 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐼𝐼𝐼𝐼) = 0 
Experimentally determined 
apparent dissolution rate 

72 
𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡) = −

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝐶𝐶𝐶𝐶0 𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡))⁄
𝑡𝑡𝑡𝑡  

Dissolution following Arrhenius 
expression 

73 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠) = 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔.𝑐𝑐𝑐𝑐𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒−𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄  

*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. 
 
  

Practically insoluble 71 kdis ( I ) = 0
Experimentally determined 
apparent dissolution rate

72
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Table A13. Dry deposition velocities as a function of particle size and density.5,7 
 Equation  
Dry deposition velocity of 
particle i to compartment 
2 

62 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟,2) =
1

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2) + 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2)
+ 𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖) 

Surface resistance 63 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆(𝑖𝑖𝑖𝑖,2) =
1

𝑢𝑢𝑢𝑢∗�𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,2) + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,2)�
 

Brownian collection at 
deposition to water 

64 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−1/2 

Interception at deposition 
to water 

65 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 0 

Gravitational impaction at 
deposition to water 

66 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝛬𝛬𝛬𝛬𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟) = 10−3𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖  

Brownian collection at 
deposition to soil 

67 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝛬𝛬𝛬𝛬𝑟𝑟𝑟𝑟𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−2/3 

Interception at deposition 
to soil 

68 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡.𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) =

𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣
𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 �𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔 �

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�+ (1

− 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔) �
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + Á𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔
�� 

Gravitational impaction at 
deposition to soil 

69 
𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔(𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝛬𝛬𝛬𝛬𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓) = �

𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛼𝛼𝛼𝛼𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔

�
𝛽𝛽𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 

 
 
Table A14. ENP dissolution rates*1 for different mechanisms3,24,25,36  
Mechanism Equation 
Noyes-Whitney for readily 
soluble ENPs 

70 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎) = 𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁
𝛿𝛿𝛿𝛿𝐷𝐷𝐷𝐷

��𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0−𝛿𝛿𝛿𝛿𝑉𝑉𝑉𝑉)� − �𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑔𝑔𝑔𝑔� ∙ 𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁� 

Practically insoluble 71 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐼𝐼𝐼𝐼) = 0 
Experimentally determined 
apparent dissolution rate 

72 
𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡) = −

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝐶𝐶𝐶𝐶0 𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡))⁄
𝑡𝑡𝑡𝑡  

Dissolution following Arrhenius 
expression 

73 𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠) = 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔.𝑐𝑐𝑐𝑐𝛬𝛬𝛬𝛬𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒−𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄  

*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. 
 
  

Dissolution following 
Arrhenius expression

73 kdis ( Arrhenius ) = cenv.cond · AArrhenius · 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.
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Table A15. First-order rate constants for advective transports14-16  
Mechanism Equation 
Resuspension of free  
or agg ENPs 

74 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Resuspension of att. 
ENPs 

75 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Sediment burial 76 𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑐𝑐𝑐𝑐) = 𝑣𝑣𝑣𝑣𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠 
Pore water leaching of 
free or agg. ENPs 

77 𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 ∙ 𝑝𝑝𝑝𝑝0 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉

 

Run-off of free or agg. 
ENPs 

78 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑝𝑝𝑝𝑝0 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉

 

Erosion of soil grains 
with ENPs attached 

79 𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠

 

 
Table A16. System dimensions for realistic nano-TiO2 emission scenario in Switzerland37  
Compartment Area (m2) Height / depth (m) Volume (m3) 
Atmosphere 4.13 1010  1000  4.13 1013 
Soil*1 4.00 1010 0.2*2 and 0.05*3 2.23 109 
Water 1.24 109 3 3.7 109 
*1 Density of soil = 1500 kg. m-3.37 Soil is composed of a solid fraction of 0.6, a pore water fraction of 
0.2 and an air fraction of 0.214-16 

 
Table A17. Input parameter and their values for the realistic nano-TiO2 emission scenario in 
Switzerland37 
Symbol Parameter Value 
rENP ENP radius 10 nm 
ρENP ENP mass density 4.23 103 kg.m-3 
αagg Aggregation efficiency  0.1*1 
αatt Attachment efficiency 0.1*1 
kdissolve Dissolution rate constant 0 s-1 *2 
*1 Assumed default value 
*2 No dissolution, as nano-TiO2 is practically insoluble. 
 
Table A18.The first-order rate constant values that SimpleBox4nano calculates for 
environmental transport and removal processes for the Mueller and Nowack nano-TiO2 emission 
scenario 

Symbol Transport / Removal Process Rate*1 

kaggA Aggregation rate for ENPs with aerosol particles in dry air (A) 1.57E-06 s-1 

kattA Attachment rate for ENPs with coarse particles in dry air (A) 1.32E-08 s-1 

Resuspension of att. ENPs 75
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Table A15. First-order rate constants for advective transports14-16  
Mechanism Equation 
Resuspension of free  
or agg ENPs 

74 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
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Table A16. System dimensions for realistic nano-TiO2 emission scenario in Switzerland37  
Compartment Area (m2) Height / depth (m) Volume (m3) 
Atmosphere 4.13 1010  1000  4.13 1013 
Soil*1 4.00 1010 0.2*2 and 0.05*3 2.23 109 
Water 1.24 109 3 3.7 109 
*1 Density of soil = 1500 kg. m-3.37 Soil is composed of a solid fraction of 0.6, a pore water fraction of 
0.2 and an air fraction of 0.214-16 

 
Table A17. Input parameter and their values for the realistic nano-TiO2 emission scenario in 
Switzerland37 
Symbol Parameter Value 
rENP ENP radius 10 nm 
ρENP ENP mass density 4.23 103 kg.m-3 
αagg Aggregation efficiency  0.1*1 
αatt Attachment efficiency 0.1*1 
kdissolve Dissolution rate constant 0 s-1 *2 
*1 Assumed default value 
*2 No dissolution, as nano-TiO2 is practically insoluble. 
 
Table A18.The first-order rate constant values that SimpleBox4nano calculates for 
environmental transport and removal processes for the Mueller and Nowack nano-TiO2 emission 
scenario 

Symbol Transport / Removal Process Rate*1 

kaggA Aggregation rate for ENPs with aerosol particles in dry air (A) 1.57E-06 s-1 

kattA Attachment rate for ENPs with coarse particles in dry air (A) 1.32E-08 s-1 

Sediment burial 76 kburSE ( i ) = vbur · AREASE / VOLUMEW

Pore water leaching of free 
or agg. ENPs

77

162 
 

Table A15. First-order rate constants for advective transports14-16  
Mechanism Equation 
Resuspension of free  
or agg ENPs 
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𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠

 

 
Table A16. System dimensions for realistic nano-TiO2 emission scenario in Switzerland37  
Compartment Area (m2) Height / depth (m) Volume (m3) 
Atmosphere 4.13 1010  1000  4.13 1013 
Soil*1 4.00 1010 0.2*2 and 0.05*3 2.23 109 
Water 1.24 109 3 3.7 109 
*1 Density of soil = 1500 kg. m-3.37 Soil is composed of a solid fraction of 0.6, a pore water fraction of 
0.2 and an air fraction of 0.214-16 

 
Table A17. Input parameter and their values for the realistic nano-TiO2 emission scenario in 
Switzerland37 
Symbol Parameter Value 
rENP ENP radius 10 nm 
ρENP ENP mass density 4.23 103 kg.m-3 
αagg Aggregation efficiency  0.1*1 
αatt Attachment efficiency 0.1*1 
kdissolve Dissolution rate constant 0 s-1 *2 
*1 Assumed default value 
*2 No dissolution, as nano-TiO2 is practically insoluble. 
 
Table A18.The first-order rate constant values that SimpleBox4nano calculates for 
environmental transport and removal processes for the Mueller and Nowack nano-TiO2 emission 
scenario 

Symbol Transport / Removal Process Rate*1 

kaggA Aggregation rate for ENPs with aerosol particles in dry air (A) 1.57E-06 s-1 

kattA Attachment rate for ENPs with coarse particles in dry air (A) 1.32E-08 s-1 

Run-off of free or agg. 
ENPs

78

162 
 

Table A15. First-order rate constants for advective transports14-16  
Mechanism Equation 
Resuspension of free  
or agg ENPs 

74 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Resuspension of att. 
ENPs 

75 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Sediment burial 76 𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑐𝑐𝑐𝑐) = 𝑣𝑣𝑣𝑣𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠 
Pore water leaching of 
free or agg. ENPs 

77 𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 ∙ 𝑝𝑝𝑝𝑝0 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉

 

Run-off of free or agg. 
ENPs 

78 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑝𝑝𝑝𝑝0 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉

 

Erosion of soil grains 
with ENPs attached 

79 𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠

 

 
Table A16. System dimensions for realistic nano-TiO2 emission scenario in Switzerland37  
Compartment Area (m2) Height / depth (m) Volume (m3) 
Atmosphere 4.13 1010  1000  4.13 1013 
Soil*1 4.00 1010 0.2*2 and 0.05*3 2.23 109 
Water 1.24 109 3 3.7 109 
*1 Density of soil = 1500 kg. m-3.37 Soil is composed of a solid fraction of 0.6, a pore water fraction of 
0.2 and an air fraction of 0.214-16 

 
Table A17. Input parameter and their values for the realistic nano-TiO2 emission scenario in 
Switzerland37 
Symbol Parameter Value 
rENP ENP radius 10 nm 
ρENP ENP mass density 4.23 103 kg.m-3 
αagg Aggregation efficiency  0.1*1 
αatt Attachment efficiency 0.1*1 
kdissolve Dissolution rate constant 0 s-1 *2 
*1 Assumed default value 
*2 No dissolution, as nano-TiO2 is practically insoluble. 
 
Table A18.The first-order rate constant values that SimpleBox4nano calculates for 
environmental transport and removal processes for the Mueller and Nowack nano-TiO2 emission 
scenario 

Symbol Transport / Removal Process Rate*1 

kaggA Aggregation rate for ENPs with aerosol particles in dry air (A) 1.57E-06 s-1 

kattA Attachment rate for ENPs with coarse particles in dry air (A) 1.32E-08 s-1 

Erosion of soil grains with 
ENPs attached

79
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Table A15. First-order rate constants for advective transports14-16  
Mechanism Equation 
Resuspension of free  
or agg ENPs 

74 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Resuspension of att. 
ENPs 

75 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Sediment burial 76 𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑐𝑐𝑐𝑐) = 𝑣𝑣𝑣𝑣𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠 
Pore water leaching of 
free or agg. ENPs 

77 𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 ∙ 𝑝𝑝𝑝𝑝0 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑉𝑉𝑉𝑉

 

Run-off of free or agg. 
ENPs 
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Table A16. System dimensions for realistic nano-TiO2 emission scenario in Switzerland37  
Compartment Area (m2) Height / depth (m) Volume (m3) 
Atmosphere 4.13 1010  1000  4.13 1013 
Soil*1 4.00 1010 0.2*2 and 0.05*3 2.23 109 
Water 1.24 109 3 3.7 109 
*1 Density of soil = 1500 kg. m-3.37 Soil is composed of a solid fraction of 0.6, a pore water fraction of 
0.2 and an air fraction of 0.214-16 

 
Table A17. Input parameter and their values for the realistic nano-TiO2 emission scenario in 
Switzerland37 
Symbol Parameter Value 
rENP ENP radius 10 nm 
ρENP ENP mass density 4.23 103 kg.m-3 
αagg Aggregation efficiency  0.1*1 
αatt Attachment efficiency 0.1*1 
kdissolve Dissolution rate constant 0 s-1 *2 
*1 Assumed default value 
*2 No dissolution, as nano-TiO2 is practically insoluble. 
 
Table A18.The first-order rate constant values that SimpleBox4nano calculates for 
environmental transport and removal processes for the Mueller and Nowack nano-TiO2 emission 
scenario 

Symbol Transport / Removal Process Rate*1 

kaggA Aggregation rate for ENPs with aerosol particles in dry air (A) 1.57E-06 s-1 

kattA Attachment rate for ENPs with coarse particles in dry air (A) 1.32E-08 s-1 
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Water 1.24 109 3 3.7 109

*1 Density of soil = 1500 kg. m-3.37 Soil is composed of a solid fraction of 0.6, a pore water fraction 
of 0.2 and an air fraction of 0.214-16
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table A17. Input parameter and their values for the realistic nano-TiO2 emission scenario in Swit-
zerland37

Symbol Parameter Value
rENP ENP radius 10 nm
ρENP ENP mass density 4.23 103 kg.m-3

αagg Aggregation efficiency 0.1*1

αatt Attachment efficiency 0.1*1

kdissolve Dissolution rate constant 0 s-1 *2

*1 Assumed default value
*2 No dissolution, as nano-TiO2 is practically insoluble.

Table A18. The first-order rate constant values that SimpleBox4nano calculates for environmental 
transport and removal processes for the Mueller and Nowack nano-TiO2 emission scenario
Symbol Transport / Removal Process Rate*1
kaggA Aggregation rate for ENPs with aerosol particles in dry air (A) 1.57E-06 s-1
kattA Attachment rate for ENPs with coarse particles in dry air (A) 1.32E-08 s-1
kΛARfree Rain drop collection rate for free ENP species 6.02E-06 s-1
kΛARagg Rain drop collection rate for aggregated ENP species 1.81E-06 s-1
kΛARatt Rain drop collection rate for attached ENP species 4.44E-06 s-1

kdepASfree
First-order rate constant for dry deposition from dry air (A) to soil (S) 
for free ENP species

1.59E-06 s-1

kdepASagg
First-order rate constant for dry deposition from dry air (A) to soil (S) 
for aggregated ENP species

2.51E-07 s-1

kdepASatt
First-order rate constant for dry deposition from dry air (A) to soil (S) 
for attached ENP species

9.41E-07 s-1

kdepAWfree
First-order rate constant for dry deposition from dry air (A) to soil (W) 
for free ENP species

2.40E-08 s-1

kdepAWagg
First-order rate constant for dry deposition from dry air (A) to water 
(W) for aggregated ENP species

2.80E-08 s-1

kdepAWatt
First-order rate constant for dry deposition from dry air (A) to soil (W) 
for attached ENP species

3.00E-08 s-1

kdepRSfree,agg,att First-order rate constant for wet deposition from rain (R) to soil (S) for 
free, aggregated or attached ENP species

2.39E-03 s-1

kdepRWfree,agg,at
t

First-order rate constant for wet deposition from rain (R)  to water (W) 
for free, aggregated or attached ENP species

7.62E-05 s-1

kaggS Aggregation rate for ENPs with natural colloids in soil (S) pore water 8.42E-07 s-1
kattS Attachment rate for ENPs with solid grains in soil (S) 3.65E-03 s-1

krunSWfree,agg
First-order rate constant for run-off from soil (S) to water (W) for free 
or aggregated ENP species

2.93E-07 s-1

kerosionSWatt
First-order rate  constant for run-off from  soil (S) to water (W) for 
attached ENP species

1.68E-11 s-1

kleachSagg,free
First-order rate constant for run-off from soil (S) to water (W) for free 
ENP species

2.93E-07 s-1

kaggW Aggregation rate for ENPs with natural colloids in surface water (W) 8.42E-07 s-1
kattW Attachment rate for ENPs with suspended particles in surface water 

(W)
6.10E-10 s-1
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Table A18. The first-order rate constant values that SimpleBox4nano calculates for environmental 
transport and removal processes for the Mueller and Nowack nano-TiO2 emission scenario (con-
tinued)
Symbol Transport / Removal Process Rate*1

kdepWSEfree
First-order rate constant for deposition from water (W) to sediments 
(SE) for free ENP species

2.34E-10 s-1

kdepWSEatt
First-order rate constant for deposition from water (W) to sediments 
(SE) for attached ENP species

2.36E-05 s-1

kdepWSEagg
First-order rate constant for deposition from water (W) to sediments 
(SE) for aggregated ENP species

1.64E-08 s-1

krsSEWfree,agg
First-order rate constant for resuspension from sediments (SE) to 
water
(W) for free or aggregated ENP species*2

7.60E-07 s-1

krsSEWatt
First-order rate constant for resuspension from sediments (SE) to 
water
(W) for attached ENP species*2

3.04E-06 s-1

*1 Calculated as a function of the system dimensions and default input parameters given in Table 
A16 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:
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kaggW Aggregation rate for ENPs with natural colloids in surface water (W)8.42E-07 s-1

kattW Attachment rate for ENPs with suspended particles in surface water
(W)
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sediments (SE) for free ENP species

2.34E-10 s-1

kdepWSEatt
First-order rate constant for deposition from water (W) to
sediments (SE) for attached ENP species

2.36E-05 s-1

kdepWSEagg
First-order rate constant for deposition from water (W) to
sediments (SE) for aggregated ENP species

1.64E-08 s-1

krsSEWfree,agg
First-order rate constant for resuspension from sediments (SE) to
water

(W) for free or aggregated ENP species*2

7.60E-07 s-1

krsSEWatt
First-order rate constant for resuspension from sediments (SE) to
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A16 and 17 
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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: 
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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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B1: MultiMEdiA fAtE ModEling with siMPlEBox4nAno

Model Concept

SimpleBox4nano (SB4N) is an extension of SimpleBox, a classical multi-media mass 
balance model (“box model”) that calculates chemical masses m (kg) in the various 
environmental compartments (air, water, soil, etc.) (Mackay, 2001; Van de Meent, 
2011). In addition, SB4N calculates the masses of the different physical-chemical forms 
(species), in which ENPs can occur within each compartment: (a) freely dispersed, (b) 
hetero-aggregated with natural colloidal particles, or (c) attached to larger natural 
particles that are prone to gravitational forces in aqueous media (Figure B1.1). The 
model solves mass balance equations for a steady-state situation in all compartments 
and species through matrix algebra (Meesters et al., 2014): m = - A- 1e. Here is e (kg.s-1) 
the vector of emission rates of (pristine) ENPs into the environment. The system 
matrix A (s-1) represents (pseudo) first-order rate constants for (a) transport between 
compartments (b) removal by transport out of the system (c) the rates at which ENPs 
are taken up in aggregates or attach to the surfaces of larger particles, and (d) the 
rates at which ENPs may be subjected to removal processes such as degradation and 
dissolution (Figure B1.1).

For the purpose of this study SB4N only uses one spatial scale resembling a regi-
onal environmental system as defined in REACH (ECHA, 2012) instead of the nested 
spatial scales. Dissolution is considered as removal of the chemical material, because 
after dissolution the ENP is no longer a nanoscaled solid particle that applies to the 
definition of an ENP (Bleeker et al, 2013; Meesters et al., 2014). Emission estimation 
itself is not part of SB4N’s system matrix. Therefore, the emission rate needs to be 
obtained from other data sources in order to be used as input for the SB4N model.
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Figure B1.1. Model Concept SimpleBox4nano. 
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an ENP (Bleeker et al, 2013; Meesters et al., 2014). Emission estimation itself is not part of 
SB4N’s system matrix. Therefore, the emission rate needs to be obtained from other data 
sources in order to be used as input for the SB4N model.  

figure B1.1. Model Concept SimpleBox4nano.

Model Simplifi cati ons

The environmental behavior of ENPs is so complex that simplifi cati ons are necessary 
to predict their environmental fate (Praetorius et al., 2013). SB4N also employs such 
simplifi cati ons (Meesters et al., 2014), which are inevitable but acceptable if they can 
be justi fi ed scienti fi cally (Praetorius et al., 2013). 
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Prior to the fate simulation the ENPs that are directly released to the  environment 
are assumed to be in their pristine state, whereas ENPs that are released to the surface 
waters via the effluents of waste water treatment plants (WWTPs) are assumed to be 
hetero-aggregated with natural colloid particles, and ENPs emitted to soil through the 
application of WWTP sludge are assumed to be attached to natural coarse particles 
prone for gravitational settling in aqueous media. However, transformation processes 
such as homoaggregation, surface modification and weathering can alter the pristine 
state before, during or directly  after release (Meesters et al., 2013; Nowack et al., 
2012) Quantitative data on the release of ENPs is limited (Nowack et al., 2012), so that 
the extent to which ENPs are physically or chemically altered upon emission is difficult 
to express (Keller et al., 2013). Hence, the pristine state of ENPs is chosen as a starting 
point for the fate simulations, because most data on physicochemical properties of 
nano-CeO2, -TiO2 and -ZnO are referring to this state (Gottschalk et al., 2013a,b). The 
ENPs in pristine state are assumed to be in spherical shape and their mass densities 
to be equal to the densities of the solid states of the pure chemical of which the ENP 
consists. Possible influences of coatings on the ENPs’ weight are assumed negligible.

Complex physical and chemical transformations reactions between ENPs and 
environmental matrices such as (re-)oxidation, sulfidication, phosphorization, functi-
onalization and carbon sorption, are not explicitly simulated. Rather, these processes 
are implicitly included through the influence that they have on ENP dissolution rates 
in different aqueous media and the attachment between ENPs and natural particles 
(Nowack et al., 2012; Petosa et al., 2010). 
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Figure B2.1. Environmental release during different stages of the life cycle of engineered 
nanomaterials based on the mass flows given in Keller et al., 2013. 
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table B 2.1 Environmental release during diff erent stages of the life cycle of nano-CeO2, TiO2 ans 
-ZnO based on the mass fl ows given in Keller et al., 2013. 
Nr. Life Cycle stage Volume Fracti on (VF) to Volume Fracti on

Low Exposure High Exposure
1 Producti on Air 0.1 X (1-VF3) 0.4 X (1-VF3)
2 Producti on Soil 0.001 X (1-VF3) 0.02 X (1-VF3)
3 Producti on Use 1 0.985
4 Producti on Waste Water 0.1 X (1-VF3) 0.4 X (1-VF3)
5 Producti on Landfi ll (1-VF3) X (1-∑VF1,2,4)
6.1 Use: Electronics & Opti cs*1 Air 5.00E-04 2.50E-03
6.2 Use: Medical*1 Air 2.50E-03 1.25E-02
6.3 Use: Catalysts*1 Air 5.00E-04 2.50E-03
6.4 Use: Cosmeti cs*1 Air 7.50E-03 9.50E-03
6.5 Use: Plasti cs*1 Air 5.00E-04 2.50E-03
6.6 Use: Energy & Environment*1 Air 2.50E-03 1.00E-02
6.7 Use: Coati ngs*1 Air 1.00E-03 9.00E-03
6.8 Use: Filtrati on*1 Air 0 0
6.9 Use: Texti le*1 Air 5.00E-03 4.75E-02
6.10 Use: Composites*1 Air 5.00E-04 5.00E-03
6.11 Use: Automoti ve*1 Air 0 5.00E-04
6.12 Use: Aerospace*1 Air 0 5.00E-04
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table B 2.1 Environmental release during different stages of the life cycle of nano-CeO2, TiO2 ans 
-ZnO based on the mass flows given in Keller et al., 2013.  (continued)
Nr. Life Cycle stage Volume Fraction (VF) to Volume Fraction

Low Exposure High Exposure
7.1 Use: Electronics & Optics*1 Soil 9.00E-03 4.50E-02
7.2 Use: Medical*1 Soil 2.50E-03 1.25E-02
7.3 Use: Catalysts*1 Soil 5.00E-04 2.50E-03
7.4 Use: Cosmetics*1 Soil 7.50E-03 9.50E-03
7.5 Use: Plastics*1 Soil 4.20E-02 2.10E-01
7.6 Use: Energy & Environment*1 Soil 4.50E-02 1.80E-01
7.7 Use: Coatings*1 Soil 3.50E-02 3.15E-01
7.8 Use: Filtration*1 Soil 5.00E-03 4.50E-02
7.9 Use: Composites*1 Soil 9.00E-03 9.00E-02
7.10 Use: Automotive*1 Soil 0 5.00E-04
7.11 Use: Aerospace*1 Soil 0 5.00E-04
7.12 Use: Sensors*1 Soil 4.75E-03 9.50E-03
7.13 Use: Packaging*1 Soil 4.75E-02 2.38E-01
7.14 Use: Paper and board*1 Soil 4.75E-02 2.38E-01
8.1 Use: Cosmetics*1 Water 6.00E-02 7.60E-02
8.2 Use: Coatings*1 Water 4.00E-03 3.60E-02
9 Use Waste Incineration Plant (WIP) 1-∑VF6,7,8,10

10.1 Electronics & Optics*1 Waste Water 5.00E-04 2.50E-03
10.2 Medical*1 Waste Water 4.50E-02 2.25E-01
10.3 Catalysts*1 Waste Water 9.00E-03 4.50E-02
10.4 Cosmetics*1 Waste Water 6.75E-01 8.55E-01
10.5 Plastics*1 Waste Water 2.50E-03 1.25E-02
10.6 Energy & Environment*1 Waste Water 2.50E-03 1.00E-02
10.7 Coatings*1 Waste Water 6.00E-02 5.40E-01
10.8 Filtration*1 Waste Water 9.50E-02 8.55E-01
10.9 Textile*1 Waste Water 9.50E-02 9.03E-01
10.10 Composites*1 Waste Water 5.00E-04 5.00E-03
10.11 Automotive*1 Waste Water 0.00E+00 9.00E-03
10.12 Aerospace*1 Waste Water 0.00E+00 9.00E-03
10.13 Sensors*1 Waste Water 2.50E-04 5.00E-04
10.14 Packaging*1 Waste Water 2.50E-03 1.25E-02
10.15 Paper and board*1 Waste Water 2.50E-03 1.25E-02
11 Waste: Incineration Air 5.00E-04 1.00E-02
12 Waste: Incineration Slag 0.5 0.01
13 Waste: Incineration Filter 1-∑VolumeFraction11,12

14 Waste: Slag Landfill 1 1
15 Waste: Filter Landfill 1 1
16 Waste: Waste Water Waste Water Treatment Plant 1 1
17 Waste: Waste Water Treatment Sludge 0.25 0.003
18 Waste: Waste Water Treatment Water 1-VolumeFraction17

19 Waste: Sludge Application Soil 0.55*2 0.55*2

*1 To be multiplied with use pattern of the specific nanomaterial given in SI Table B2.2
*2 It is assumed that 55% of the EU sludge is applied to agricultural soil [Sun et al., 2014]
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table B2.2. Use patterns for nano-CeO2, -TiO2, and -ZnO taken from data of Keller et al., 2013.
Use Pattern Nano-CeO2 Nano-TiO2 Nano-ZnO
Electronics & Optics 0.45 0.075 0.002
Medical 0.05 0 0
Catalysts 0.25 0.001 0
Cosmetics 0 0.594 0.826
Plastics 0 0.051 0.02
Energy & Environment 0.1 0.007 0
Coatings, paints, pigments 0.15 0.143 0.15
Filtration 0 0.058 0.001
Textile 0 0.003 0
Composites 0 0.068 0.001
Automotive 0 0 0
Aerospace 0 0 0
Sensors 0 0 0
Packaging 0 0 0
Paper and board 0 0 0

table B2.3. Results from Monte Carlo simulation on the flow chart of Keller et al., 2013 fitted into 
uncertainty distributions of emission estimations.
Emission Fractions 
(t.y-1 released)/(t.y-1 
produced)

Defaults And Uncertainty Distributions Of Emission Estimations
Nano-CeO2 Nano-TiO2 Nano-ZnO

Free ENPs to air Default: 0.01
Beta Distribution 
Minimum: 0
Maximum: 0.02 
Alpha: 2.72
Beta:2.86

Default: 0.01
Beta Distribution 
Minimum: 0
Maximum: 0.02 
Alpha: 5.74
Beta:10.52

Default: 0.01
Gamma Distribution
Location: 0.01
Scale: 0
Shape: 13.88

Free ENPs directly to 
surface waters

Default: 0.05
Uniform Distribution
Minimum: 0
Maximum: 0.01

Default: 0.045
Beta Distribution 
Minimum: 0.04
Maximum: 0.05 
Alpha: 2.07
Beta:2.15

Default: 0.06
Beta Distribution 
Minimum: 0.05
Maximum: 0.07 
Alpha: 1.64
Beta:1.65

Agg. ENPs to surface water 
after WWTP

Default: 0.01
weibull
Location: 0
Scale: 0.01
Shape: 1.62

Default: 0.075
Beta Distribution 
Minimum: 0.01
Maximum: 0.14 
Alpha: 1.11
Beta:1.36

Default:0
Distribution
0 *1

Free ENPs directly to soil Default: 0.05
Beta Distribution
Minimum: 0.02
Maximum: 0.08 
Alpha: 2.24
Beta:2.18

Default: 0.045
Beta Distribution 
Minimum: 0.02
Maximum: 0.07 
Alpha: 1.38
Beta:1.36

Default: 0.035
Beta Distribution 
Minimum: 0.01
Maximum: 0.06 
Alpha: 1.05
Beta:1.05
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table B2.3. Results from Monte Carlo simulation on the flow chart of Keller et al., 2013 fitted into 
uncertainty distributions of emission estimations. (continued)
Emission Fractions 
(t.y-1 released)/(t.y-1 
produced)

Defaults And Uncertainty Distributions Of Emission Estimations
Nano-CeO2 Nano-TiO2 Nano-ZnO

Att. ENPs from sludge 
application to soil*2

Default: 0.03
Beta Distribution
Minimum: 0.01
Maximum: 0.05 
Alpha: 1.43
Beta:1.6

Default: 0.26
Beta Distribution 
Minimum: 0.17
Maximum: 0.35 
Alpha: 4.9
Beta:6.61

Default:10^-2.4
10^ (Beta Distribution)
Minimum: -42
Maximum: -2.4 
Alpha: 100
Beta:1.27

All ENPs that enter surface waters via waste water treatment plant (WWTP) effluents are assu-
med to be aggregated (agg) with natural colloid particles (<1000 nm). All ENPs that enter soil via 
application of the sludge from waste water treatment plant (WWTP) are assumed to be attached 
(att) to larger natural particles (>1000 nm) prone for primary sedimentation. *1 Nano-ZnO is com-
pletely removed from WWTP effluents through settling and dissolution (Lombi et al., 2012). *2 
Multiplied with an uncertain factor for the amount of sludge applied, i.e. a uniform distribution 
with  a minimum 0 (no sludge application) and maximum 1 (maximum sludge application of 55%)

table B2.4. Estimated production volumes in Europe (Piccino et al., 2012; Sun et al., 2014)
Nanomaterial Shape Production Volume (t.y-1) Ref.
Nano-CeO2 Lognormal Default: 55 

 25th percentile: 0.55
Median: 55 
75th percentile: 2800 

Piccino et al., 2012

Nano-TiO2 Lognormal Default: 10,000 
Min: 246 
Mode: 10,000 
Max 49,373

Sun et al., 2014

Nano-ZnO Lognormal Default: 1600
Min: 5.5
Mode: 1600
Max: 28,000

Sun et al., 2014
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B3: A PRIORI CHARACTERIZED DISSOLUTION RATES
table B3.1. ENP dissolution rates a priori characterized with a uniform distribution from the clas-
sification framework of Garner and Keller, 2014.

Residence times Dissolution Rate (s-1)
ENP Medium Classification Min Max Default Min Max
Nano-
ZnO

Stormwater “Weeks” 1 Week 1 Month 9.85 10-7 3.710-7 1.65 10-6

Freshwater “Days” 1 Day 1 Week 8.8 10-6 1.65 10-6 1.16 10-5

Groundwater “Weeks” 1 Week 1 Month 1 10-6 3.710-7 1.65 10-6
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B4: A PRIORI CHARACTERIZATION OF ATTACHMENT EFFICIENCIES 
with siMulAtion dlvo thEory

SB4N employs the Smoluchowski equation to derive attachment rates between ENPs and 
the natural particles occurring as colloidal particles in soil and sediment pore waters and 
for both the colloidal and non-colloidal natural particles that are suspended in surface wa-
ters [Quik et al., 2011]. For attachment to the solid grains in soils and sediments, SB4N uses 
the particle filtration theory [Tufenkji & Elimelech, 2004]. Both of these methods obtain 
attachment rates by calculating a collision rate between the ENP and the natural particles, 
which is multiplied with a so called attachment efficiency that expresses  the probability of 
the ENP actually attaching to the natural particle at a collision. The collision rates are de-
rived from particle size, mass and number concentration [Meesters et al., 2014], whereas 
obtaining attachment efficiencies is done in a less straight forward manner [Petosa et al., 
2010]. The derivation of collision rates is therefore integrated in the SB4N model, while the 
attachment efficiencies are needed as input parameters [Meesters et al., 2014]. 

Attachment efficiencies can be predicted using the Derjaguin and Landau [1941] 
Verwey and Overbeek [1948] (DLVO) theory, but to our knowledge, the DLVO theory 
has not been applied successfully to predict attachment efficiencies between ENPs and 
natural (colloid) particles under real, complex, and environmental conditions that are 
not ideal for extrapolations from laboratory conditions [Petosa et al., 2010]. Therefore, 
experimentally derived attachment efficiencies are preferred to use as input parame-
ters for SB4N [Meesters et al., 2014]. In case such data is not available the DLVO theory 
is applied nonetheless, requiring the radius, surface charge and Hamaker constant of 
both the ENP and natural particle as input as well as the concentration of ions and 
their valence that are present in the aqueous medium(SI C Eq 1-4) [Petosa et al., 2010].

181 
 

B4: A priori characterization of attachment efficiencies with simulation DLVO theory 
SB4N employs the Smoluchowski equation to derive attachment rates between ENPs and 
the natural particles occurring as colloidal particles in soil and sediment pore waters and 
for both the colloidal and non-colloidal natural particles that are suspended in surface 
waters [Quik et al., 2011]. For attachment to the solid grains in soils and sediments, SB4N 
uses the particle filtration theory [Tufenkji & Elimelech, 2004]. Both of these methods 
obtain attachment rates by calculating a collision rate between the ENP and the natural 
particles, which is multiplied with a so called attachment efficiency that expresses  the 
probability of the ENP actually attaching to the natural particle at a collision. The collision 
rates are derived from particle size, mass and number concentration [Meesters et al., 
2014], whereas obtaining attachment efficiencies is done in a less straight forward 
manner [Petosa et al., 2010]. The derivation of collision rates is therefore integrated in the 
SB4N model, while the attachment efficiencies are needed as input parameters [Meesters 
et al., 2014].  
Attachment efficiencies can be predicted using the Derjaguin and Landau [1941] Verwey 
and Overbeek [1948] (DLVO) theory, but to our knowledge, the DLVO theory has not been 
applied successfully to predict attachment efficiencies between ENPs and natural (colloid) 
particles under real, complex, and environmental conditions that are not ideal for 
extrapolations from laboratory conditions [Petosa et al., 2010]. Therefore, experimentally 
derived attachment efficiencies are preferred to use as input parameters for SB4N 
[Meesters et al., 2014]. In case such data is not available the DLVO theory is applied 
nonetheless, requiring the radius, surface charge and Hamaker constant of both the ENP 
and natural particle as input as well as the concentration of ions and their valence that are 
present in the aqueous medium(SI C Eq 1-4) [Petosa et al., 2010]. 
 

𝛼𝛼𝛼𝛼 =
∫ �exp �𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

� /(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁

� + ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp � 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
� /(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁
� + ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

 
Eq. B.1 Calculation of attachment efficiency (α) by application of the DLVO theory (Lead & 
Smith, 2009; Petosa et al., 2010) assuming effective diameter = (renp *rnc)/(renp +rnc) and 
correction for diffusive approach is negligible. 
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Eq. B.2 Expression for Van der Waals attraction between ENP and natural colloid (Petosa 
et al., 2010 , Simplified) 
 

Eq. B.1 Calculation of attachment efficiency (α) by application of the DLVO theory (Lead & Smith, 
2009; Petosa et al., 2010) assuming effective diameter = (renp *rnc)/(renp +rnc) and correction for dif-
fusive approach is negligible.

181 
 

B4: A priori characterization of attachment efficiencies with simulation DLVO theory 
SB4N employs the Smoluchowski equation to derive attachment rates between ENPs and 
the natural particles occurring as colloidal particles in soil and sediment pore waters and 
for both the colloidal and non-colloidal natural particles that are suspended in surface 
waters [Quik et al., 2011]. For attachment to the solid grains in soils and sediments, SB4N 
uses the particle filtration theory [Tufenkji & Elimelech, 2004]. Both of these methods 
obtain attachment rates by calculating a collision rate between the ENP and the natural 
particles, which is multiplied with a so called attachment efficiency that expresses  the 
probability of the ENP actually attaching to the natural particle at a collision. The collision 
rates are derived from particle size, mass and number concentration [Meesters et al., 
2014], whereas obtaining attachment efficiencies is done in a less straight forward 
manner [Petosa et al., 2010]. The derivation of collision rates is therefore integrated in the 
SB4N model, while the attachment efficiencies are needed as input parameters [Meesters 
et al., 2014].  
Attachment efficiencies can be predicted using the Derjaguin and Landau [1941] Verwey 
and Overbeek [1948] (DLVO) theory, but to our knowledge, the DLVO theory has not been 
applied successfully to predict attachment efficiencies between ENPs and natural (colloid) 
particles under real, complex, and environmental conditions that are not ideal for 
extrapolations from laboratory conditions [Petosa et al., 2010]. Therefore, experimentally 
derived attachment efficiencies are preferred to use as input parameters for SB4N 
[Meesters et al., 2014]. In case such data is not available the DLVO theory is applied 
nonetheless, requiring the radius, surface charge and Hamaker constant of both the ENP 
and natural particle as input as well as the concentration of ions and their valence that are 
present in the aqueous medium(SI C Eq 1-4) [Petosa et al., 2010]. 
 

𝛼𝛼𝛼𝛼 =
∫ �exp �𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇

� /(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁

� + ℎ)2𝑑𝑑𝑑𝑑ℎ�∞
0

∫ �exp � 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
� /(� 𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁
� + ℎ)2𝑑𝑑𝑑𝑑ℎ�∞

0

 

 
Eq. B.1 Calculation of attachment efficiency (α) by application of the DLVO theory (Lead & 
Smith, 2009; Petosa et al., 2010) assuming effective diameter = (renp *rnc)/(renp +rnc) and 
correction for diffusive approach is negligible. 
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Eq. B.2 Expression for Van der Waals attraction between ENP and natural colloid (Petosa 
et al., 2010 , Simplified) 
 

Eq. B.2 Expression for Van der Waals attraction between ENP and natural colloid (Petosa et al., 
2010 , Simplified)
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Table B4.1. Glossary of terms for a priori characterization of attachment efficiencies between 
engineered nanoparticles and natural counter particles through simulation of the classical DLVO 
theory  
Symbol Parameter Unit 

𝛼𝛼𝛼𝛼 Attachment Efficiency (-) 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 Van der Waals attraction  J 
𝑉𝑉𝑉𝑉𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 Electric Double Layer Repulsion J 
𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 Total Interaction J 
𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏 Boltzmann Constant 1.38 10-23 J.K-1 
𝑇𝑇𝑇𝑇 Temperature K 

𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 Radius of engineered nanoparticle m 
𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 Radius of natural counter particle m 
ℎ Separation distance m 

𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁) Hamaker constant between engineered nano- 
and natural counter particle 

10-20 J 

𝑧𝑧𝑧𝑧 Ion valence (-) 
𝑒𝑒𝑒𝑒 Elemental charge 1.6 10-19 C 

𝜁𝜁𝜁𝜁𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 Zeta potential of the engineered nanoparticle mV 
𝜁𝜁𝜁𝜁𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 Zeta potential of the natural counter particle mV 
𝑘𝑘𝑘𝑘𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎 Debye length m 

 
For the Monte Carlo simulation, triangular distributions have been used to express the 
uncertainty of the attachment efficiencies. The values of 0 and 1 have been selected as 
minimum and maximum for these distributions, since attachment efficiencies range per 
definition between 0 and 1. The modes are represented by the attachment efficiencies 
that have been derived either experimentally or with the DLVO theory. However, they are 
not inserted as a fixed value,  rather in each iteration a mode is derived from its own MC 
simulation. The parameters used in the application of the DLVO theory are accompanied 
with a distribution of uncertainty (Eq B4.1-4.4; Table B4.2 and 4.3), while experimentally 
obtained attachment efficiencies are often presented as a set of values reflecting a range 
of environmental conditions. Experimentally derived efficiencies are therefore included as 
a uniform distribution based on the minimal and maximal efficiencies observed within the 
boundaries of relevant environmental conditions set out in Table B3.1. The distributions 
for the modes of DLVO derived efficiencies are the result of a MC simulation performed on 

Eq. B3. Expression for total interaction
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definition between 0 and 1. The modes are represented by the attachment efficiencies 
that have been derived either experimentally or with the DLVO theory. However, they are 
not inserted as a fixed value,  rather in each iteration a mode is derived from its own MC 
simulation. The parameters used in the application of the DLVO theory are accompanied 
with a distribution of uncertainty (Eq B4.1-4.4; Table B4.2 and 4.3), while experimentally 
obtained attachment efficiencies are often presented as a set of values reflecting a range 
of environmental conditions. Experimentally derived efficiencies are therefore included as 
a uniform distribution based on the minimal and maximal efficiencies observed within the 
boundaries of relevant environmental conditions set out in Table B3.1. The distributions 
for the modes of DLVO derived efficiencies are the result of a MC simulation performed on 

Eq. 4. Expression for Electric Double Layer repulsion between ENP and natural colloid (Petosa et 
al., 2010)

table B4.1. Glossary of terms for a priori characterization of attachment efficiencies between engi-
neered nanoparticles and natural counter particles through simulation of the classical DLVO theory 
Symbol Parameter Unit

α Attachment Efficiency (-)

VVDW Van der Waals attraction J

VEDL Electric Double Layer Repulsion J

VT Total Interaction J

kb Boltzmann Constant 1.38 10-23 J.K-1

T Temperature K

rENP Radius of engineered nanoparticle m

rNCP Radius of natural counter particle m

h Separation distance m

AHamaker ( ENP , water , NCP ) Hamaker constant between engineered nano- and 
natural counter particle

10-20 J

z Ion valence (-)

e Elemental charge 1.6 10-19 C

ζENP Zeta potential of the engineered nanoparticle mV

ζNCP Zeta potential of the natural counter particle mV

kDebye Debye length m

For the Monte Carlo simulation, triangular distributions have been used to express the 
uncertainty of the attachment efficiencies. The values of 0 and 1 have been selected 
as minimum and maximum for these distributions, since attachment efficiencies range 
per definition between 0 and 1. The modes are represented by the attachment efficien-
cies that have been derived either experimentally or with the DLVO theory. However, 
they are not inserted as a fixed value,  rather in each iteration a mode is derived from 
its own MC simulation. The parameters used in the application of the DLVO theory are 
accompanied with a distribution of uncertainty (Eq B4.1-4.4; Table B4.2 and 4.3), while 
experimentally obtained attachment efficiencies are often presented as a set of values 
reflecting a range of environmental conditions. Experimentally derived efficiencies 
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are therefore included as a uniform distribution based on the minimal and maximal 
efficiencies observed within the boundaries of relevant environmental conditions set 
out in Table B3.1. The distributions for the modes of DLVO derived efficiencies are the 
result of a MC simulation performed on eq B4/1 using the ranges for environmental 
conditions and ENP properties given in Table B4.2 and B4.3.  

table B4.2. Environmental conditions and parameters for simulation of DLVO theory 
Parameter Medium Distribution 

type
Range Default Reference

Radius of 
natural colloidal 
particles(nm)

Freshwater Pareto 25- 1000 30 Rosse and Loizeau, 2003
Sediment Uniform 25 - 225 125 Areepitak & Ren, 2011
Soil Triangular Min= 10; Mode = 

60; Max= 200
60 Citeau et al., 2006

Zeta- potential of 
natural colloids 
(mV)

Freshwater Triangular Min= -9.5; Mode 
= -8.8; Max= 
- 7.9

-8.8 Sun et al., 2013

Sediment Uniform Min= -35 ; Max 
=-21.3

-28 Bunn et al., 2002

Soil*3 Uniform Min= -37
Max = +0.62

-19 Citeau et al. 2006 
Loux and Savage, 2008 

Radius of natural 
suspended 
(non-colloidal) 
particles (µm)

Freshwater Lognormal Min =0.05; Mode 
= 0.5 ; Max= 10

0.5 Buffle and Leppard, 1995

Zeta-potential 
of suspended 
particles (mV)

Freshwater Triangular Min= -16
Mode = -14
Max = -12

-14 Sun et al., 2013

Debye length
 (nm-1)*1

Freshwater Custom Random 
selection from 
classification in 
table SI1

4.8 Hammes et al., 2013

Sediment*1 Custom Random 
selection from 
classification in 
table SI1

4.8 Hammes et al., 2013

Soil*2 Uniform Min: 5.8
Max: 10.2

5.8 Cornelis et al., 2013

Ion valence*4 Freshwater
Sediment
Soil

Triangular
Min:1
Max: 2

Mode: 1.2
Mode: 1.2
Mode: 1.6

1.2
1.2
1.6

Keller et al., 2010
Keller et al., 2010
Keller et al., 2010

*1 Assumed to be the same as in freshwater above the sediment compartment
*2 Calculated as a function of ionic strength
*3 Calculated as a function of electrophoretic mobility
*4 Calculated from mono : divalent ion ratio
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table B4.3. ENP property parameters for simulation of DLVO theory
Parameter Range 

Distribution
Nano-CeO2 Nano-TiO2 Nano-ZnO Refs.

Hamaker 
constant 
(10-20J)

(ENP, water, 
ENP)

Uniform Default: 5.57
Range
5.57*1

Default:4.75
Range:
2.5 -7 

Default: 2.07
Range:
1.89 -2.24 

Karimian, 
2007; Loux 
and Savage, 
2008

(ENP, 
water,NCP*2)*3

Uniform Default: 1.96
Range:
1.96

Default: 1.75
Range:
1.3 – 2.2

Default:1.69
Range:
1.14 – 1.24

Lefevre and 
Jolivet, 2009;
Bergstrom, 
1997

Zeta-
potential 
(mV)

Fresh water Uniform (min; 
max)

Default:-25.5
Range:
-34.7; -16.4

Default: -26.2
Range:
-34.8 ; -18.0  

Default: -27.9
Range:
-32.2; -23.6 

Keller et al., 
2010

Sediment*3 Uniform (min; 
max)

Default:-25.5
Range:
-34.7; -16.4

Default:-26.2
Range:
-34.8; -18.0  

Default:-27.9
Range:
-32.2; -23.6 

Keller et al., 
2010

Soil Triangular Default: -15.2
Range
-15.2 ± 0.73

Default: -16.1
Range
-16.1  ± 0.44

Default: -17.6
Range
-17.6 ± 0.44

Keller et al., 
2010

*1 No other values reported in literature were found.
*2 The Hamaker constant of SiO2 particles represents that of natural counter particles (NCPs) 
*3 Derived from Hamaker combining relation (CR) method (Eq 5-7) [Lefevre and Jolivet, 2009], 
with ANCP = ASiO2 = 7.59 10- 20 J [Bergstrom, 1997] and Awater = 3.7 10- 20 J [Israelachvilli, 1992].
*4 Zeta-potential is assumed to be the same as in fresh water
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Table B4.3. ENP property parameters for simulation of DLVO theory 
Parameter  Range 

Distribution 
Nano-
CeO2 

Nano-TiO2 Nano-ZnO Refs. 

Hamaker 
constant  
(10-20J) 

(ENP, water, 
ENP) 

Uniform Default: 
5.57 
Range 
5.57*1 

Default:4.75 
Range: 
2.5 -7  

Default: 
2.07 
Range: 
1.89 -2.24  

Karimian, 
2007; Loux 
and 
Savage, 
2008 

(ENP, 
water,NCP*2)*3 

Uniform Default: 
1.96 
Range: 
1.96 

Default: 
1.75 
Range: 
1.3 – 2.2 

Default:1.69 
Range: 
1.14 – 1.24 

Lefevre 
and 
Jolivet, 
2009; 
Bergstrom, 
1997 

Zeta-
potential 
(mV) 

Fresh water Uniform 
(min; max) 

Default:-
25.5 
Range: 
-34.7; -
16.4 

Default: -
26.2 
Range: 
-34.8 ; -18.0   

Default: -
27.9 
Range: 
-32.2; -23.6  

Keller et 
al., 2010 

Sediment*3 Uniform 
(min; max) 

Default:-
25.5 
Range: 
-34.7; -
16.4 

Default:-
26.2 
Range: 
-34.8; -18.0   

Default:-
27.9 
Range: 
-32.2; -23.6  

Keller et 
al., 2010 

Soil Triangular Default: 
-15.2 
Range 
-15.2 ± 
0.73 

Default: -
16.1 
Range 
-16.1  ± 
0.44 

Default: -
17.6 
Range 
-17.6 ± 0.44 

Keller et 
al., 2010 

*1 No other values reported in literature were found. 
*2 The Hamaker constant of SiO2 particles represents that of natural counter particles (NCPs)  
*3 Derived from Hamaker combining relation (CR) method (Eq 5-7) [Lefevre and Jolivet, 2009], with 
𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 = 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑉𝑉𝑉𝑉2 = 7.59 10−20 J [Bergstrom, 1997] and 𝐴𝐴𝐴𝐴𝑤𝑤𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 3.7 10−20 J [Israelachvilli, 1992]. 
*4 Zeta-potential is assumed to be the same as in fresh water 
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Eq 5Hamaker constant (J) for ENPs in water 
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Eq 6 Hamaker constant (J) for ENPs in vacuum 
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Eq 7 Hamaker constant (J) for ENP in interaction with natural counter particle   
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table B4.4. Attachment efficiencies between nano-TiO2, -ZnO, - CeO2 and natural particles in dif-
ferent environmental media.
ENP Natural counter particle Default Attachment 

efficiency Range
Reference

Nano- CeO2 NC in fresh water systems 0.925 0.85 – 1 Velzeboer et al., 2014; Quik 
2013 

SPM in fresh water systems 0.98 0.96 – 1 Velzeboer et al., 2014; Quik 
2013

NCs in soil pore water 0.35 1 10-6 – 1 DLVO calculated
Solid grain in soil 0.05 0.01 -0.1 Li et al, 2011 
NCs in sediment pore water 6.5 10-5 5 10-14 – 0.7 DLVO calculated 
Solid grain in sediments 0.05 0.01 -0.1 Li et al.,2011 

Nano-TiO2 NC in fresh water systems 0.67 4 10-2 – 1 DLVO calculated 
SPM in fresh water systems 0.42 3 10-7 -1 DLVO calculated 
NCs in soil pore water 0.23 5 10-7-1 DLVO calculated 
Solid grain in soil 0.5 2.69 10-3 – 1 Godinez and Darnault, 2011; 

Godinez et al., 2013, 
Petosa et al., 2012

NCs in sediment pore water 1.7 10-5 9 10-14- 0.6 DLVO calculated 
Solid grain in sediments 0.5 1.4 10-4 – 1 Godinez and Darnault, 2011; 

Godinez et al., 2013, 
Petosa et al., 2012

Nano- ZnO NC in fresh water systems 0.62 2 10-2 – 1 DLVO calculated 
SPM in fresh water systems 0.26 3 10-8 -1 DLVO calculated 
NCs in soil pore water 0.15 3 10-9- 1 DLVO calculated 
Solid grain in soil 0.5 2.4 10-6 – 1 Jones and Su, 2014; Petosa 

2012
NCs in sediment pore water 3.6 10-6 3 10-16 – 0.4 DLVO calculated 
Solid grain in sediments 0.5 2.4 10-6 – 1 Jones and Su, 2014; Petosa 

2012 
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APPEndix B5: dAtA CollECtion And trEAtMEnt nAturAl 
vAriABility of thE EnvironMEntAl systEM

The system dimensions and advective mass flows of the default SimpleBox(4nano) are 
according to the environmental exposure estimation guidelines of REACH (SI B Table 
1). Data to characterize the natural variability in such an environmental system has 
been collected from (a) earlier parameter uncertainty analyses on SimpleBox (b) other 
model studies on the environmental fate of nanoparticles and (c) experimental, model 
and literature review studies on the natural variability in environmental materials, 
conditions and flows. 

table B5.1. REACH standardized model parameters for environmental exposure estimation on a 
regional scale [ECHA, 2012] relevant for SimpleBox4nano. 
Parameter Value in REACH regional model
Area of the regional system 4 104 km2

Area fraction of water 0.03
Area fraction soil 0.97
Mixing depth of soil 5 cm
Atmospheric mixing height 1000 m
Depth of water 3 m
Depth of sediment 3 cm
Average annual precipitation 700 mm.yr-1

Wind speed 3 m.s-1

Residence time of air 0.7 d
Residence time of water 40 d
Fraction of rainwater infiltrating soil 0.25
Fraction of rainwater running off soil 0.25
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table B5.2. Model parameter distribution reflecting the natural variability for system dimensions, 
advective flows, and natural particles in the compartments atmosphere, fresh water, soil, and 
sediment. The shape of the distribution are lognormal (L), triangular (T), uniform (U), Pareto (P), 
and Weibull (W).

Parameter name

Distri-
bution 
shape

Default,
Mean (L), Mode (T), 
Value (C), Scale (W) Min (T,P)

Location (L,W)

Max (T,P)
Shape (W)
St. Dev. (L) Reference

System temperature ˚C T 10 -5 30 Bakker et al., 2003
N nucleation aerosols 
(#.cm-3)

L 1.4 103 -3.2 103 4.0 102 Neususs et al., 
2002*1

Diameter nucleation 
aerosols (µm)

L 2 10-2 (-) 1.6 10-1 Jaenicke et al., 
1993

Density nucleation 
aerosols (kg.m-3)

T 1.3 103 5.0 102 1.5 103 Kannosto et al., 
2008

N accumulation aerosols(#.
cm-3)

L 3.6 103 1.2 103 4.0 103 Neususs et al., 
2002

Diameter accumulation 
aerosols(µm)

L 1.2 10-1 (-) 2.2 10-1 Jaenicke et al., 
1993

Density accumulation 
aerosols (kg.m-3)

T 1.5 103 1.1 103 2.0 103 Kannosto et al., 
2008

N coarse aerosols
(#.cm-3)

L 2.1 -1.3 10-1 3.4 Neususs et al., 
2002

Diameter coarse aerosols 
(µm)

L 1.8 (-) 0.43 Jaenicke et al., 
1993

Density coarse aerosols*1 
(kg.m-3)

T 1.6 103 1.6 103 1.9 103 Neususs et al., 
2002

Friction velocity (m.s-1) T 2.5 10-1 1.1 10-1 4.0 10-1 Nho-Kim et al., 
2004

Viscous : Total Drag ratio U 0.27 ¼ 1/3 Slinn, 1982
Fraction of interception by 
large collectors (%)

U 5.5 1 10 Slinn, 1982

Small vegetation hair 
width (µm)

U 5 0 10 Slinn, 1982

Large vegetation collector 
radius (mm)

U 0.75 0.5 1 Slinn, 1982

Rain dry air ratio U (-) 1 10-7 3 10-7 Franco and Trapp, 
2010

Wind speed (m.s-1) T 5.0 1.7 14 Bakker et al., 2003
Rainrate (mm.d-1) T 2.0 2 10-2 6.6 Bakker et al., 2003
NC number concentration 
in fresh water (#.m-3)

T 1.7 1014 4.8 1013 4 1014 Gallego-Urrea et 
al., 2010

NC size in freshwater (nm) P (-)
Default: 60

50 2000 Rosse and 
Loizeau, 2003

NC density in fresh water 
(kg.m-3)

T 1.3 103 1.1 103 2.5 103 Velzeboer et al., 
2014

SP number concentration 
in fresh water (#.m-3)

U 3.6 1010 9.2 109 6.3 1010 Praetorius et al., 
2012

SP size in freshwater (µm) L 5 (-) 0.6 Praetorius et al., 
2012
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table B5.2. Model parameter distribution reflecting the natural variability for system dimensions, 
advective flows, and natural particles in the compartments atmosphere, fresh water, soil, and 
sediment. The shape of the distribution are lognormal (L), triangular (T), uniform (U), Pareto (P), 
and Weibull (W). (continued)

Parameter name

Distri-
bution 
shape

Default,
Mean (L), Mode (T), 
Value (C), Scale (W) Min (T,P)

Location (L,W)

Max (T,P)
Shape (W)
St. Dev. (L) Reference

SP density in fresh water 
(kg.m-3)

U 1.8 103 1.1 103 2.5 103 Praetorius et al., 
2012

Water depth (m) W 3 2 15 Bakker et al., 2003
Water Flow (m3.s-1) L 2.3 103 8.9 102 Bakker et al., 2003
Fresh water shear stress 
(s-1)

U 5 0 10 Praetorius et al., 
2012

NC number concentration 
in soil pore water (#.m-3)

T 7 1013 3 1012 4 1014 Rani et al., 2011

NC size in soil pore water 
(nm)

T 1.2 102 20 4 102 Citeau et al, 2006

NC density in soil pore 
water (kg.m-3)

U (-) 2000 2700 Citeau et al, 2006

Soil grain radius (µm) T 1.3 102 62 2.9 102 Cornelis et al., 
2013

Soil pore water filtration 
velocity (m.s-1)

T 7 10-6 1 10-4 2 10-3 Schwartz et al., 
2000; Tufenkji 
andElimelech, 
2004

Soil Erosion (mm.y-1) T 3 10-2 7.5 10-4*2 6 10-2 Bakker et al., 2003
FR rainwater run-off (-) T 0.25 6.3 10-3*2 0.5 Bakker et al., 2003
FR rainwater infiltration (-) T 0.25 6.3 10-3*2 0.5 Bakker et al., 2003
Soil porosity T 0.20 3 10-3 0.67 Bakker et al., 2003
Density of soil solids 
(kg.m-3)

T 2.5 103 2.0 103 3.0 103 Bakker et al., 2003

Sediment grain radius(µm) T 1.3 102 6 2.0 102 Velzeboer et al., 
2014; Jones and 
Su, 2012

Sediment water filtration 
velocity (m.s-1)*2

U (-)
Default:
5 10-7

10-9 10-6 Higashino et al., 
2009

Sediment depth (m) T 3 10-2 1 10-2 0.1 Bakker et al., 2003
Sediment porosity T 0.8 0.5 0.99 Bakker et al., 2003
Sediment resuspension 
(m.h-1)

T 1.1 10-8 0 2.3 10-8*3 Praetoriues et al., 
2012

Sediment burial rate 
(m.y-1)

T 2.7 10-3 1 10-3 5 10-2 Bakker et al., 
2003; Koelmans et 
al., 2009

*1 Calculated from raw data of Neususs et al., 2002
*2 Minimal value assumed to be 2.5% of median
*3 Maximum value assumed to be 2 times larger than median
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B6: sPEArMAn rAnk AnAlysis
table B6.1. Spearman Rank coeffi  cients for the predicted environmental concentrati ons of nano-
CeO2, -TiO2, and –ZnO.

Nano-CeO2 Nano-TiO2 Nano-ZnO

At
m

os
ph

er
e 

(g
.m

-3 )
So

il 
(g

.k
g-

1 )
W

at
er

 (g
.m

-3
)

Se
di

m
en

t (
g.

kg
-1 )

Grey bars represent uncertainty in input parameters, white bars variability in model parameters.
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table B6.2. Spearman Rank coeffi  cients for the environmental distributi on ((PEC ).(tproduced.y-1)-1 ) 
of nano-CeO2, -TiO2, and -ZnO 

Nano-CeO2 Nano-TiO2 Nano-ZnO

At
m

os
ph

er
e

(g
.m

-3 ).(
tp

ro
du

ce
d.

y-
1 )-1

So
il

(g
.k

g-1
).(

t p
ro

du
ce

d.y
-1

)-1
W

at
er

(g
.m

-3
)(t

pr
od

uc
ed

.y
-1

)-1
Se

di
m

en
t

(g
.k

g-1
).(

t p
ro

du
ce

d.y
-1

)-1

Grey bars represent uncertainty in input parameters, white bars variability in model parameters.
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table B6.3. Spearman Rank coeffi  cients for the species distributi on patt ern of nano-CeO2, -TiO2, 
and -ZnO in the atmosphere (gspecies.gtotalincompartment

-1)
Nano-CeO2 Nano-TiO2 Nano-ZnO

Fr
ee

 in
 d

ry
 a

ir
Ag

gr
eg

at
ed

 in
 d

ry
 a

ir
Att

 a
ch

ed
 in

 d
ry

 a
ir

Grey bars represent uncertainty in input parameters, white bars variability in model parameters.
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Table B6.3 (conti nued). Spearman Rank coeffi  cients for the species distributi on patt ern of nano-
CeO2, -TiO2, and -ZnO in the atmosphere (gspecies.gtotalincompartment

-1)
Nano-CeO2 Nano-TiO2 Nano-ZnO

Fr
ee

 in
 ra

in
dr

op
Ag

gr
eg

at
ed

 in
 ra

in
dr

op
Att

 a
ch

ed
 in

 ra
in

dr
op
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table B6.4. Spearman Rank coeffi  cients for the species distributi on patt ern of nano-CeO2, -TiO2, 
and -ZnO in soil

Nano-CeO2 Nano-TiO2 Nano-ZnO

Fr
ee

 in
 S

oi
l

Ag
gr

eg
at

ed
 in

 S
oi

l
Att

 a
ch

ed
 in

 S
oi

l

Grey bars represent uncertainty in input parameters, white bars variability in model parameters.
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table B6.5. Spearman Rank coeffi  cients for the species distributi on patt ern of nano-CeO2, -TiO2, 
and -ZnO in water

Nano-CeO2 Nano-TiO2 Nano-ZnO

Fr
ee

 in
 W

at
er

Ag
gr

eg
at

ed
 in

 W
at

er
Att

 a
ch

ed
 in

 W
at

er

Grey bars represent uncertainty in input parameters, white bars variability in model parameters.
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table B6.6. Spearman Rank coeffi  cients for the species distributi on patt ern of nano-CeO2, -TiO2, 
and -ZnO in sediments

Nano-CeO2 Nano-TiO2 Nano-ZnO

Fr
ee

 in
 S

ed
im

en
ts

Ag
gr

eg
at

ed
 in

 S
ed

im
en

ts
Att

 a
ch

ed
 in

 S
ed

im
en

ts

The highest absolute values in the Spearman Rank correlati on coeffi  cients represent 
the largest sources of uncertainty or variability. A negati ve coeffi  cient means that 
an increase of the respecti ve parameter leads to a decrease of the dependent ENPs  
environmental or species distributi on, the opposite applies for a positi ve coeffi  cient.
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table B7.2. Accumulation of ENPs in soil through attachment with soil grains simulated with Sim-
pleBox4nano

Nano-CeO2 

med (95%CI)
Nano-TiO2

med (95%CI)
Nano-ZnO
med (95%CI)

Dry deposition of ENPs attached to 
coarse aerosols (gENP.s-1)(tproduced.y-1)-1

4.1 10-10

(7.1 10-13 – 1.6 10-8)
2.7 10-10

(6.4 10-13 - 1.0 10-8)
1.1 10-9

(1.8 10-12 -3.7 10-8)
Wet deposition of ENPs attached to 
coarse aerosols (gENP.s-1)(tproduced.y-1)-1

3.7 10-10

(4.6 10-13 – 2.8 10-8)
2.4 10-10

(4.1 10-13 -1.8 10-8)
9.5 10-10

(1.4 10-12 -6.8 10-8)
Total deposition of ENPs attached to 
coarse aerosols (gENP.s-1)(tproduced.y-1)-1

9.9 10-10

(1.6 10-12 – 4.3 10-8)
6.6 10-10

(1.5 10-12 - 2.8 10-8)
2.6 10-9

(4.6 10-12 -9.6 10-8)
Attachment of free ENPs in soil pore 
water to soil grains (gENP.s-1)(tproduced.y-1)-1

1.5 10-4

(6.5 10-5 -2.3 10-4)
1.3 10-4

(6.5 10-5 -2.1 10-4)
1.1 10-4

(3.5 10-5 -1.8 10-4)
Attachment rate of free ENPs in soil (s-1) 4.7 10-2

(1.9 10-3 – 1.7)
7.4 10-2

(3.7 10-3 -2.3 )
7.4 10-2

(3.6 10-3 -2.5)
Dissolution of ENPs in soil (s-1) 0 0 1.0 10-6

(4.0 10-7 -1.6 10-6)
Erosion rate of ENPs in soil (s-1) 4.1 10-12

(7.4 10-13 -3.0 10-11)
4.1 10-12

(7.5 10-13 -3.0 10-11)
4.1 10-12

(7.3 10-13 -3.1 10-11)
Total removal rate of 
ENPs attached to grains in soil (s-1)

1.8 10-7

(8.9 10-9 – 3.6 10-7)
1.9 10-7

(8.9 10-9 -3.6 10-7)
1.0 10-6

(4.1 10-7 -1.6 10-6)

table B7.3 Mass flows of free, aggregated and attached ENPs within and into sediment simulated 
with SimpleBox4nano

Nano-CeO2
med (95%CI)

Nano-TiO2
med (95%CI)

Nano-ZnO
med (95%CI)

Settling rate of free ENPs (m.s-1)
8.9 10-9

(3.8 10-11 -3.2 10-8)
4.6 10-9

(2.1 10-11 - 1.7 10-8)
5.9 10-9

(3.3 10-11 -2.4 10-8)

Settling rate of agg ENPs (m.s-1)
6.8 10-9

(4.1 10-10 -3.0 10-8)
3.9 10-9

(3.9 10-10 -1.5 10-8)
4.7 10-9

(4.1 10-10 -2.2 10-8)

Settling rate of att ENPs (m.s-1)
1.8 10-5

(5.2 10-7 - 5.8 10-4)
1.8 10-5

(5.1 10-7 - 6.0 10-4)
1.9 10-5

(4.8 10-7 -6.2 10-4)
Mass flow settling free ENPs 
(gENP.s-1)(tproduced.y-1)-1

1.3 10-11

(1.2 10-14 -2.0 10-10)
1.0 10-10

(8.8 10-14 -1.2 10-9)
1.7 10-10

(1.710-13 -2.3 10-9)
Mass flow settling agg ENPs 
(gENP.s-1)(tproduced.y-1)-1

1.8 10-7

(8.5 10-9 - 1.4 10-6)
7.7 10-7

(5.4 10-8 -4.8 10-6)
2.2 10-8

(1.2 10-9 - 2.2 10-7)
Mass flow settling att ENPs 
(gENP.s-1)(tproduced.y-1)-1

1.6 10-4

(3.7 10-5 - 2.9 10-4)
5.3 10-4

(8.6 10-5 - 1.2 10-3)
1.3 10-6

(1.9 10-9 -1.6 10-4)



Appendix To Chapter 4

206

litErAturE CitEd APPEndix B7
Batley, G.E.; Kirby, J.K.; McLaughlin, M.J. Fate and risks of nanomaterials in aquatic and ter-

restrial environments. Acc. Chem. Res. 2013, 46, 854−862.
Brant J.; Lecoanet H.; Wiesner M.R. Aggregation and deposition characteristics of fullerene 

nanoparticles in aqueous systems. J. Nanopart. Res. 2005, 7, 545
Cornelis G.;  Pang L.; Doolette C.; Kirby J.K.; McLaughlin, M.J. Transport of silver nanoparticles in 

saturated columns of natural soils. Sci. Tot. Environ. 2013, 463–464, 120–130
Dale. A.L.; Lowry,G.V.; Casman, E.A. Modeling Nanosilver Transformations in Freshwater Sedi-

ments. Environ. Sci. Technol. 2013, 47, 12920−12928
David C.A.; Galceran J.; Rey-Castro C.; Puy J.; Companys E.; Salvador J.; Monné J.; Wallace R.; 

Vakourov A. Dissolution kinetics and solubility of ZnO nanoparticles followed by AGNES. 
J. Phys. Chem. C 2012, 116, 11758–11767.

Garner, K.L.; Keller, A.A. Emerging patterns for engineered nanomaterials in the environment: a 
review of fate and toxicity studies. J. Nanopart. Res. 2014, 16, 2503

Gottschalk, F.; Sun, T.-Y.; Nowack, B. Environmental concentrations of engineered nanomaterials: 
Review of modelling and analytical studies. Environ. Pollut. 2013, 181, 287−300.

Hendren, C. O.; Lowry, M.; Grieger, K. D.; Money, E. S.; Johnston, J. M.; Wiesner, M. R.; Beaulieu, 
S. M. Modeling approaches for characterizing and evaluating environmental exposure to 
engineered nanomaterials in support of risk-based decision making. Environ. Sci. Technol. 
2013, 47, 1190−2105.

Van Hoecke K.; Quik J.T.K; Mankiewicz-Boczek J.; De Schamphelaere K.A.C; Elsaesser A.; Van der 
Meeren ,P.Fate and effects of CeO2 nanoparticles in aquatic ecotoxicity tests. Environ. Sci. 
Technol. 2009, 43, 4537–4546.

Isaacson, C.W.; Kleber, M.; Field, J.A. Quantitative analysis of fullerene nanomaterials in environ-
mental systems: a critical review. Environ. Sci.Technol. 2009, 43, 6463-6474

Keller, A.A.; McFerran, S.; Lazareva, A; Suh, S. Global life cycle releases of engineered nanoma-
terials. J. Nanopart. Res. 2013, 15, 1692

Keller A.A.; Lazareva, A. Predicted releases of engineered nanomaterials: from global to regional 
to local. Environ. Sci. Technol. Lett. 2014, 1, 65–70

Koelmans, A.A.; Nowack, B.; Wiesner, M.R. 2009. Comparison of manufactured and black carbon 
nanoparticle concentrations in aquatic sediments. Environ. Pollut. 2009, 157, 1110–1116

Kumar, P.; Fennell, P.; Robins, A. Comparison of the behavior of manufactured and other airborne 
nanoparticles and the consequences for  prioritizing research and regulation activities. J. 
Nanopart. Res. 2010, 12, 1523.

Lin, D.; Tian, X.; Wu F.; Xing, B. Fate and transport of engineered nanomaterials in the environ-
ment. J. Environ. Qual. 2010, 39, 1896–1908.

Liu, H. H.; Cohen, Y. Multimedia environmental distribution of engineered nanomaterials. Envi-
ron. Sci. Technol. 2014, 48, 3281−3292.

Meesters, J. A. J.; Veltman, K.; Hendriks, A. J.; van de Meent, D. Environmental Exposure As-
sessment of Engineered Nanoparticles: Why REACH Needs Adjustment. Integ. Environ. 
Assess. Man. 2013, 9, e15−e26

Nowack, B.; Ranville, J. F.; Diamond, S.; Gallego-Urrea, J. A.; Metcalfe, C.; Rose, J.; Horne, N.; 
Koelmans, A. A.; Klaine, S. J. Potential scenarios for nanomaterial release and subsequent 
alteration in the environment. Environ. Toxicol. Chem. 2012, 31, 50−59.

Pakarinen K.; Akkanen J.; Leppänen  M.T.; Kukkonen, J.V.K. Distribution of fullerenes (nC60) 
between sediment and water in freshwaters. Chemosphere 2014, 108, 320–325



207

Petosa A.R.; Jaisi D.P.; Quevedo I.R.; Elimelech M.; Tufenkji N. Aggregation and deposition of en-
gineered nanomaterials in aquatic environments: Role of physicochemical interactions. 
Environ. Sci. Technol. 2010, 44, 6532–6549.

Praetorius, A.; Scheringer, M.; Hungerbuhler, K. Development of environmental fate models for 
engineered nanoparticles: A case study of TiO2 nanoparticles in the Rhine River. Environ. 
Sci. Technol. 2012, 46, 6705−6713.

Praetorius A.; Arvidsson R.; Molander S.; Scheringer M. Facing complexity through informed 
simplifications: A research agenda for aquatic exposure assessment of nanoparticles. 
Environ. Sci. Proc. Imp. 2013, 15, 161–168.

Quik, J.T.K.; Vonk, J.A.; Hansen, S.F.; Baun, A.; van de Meent, D. How to assess exposure of 
aquatic organisms to manufactured nanoparticles. Environ. Int. 2011, 37, 1068−1077.

Quik J.T.K.; Stuart M.C.; Wouterse M.; Peijnenburg W.; Hendriks A.J.; van de Meent D. 2012. 
Natural colloids are the dominant factor in the sedimentation of nanoparticles. Environ. 
Toxicol. Chem. 2012, 31, 1019–1022.

Quik J.T.K; Velzeboer I; Wouterse M.; Koelmans A.A.; van de Meent D. Heteroaggregation and 
sedimentation rates for nanomaterials in natural waters. Water Res. 2014, 48, 269–279

Schmidt J.; Vogelsberger W. Dissolution kinetics of titanium dioxide nanoparticles: The observa-
tion of an unusual kinetic size effect. J. Phys. Chem. B 2006, 110, 3955–3963.

Simon-Deckers A.; Loo S.; Mayne-L’hermite M.; Herlin-Boime N.; Menguy N.; Reynaud C.; 
Gouget B.; Carriere M. Size-, composition- and shape-dependent toxicological impact of 
metal oxide nanoparticles and carbon nanotubes toward bacteria. Environ. Sci. Technol. 
2009, 43, 8423–8429

Tiwari A.J.; Marr L.C.The role of atmospheric transformations in determining environmental 
impacts of carbonaceous nanoparticles. J. Environ. Qual. 2010, 39, 1883-1895

Velzeboer I., Quik, J.T.K., Van de Meent, D.,  Koelmans, A.A. 2014. Rapid settling of nanoparticles 
due to heteroaggregation with suspended sediment. Environ. Toxicol. Chem. 2014, 33, 
1766 -1773



Appendix To Chapter 4

208

B8: CALCULATION OF CONSERVATIVE CORRECTION FACTORS FOR 
dEfAult PECs

The MC simulations with SB4N both deliver PECs (gENP.mair-3, gENP.mwater-3, gENP.
kgsed.dryweight-1 gENP.kgsoil.dryweight-1) as single default and probibalistically de-
rived median values with 95% CIs.  The conservative correction factors for the default 
PECs are calculated as the ratio of the 97.5 and 2.5 percentile of the probabilistically 
derived PECs. Furthermore, the 95% CI of the PECs calculated with the MC simulations 
include the uncertainty in the estimation of production volumes, whereas legislation 
in chemical risk assessment is based on registrated production volumes. Hence, cor-
rection factors are calculated for free ENPs, “bioavailable” ENPs (i.e. the sum of free 
and ENPs hetero-aggregated with natural colloids), and the total amount of ENPs in 
the compartments air, water, sediment and soil. These correction factors are derived 
for both the scenarios of certain and uncertain production volumes.

Table B8.1. Calculation Of Conservative Correction Factors For Default PECs for nano-CeO2 
 (gENP.mair

-3, gENP.mwater
-3, gENP.kgsed.dryweight

-1 gENP.kgsoil.dryweight
-1)

 Inclusive Uncertainty Production Volume Exclusive Uncertainty Production Volume  
Environmental 
Exposure

Default 
PEC

Median 2.5 
Percentile

97.5 
Percentile

Assessment 
Factor

Median 2.5 
Percentile

97.5 
Percentile

Assessment 
factor 

Free in Air 1E-12 1E-12 1E-15 8E-10 6E+05 3E-13 2E-15 3E-12 2E+03
Bioavailable 
in air

2E-12 1E-11 8E-14 4E-09 5E+04 2E-12 6E-13 7E-12 1E+01

Total in Air 2E-12 1E-11 8E-14 4E-09 5E+04 2E-12 6E-13 7E-12 1E+01
Free In Water 2E-9 4E-10 1E-12 2E-07 1E+05 8E-11 5E-12 5E-10 1E+02
Bioavailable in 
Water

5E-6 8E-06 4E-08 2E-03 5E+04 1E-06 4E-07 4E-06 1E+01

Total in Water 1E-5 1E-05 7E-08 4E-03 5E+04 2E-06 5E-07 6E-06 1E+01
Free in Sediment1E-16 6E-18 4E-22 8E-15 2E+07 1E-18 1E-22 6E-17 4E+05
Bioavailable In 
Sediment

9E-10 4E-08 1E-10 3E-05 3E+05 8E-09 3E-10 1E-07 5E+02

Total in 
Sediment

5E-7 4E-05 2E-07 1E-02 7E+04 6E-06 1E-06 5E-05 4E+01

Free  In soil 3E-14 4E-14 7E-17 3E-11 4E+05 6E-15 1E-16 2E-13 2E+03
Bioavailable 
in soil

2E-11 8E-10 2E-12 4E-07 2E+05 1E-10 7E-12 2E-09 3E+02

Total In soil 1E-4 5E-04 3E-06 1E-01 5E+04 8E-05 2E-05 4E-04 1E+01
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Table B8.2. Calculation Of Conservative Correction Factors For Default PECs for nano-TiO2 
 (gENP.mair

-3, gENP.mwater
-3, gENP.kgsed.dryweight

-1 gENP.kgsoil.dryweight
-1)

 Inclusive Uncertainty Production Volume Exclusive Uncertainty Production Volume  
Environmental 
Exposure

Default 
PEC

Median 2.5 
Percentile

97.5 
Percentile

Assessment 
Factor

Median 2.5 
Percentile

97.5 
Percentile

Assessment 
factor 

Free in Air 2E-10 1E-11 7E-14 4E-10 6E+03 3E-11 2E-13 3E-10 1E+03
Bioavailable 
in air

3E-10 1E-10 9E-12 1E-09 1E+02 3E-10 8E-11 8E-10 1E+01

Total in Air 3E-10 1E-10 9E-12 1E-09 1E+02 3E-10 8E-11 8E-10 1E+01
Free In Water 3E-7 9E-08 3E-09 1E-06 3E+02 2E-07 2E-08 1E-06 7E+01

Bioavailable in 
Water

1E-3 9E-04 6E-05 7E-03 1E+02 2E-03 5E-04 4E-03 8E+00

Total in Water 1E-3 1E-03 8E-05 9E-03 1E+02 2E-03 5E-04 4E-03 8E+00
Free in Sediment1E-14 5E-16 5E-20 4E-14 9E+05 1E-15 1E-19 5E-14 4E+05
Bioavailable In 
Sediment

3E-5 3E-06 6E-08 7E-05 1E+03 5E-06 3E-07 8E-05 3E+02

Total in 
Sediment

3E-2 2E-03 9E-05 3E-02 3E+02 4E-03 5E-04 3E-02 6E+01

Free  In soil 4E-12 3E-13 4E-15 1E-11 4E+03 6E-13 1E-14 2E-11 1E+03
Bioavailable 
in soil

4E-9 6E-09 2E-10 2E-07 1E+03 1E-08 8E-10 3E-07 3E+02

Total In soil 7E-2 2E-02 1E-03 3E-01 2E+02 5E-02 9E-03 2E-01 3E+01

Table B8.3. Calculation Of Conservative Correction Factors For Default PECs for nano-ZnO  
(gENP.mair

-3, gENP.mwater
-3, gENP.kgsed.dryweight

-1 gENP.kgsoil.dryweight
-1)

 Inclusive Uncertainty Production Volume Exclusive Uncertainty Production Volume  
Environmental 
Exposure

Default 
PEC

Median 2.5 
Percentile

97.5 
Percentile

Assessment 
Factor

Median 2.5 
Percentile

97.5 
Percentile

Assessment 
factor 

Free in Air 3E-11 7E-12 2E-14 4E-10 2E+04 2E-11 1E-13 2E-10 1E+03
Bioavailable 
in air

4E-11 7E-11 1E-12 1E-09 1E+03 2E-10 6E-11 5E-10 8E+00

Total in Air 4E-11 7E-11 1E-12 1E-09 1E+03 2E-10 6E-11 5E-10 8E+00
Free In Water 2E-9

3E-6

8E-09 3E-11 3E-06 9E+04 4E-08 3E-09 3E-07 8E+01

Bioavailable in 
Water

3E-6 1E-06 7E-09 5E-04 6E+04 7E-06 8E-07 2E-05 3E+01

Total in Water 2E-06 8E-09 5E-04 6E+04 7E-06 1E-06 2E-05 2E+01
Free in Sediment1E-16 5E-17 2E-21 7E-14 3E+07 3E-16 3E-20 1E-14 4E+05
Bioavailable In 
Sediment

5E-10 8E-12 2E-14 6E-09 3E+05 4E-11 2E-12 9E-10 6E+02

Total in 
Sediment

3E-9 8E-10 5E-13 2E-06 4E+06 3E-09 3E-11 5E-07 2E+04

Free  In soil 3E-14 2E-14 3E-17 1E-11 5E+05 7E-14 2E-15 2E-12 1E+03
Bioavailable 
in soil

2E-11 1E-10 6E-13 5E-08 8E+04 6E-10 8E-11 5E-09 6E+01

Total In soil 2E-8 2E-09 7E-12 6E-07 8E+04 7E-09 1E-09 5E-08 4E+01
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C1: dEfAult vAluEs And distriButions for sB4n inPuts
table C1.1. System Dimensions
variable default value unit C/V/U Distribution Parameters Reference
systemarea 40000 km2 C
airheight 1000 m C
raindryairratio 3E-07 C
rainratems 700 mm/year C
windspeed 3 m/s C
areafracwater 0.03 fraction C
gravity 9.80665 m/s2 C
waterdepth 3 m V Lognormal mean: 3

std: 0.237
(Bakker et al. 
2003)

waterflow 2247 m3/s V Lognormal mean: 2247
std: 887

(Bakker et al. 
2003)

soil_porewater_frac 0.2 fraction C
fracrunsoil 0.25 fraction C
soildepth 0.05 m C
erosionsoil 0.00003 m/y C
fracinfsoil 0.25 fraction C
resuspvelocity 1.14E-08 m/h V Lognormal mu: 

ln(1.14e-08)
sig: 0.5ln(3)

(Praetorius et 
al. 2012)

seddepth 0.03757729 m V Lognormal p2.5: 0.01
p97.5: 0.1

(Bakker et al. 
2003)

fracsolidssed 0.2 fraction C
burial 0.00274 m/y V Lognormal p2.5: 0.001

p97.5: 0.05
(Bakker et 
al. 2003; 
Koelmans et 
al. 2009)
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table C1.2. Nano-TiO2 Physicochemical properties and emission estimation
variable default 

value
unit C/V/U Distribution Parameters Reference

prodvol 10335.97 t/y U Emperical (Sun et al. 2014)
emis_distr_air 0.0109 fraction C
emis_distr_water 0.113011 fraction U Beta p2.5: 0.06

p97.5: 0.18
(Keller et al. 2013)

emis_distr_soil 0.292 fraction C
denseenp 4.23 g/m3 C
kdissolverain 0 1/s C

diameterenp 65.8943 nm U Lognormal
p2.5: 1
p97.5: 100

(Bleeker et al. 
2013; Pettitt & 
Lead 2013)

ahamaker123 1.710E-20 V Lognormal p2.5: 1.3e-20
p97.5: 2.2e-
20

(Bergström 1997; 
Lefèvre
& Jolivet 2009)

enpcharge -26.4 mV U Normal p2.5: -34.8
p97.5: -18

(Keller et al. 2010)

zeta_soil -16 mV C
kdissolvefreshwater 9.29E-8 1/s V Lognormal p2.5: 10e-

20 p97.5: 
3.71e-7

(Garner & Keller 
2014)

kdissolvesoil 0 1/s C
kdissolvesed 9.29 E -8 1/s V Lognormal p2.5: 10e-

20 p97.5: 
3.71e-7

(Garner & Keller 
2014)
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table C1.3: Characterization of Natural Particles in the Environment
variable default value unit C/V/U Distribution Parameters Reference
kb 1.38E-23 kg m2/

s2/K
C

airtemperature 285 K C
dynviscair 1.81E-05 kg/m/s C
airfreepath 66 nm C
alphacc 1.142 C
betacc 0.558 C
gammacc 0.999 C
Nnuc 3.2E+09 N/m3 C
radiusnuc 10 nm C
densenuc 0.1371 g/cm3 C
Nacc 2.9E+09 N/m3 C
radiusacc 58 nm C
denseacc 1.5 g/cm3 C
Ncoarse 300000 N/m3 C
radiuscoarse 900 nm C
densecoarse 1.6 g/cm3 C
cccoarse 1 C
airdense 0.001225 g/cm3 C
waterdense 0.998 g/cm3 C
dynviscwater 0.001002 kg/m/s C
fricvelocity 0.19 m/s C
vonkarman 0.4 C
viscdrag 0.3 C
fracic 0.01 fraction C
hairwidth 10 µm C
largecolradius 0.5 mm C
water_NC_ 
numberconcentration

1.6039E+08 N/ml V Lognormal p2.5: 4.8e+7 
p97.5: 4e+8

(Gallego-Urrea et 
al. 2010)

aq_NC_diameter 346 nm V Pareto p2.5: 15
p97.5: 1800

(Rosse & Loizeau 
2003)

water_temperature 285 K C
water_shear_rate 10 1/s C
water_NC_density 1250 kg/m3 V Lognormal p2.5: 1100

p97.5: 2500
(Velzeboer et al. 
2014; Praetorius et 
al. 2012)

water_SPM_ 
numberconcentration

2.71E+10 N/m3 V Lognormal p2.5: 9.2e+9 
p97.5: 
6.3e+10

(Praetorius et al. 
2012)

aq_SPM_diameter 1.76 µm V Lognormal p2.5: 0.05
p97.5: 10

(Buffle & Leppard 
1995)

water_SPM_density 1250 kg/m3 V Lognormal p2.5: 1100
p97.5: 2500

(Praetorius et al. 
2012)

soil_NC_ 
numberconcentration

1.00E+14 N/m3 C

soil_NC_radius 1.43E+02 nm C
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Table C1.3: Characterization of Natural Particles in the Environment (continued)
variable default value unit C/V/U Distribution Parameters Reference
soil_temperature 285 K C
soil_shear_rate 0.00E+00 1/s C
soil_NC_density 1250 kg/m3 C
soil_darcy_velocity 0.000009 m/s C

soil_grain_radius 0.128 mm C
sed_NC_diameter 340.2573 nm V Lognormal p2.5: 50 

p97.5:1200
(Areepitak & Ren 
2011)

sed_NC_density 1250 kg/m3 V
sed_shear_rate 0 1/s C
sed_temperature 285 K C
sed_porosity 0.4566 C
sed_darcy_velocity 0.000001 m/s C
sed_grain_diameter 256 µm V Lognormal p2.5: 1

p97.5: 400
(Velzeboer et al. 
2014; Jones & Su 
2012)

table C1.4: dlvo

variable default 
value

unit C/V/U Distribution Parameters Reference

eta_0 8.85E-12 F/m C
eta_rwater 78.5 C
counterionvalence 1.4365 V Lognormal p2.5: 1

p97.5: 2
(Keller et al. 2010)

counterionvalencesoil 1 C
elementalcharge 1.60E-16 mV C
invkdebye 4.803017 1/nm V Empirical (Hammes et al. 

2013)
diff_b_soil 5.8 1/nm C (Hammes et al. 

2013)
aq_NC_charge -8.7 mV V Normal p2.5: -9.5

p97.5: -7.9
(Sun et al. 2013)

aq_SPM_charge -1.40E+01 mV V Normal p2.5: -16
p97.5: -12

(Sun et al. 2013)

soil_NC_charge -25 mV C
sed_NC_charge -28.35 mV V Normal p2.5: -35.4

p97.5: -21.3
(Bunn et al. 2002)
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C2: EffECt dAtA
table C2.1. Effect data from Coll et al. 2015

Author
dose 
descriptor test organism

Concentration 
(μg/l)

Exposure 
time (h) Af 

time
Af no-
effect

Cherchi et al. EC50 Anabaena variabilis 620.00 96 1 10
Adams et al. NOEC Bacillus subtilis, bacteria 500,000.00 14 - 20 10 1
Clement et al. EC50 Brachionus plicatili, rotifer 5,370.00 72 10 10
Wu et al. LOEC Caenorhabditis elegans, 

roundworm
50.00 24 10 2

Wang et al. LC50 Caenorhabditis elegans, 
roundworm

80,000.00 24 10 10

Hall et al. LC50 Ceriodaphnia dubia, crustacea 7,600.00 48 10 10
Hall et al. IC25 Ceriodaphnia dubia, crustacea 8,500.00 168 10 10
Li et al. EC50 Ceriodaphnia dubia, crustacea 42,000.00 48 10 10
Wang et al. LC50 Ceriodaphnia dubia, crustacea 400,000.00 24 10 10
Li et al. LC50 Chironomus dilutus 20,000.00 48 10 10
Wang et al. NOEC Chlamydomonas reinhardtii, 

unicellular
1,000.00 120 1 1

Gunawan et al. EC50 Chlamydomonas reinhardtii, 
unicellular

100,000.00 192 1 10

Sadiq et al. EC50 Chlorella sp. 16,120.00 72 1 10
Ji et al. NOEC Chlorella sp. 16,000.00 144 1 1
Cheng et al. HONEC Danio rerio, Zebrafish 500.00 4320 1 1
Xiong et al. LC50 Danio rerio, Zebrafish 124,500.00 96 10 10
Yang LC50 Danio rerio, Zebrafish 156,000.00 24 10 10
Bar-Ilan LC50 Danio rerio, Zebrafish 300,000.00 24 10 10
Zhu et al. HONEC Danio rerio, Zebrafish 500,000.00 96 10 1
Ma et al. LC50 Daphnia magna, crustacea 29.80 48 10 10
Dabrunz et al. EC50 Daphnia magna, crustacea 240.00 96 10 10
Zhu et al. NOEC Daphnia magna, crustacea 100.00 72 10 1
Clement  et al. EC50 Daphnia magna, crustacea 1,300.00 72 10 10
Dabrunz et al. EC50 Daphnia magna, crustacea 3,800.00 72 10 10
Das et al. LC50 Daphnia magna, crustacea 7,750.00 48 10 10
Zhu et al. NOEC Daphnia magna, crustacea 100.00 504 1 1
Warheit et al. NOEC Daphnia magna, crustacea 1,000.00 48 10 1
Lovern 2006 NOEC Daphnia magna, crustacea 1,000.00 48 10 1

Kim et al. LOEC Daphnia magna, crustacea 500.00 504 1 2
Kim et al. LOEC Daphnia magna, crustacea 5,000.00 48 10 2
Jacobasch et al. EC50 Daphnia magna, crustacea 2,930.00 504 1 10
Amiano EC50 Daphnia magna, crustacea 29,700.00 48 10 10
Zhu et al. EC50 Daphnia magna, crustacea 35,306.00 48 10 10
Das et al. NOEC Daphnia magna, crustacea 4,100.00 48 10 1
Jacobasch et al. EC10 Daphnia magna, crustacea 4,520.00 504 1 2
Wiench et al. NOEC Daphnia magna, crustacea 3,000.00 504 1 1
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Heinlaan et al. LC50 Daphnia magna, crustacea 20,000,000.00 48 10 10
Hall et al. LC50 Daphnia pulex, crustacea 9,200.00 48 10 10
Marcone EC50 Daphnia similis, crustacea 12,500.00 48 10 10
Hund-Rinke 
et al. 

EC50 Desmodesmus subspicatus 44,000.00 72 1 10

Bigorgne et al. HONEC Eisenia fetida, earthworm 10,000.00 24 10 1
Dasari, et.al. LC50 Escherichia coli 1,680.00 0.5 10 10
Ivask, et.al. EC50 Escherichia coli 20,000,000.00 2 10 10
Adams et al. NOEC Escherichia coli 100,000.00 14 - 20 10 1
Hu et al. LD50 Escherichia coli 1,104,000.00 2 10 10
Bundschuh 
et al. 

LOEC Gammarus fossaru, ampiphod 200.00 168 10 2

Zhu et al. NOEC Haliotis diversicolor supertexta 2,000.00 10 10 1
Zhu et al. EC50 Haliotis diversicolor supertexta 56,900.00 10 10 10
Li et al. LC50 Hyalella azteca, amphipod 20,000.00 48 10 10
Li et al. LC50 Hyalella azteca, amphipod 631,000.00 96 10 10
Kim et al. NOEC Lemna paucicostata, duck weed 125,000.00 168 10 1
Li et al. LC50 Lumbriculus variegatus 20,000.00 48 10 10
Federici et  al. HONEC Oncorhynchus mykiss 1,000.00 168 10 1
Warheit et al. NOEC Oncorhynchus mykiss 1,000.00 96 10 1
Ma et al. LC50 Oryzias latipes, japanese rice 

fish
2,460.00 96 10 10

Li et al. LC50 Paramecium multi- 
micronucleatum

7,215,200.00 48 1 10

Clement et al. EC50 Phaeodactylum tricornutum 10,910.00 72 1 10
Hall et al. IC25 Pimephales promelas, fathead 

minnow
452,000.00 168 10 10

Hall et al. LC50 Pimephales promelas, fathead 
minnow

500,000.00 48 10 10

Jovanovic, et.al. HONEC Pimephales promelas, fathead 
minnow

1,000,000.00 168 10 1

Lee NOEC Pseudokirchneriella subcapitata 50.00 72 1 1
Lee EC50 Pseudokirchneriella subcapitata 2,530.00 72 1 10
Aruoja et al. NOEC Pseudokirchneriella subcapitata 984.00 72 1 1
Hall et al. IC25 Pseudokirchneriella subcapitata 1,500.00 96 1 1
Warheit et al. EC50 Pseudokirchneriella subcapitata 16,000.00 72 1 10
Hartmann et al. EC50 Pseudokirchneriella subcapitata 71,000.00 72 1 10
Metzler et al. EC50 Pseudokirchneriella subcapitata 113,000.00 96 1 10
Bayat et al. LED Saccharomyces cerevisiae 7,800.00 16 10 2
Kasemets HONEC Saccharomyces cerevisiae 20,000,000.00 24 10 1
Sadiq et al. EC50 Scenedesmus subspicatus 21,200.00 72 1 10
Velzeboer  et al. HONEC soil bacteria 100,000.00 168 1 1
Heinlaan et al. NOEC Thamnocephalus platyurus 20,000,000.00 24 10 1
Nations et al. EC10 Xenopus laevis, amphibian 1,000,000.00 96 10 2
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C4: rECAlCulAtion of stEAdy stAtE ProgrEss ovEr tiME

SB4N performs mass balance equations for a steady state (Meesters et al. 2014), but it 
will take centuries before this state is actually reached for ENPs that are insoluble and 
therefore persistent (Meesters et al. 2015). Persistent chemicals accumulate until the 
steady state is reached, so that steady state concentrations are an overestimation of 
the actual concentrations at the time (ECHA 2012). Recalculation of the progress over 
time in reaching the steady state PECs in surface water (Eq. C4.1 -

2) shows that overestimation is only relevant for insoluble ENPs that are attached 
to the larger natural particles (Figure C4.1). Nano-TiO2 tends to accumulate in soil, 
because attachment to the solid grains proceeds relatively fast (minutes to hours), but 
its removal by dissolution (over months) and erosion of soil grains into surface waters 
(0.3 mm.y-1) is slow (Meesters et al. 2015). The mass flow (in g.s-1) of insoluble ENPs 
attached to soil grains that erode to water is proportional to the soil concentrations 
and will thus also increase over centuries until steady state is reached. This, however, 
only applies to ENPs that are not prone for dissolution reactions at all. Nano-TiO2 is as-
sumed to dissolve over years (Garner & Keller 2014), so that a steady state is reached 
in a similar amount of time. Moreover, free ENPs and hetero-aggregates (< 450 nm) do 
not accumulate in soil, because they are subjected to faster removal processes such 
as rainwater run-off and filtration. Hence, instead of centuries it only takes months 
for hetero-aggregated ENPs to reach a steady state in soil and mass transport from 
soil to surface waters and even hours for free the ENPs (Figure C4.1). Consequently, 
overestimation of the PECs by assuming steady state only applies for the nano-TiO2 
calculated to be attached to the larger natural particles and only in the extreme cases 
where there is no dissolution at all.
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mj,J(t): mass load (g) at ti me t  of nano-TiO2 occurring as species j within environmental 
compartment J.

msteady state(j,J): mass load (g) at steady state of nano-TiO2 occuring as species j 
within environmental compartment J.

Ej,J: Emission (g.s-1) of species j into environmental compartment J.

mj,J (t): mass load (g) at ti me t  of nano-TiO2 occurring as species i within environmen-
tal compartment J.

ki,j,J: fi rst-order rate constant (s-1) for transformati on of species i into species j within 
environmental compartment J.

mj,I: mass load (g) at ti me t of nano-TiO2 occurring as species j within environmental 
compartment I. kj,I,J: fi rst-order rate constant (s-1) for transport of species j from envi-
ronmental compartment I to J. kremovalj,J: fi rst-order rate constant (s-1) for removal 
of species j in compartment J.
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Figure C4.1. Recalculation of progress in reaching steady state concentrations in surface 
waters over time for free ENPs, ENPs-hetero- aggregated with natural colloid particles 
(agg), and ENPs attached to natural coarse particles(att), that either dissolve in 1 month, 1 
year or do not dissolve at all.
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C5: siMPlifiCAtion of CoMPlEx ChEMiCAl rEACtions in 
EnvironMEntAl MEdiA

The speciation modelling of SB4N includes simplifications in the number of different 
chemical and physical forms of nanomaterials in the environment as well as in the 
calculated rates in which the free pristine ENPs hetero-aggregate with natural col-
loids or attach to coarse particulates (Meesters et al. 2014). Chemical transformation 
processes such as functionalization, oxidation, sulfidation, phosporization and carbon 
sorption are considered to be too complex to explicitly include in a screening level 
exposure model such as SB4N (Meesters et al. 2014; Koelmans et al. 2015; Sani-Kast et 
al. 2015; Lowry et al. 2012), whereas they may significantly alter ENPs physicochemical 
properties that are relevant for their environmental fate and toxicity (Garner & Keller 
2014; Lowry et al. 2012). The complex transformation of ENPs in the environment, 
however, is not disregarded in SB4N. Rather, they are indirectly included through their 
contribution in ENP dissolution rates and the interaction between ENPs with natural 
particles. Dissolution is included in the SB4N model as a removal of ENPs. In the model 
simulation, the rates of dissolution are represented by the sum of the chemical reac-
tion rates that transform a nanoparticle into a molecular or ionic dispersion (Meesters 
et al. 2014). These rates are determined by the surface chemistry between the ENP 
and the surrounding aqueous medium (Quik et al. 2011). The a priori characterized 
dissolution rates of nano- TiO2 in our work are derived from a review of dissolution 
experiments performed in aqueous media reecting fresh water bodies and groundwa-
ter (Garner & Keller 2014). The selected dissolution time frames of “months” account 
for the medium’s pH, ionic strength, alkalinity and concentrations of natural organic 
matter, sulfides, phospates and oxygen (Garner & Keller 2014). For example, the 
sorption of phosphate and sulfide to the surface of a metallic nanoparticle can hinder 
dissolution (Garner & Keller 2014; Lv et al. 2012), whereas the presence of chloride 
or low pH can accelerate dissolution (Garner & Keller 2014; Quik et al. 2011). The 
complex chemical reactions can both increase and decrease the dissolution rate of 
nano-TiO2. Both these kinds of inhibition and stimulation of nano-TiO2 dissolution has 
been accounted for in the simulation by inserting the dissolution rate in the simulation 
as an input parameter with uncertainty range of 1-12 months (Garner & Keller 2014). 
Hence, complex chemical reactions of nanomaterials in aqueous media are implicitly 
included in the simulation of dissolution of nano-TiO2.
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The same principle applies to the complex chemical and physical reactions interfe-
ring with the attachment between nano-TiO2 and natural colloids and coarse particles. 
The attachment efficiencies are a function of environmental and physicochemical 
properties of both the ENP and natural particles as well as environmental conditions 
such as pH, ionic strength, ion valence, temperature, and the presence of natural 
organic matter (Petosa et al. 2010). Sorption of organic carbon to the surface of the 
ENP may hinder attachment by steric repulsion or further reduction of the surface 
charge (Petosa et al. 2010). Generally, both nano-TiO2 and natural particles have a 
negative surface charge in water (Garner & Keller 2014; Sun et al. 2013), so that the 
repulsive force between them is increased as the surface charge of the ENP is even 
more negative by the presence of natural organic material (NOM) or low pH (Petosa et 
al. 2010). The direct influence of environmental conditions, such as ionic strength, ion 
valence and temperature is simulated by the DLVO-calculator along with the influence 
of physicochemical properties of the ENP  and  natural particles such as size, Hamaker 
constants and zeta-potential (Derjaguin & Landau 1941; Verwey & Overbeek 1948). 
The zeta-potentials are inserted in the DLVO-calculator as an input parameter with its 
uncertainty a priori chararactized from experimental results reflecting the presence of 
NOM or low pH values (Keller et al. 2010). Hence, the complex interference of NOM 
decreasing zeta-potentials is indirectly accounted for in the DLVO-calculator of the 
environmental fate of nano-TiO2. The steric repulsion of ENPs functionalized by NOM 
sorption however, is not. Therefore, in the simulation of the environmental fate of 
nano-TiO2 the attachment efficiencies either obtained from reviewing experimental 
data or calculated with the DLVO-theory - are inserted as an input parameter with 
an uncertainty range large enough to cover influences of complex chemical reactions 
such as the sorption of NOM. Hence, complex chemical reactions of ENPs in the en-
vironment are included implicitly in SB4N’s speciation modelling that only considers 
dissolution and attachment to natural particles.
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C6. MAthEMAtiCs And iMPlEMEntAtion of 2d MontE CArlo 
AlgorithM 

C6.1 Mathematical foundation for the 2D Monte Carlo algorithm 

The variability of the concentration ratio (CR) is caused by the variability of a number 
of input variables, say 𝑋1,2,…,𝑋𝑝. The variability of these input variables can be quan-
tified by a joint variability distribution with density function (𝑥1,2,…,𝑥𝑝). To obtain the 
density function, (𝐶𝑅), of the variability distribution of CR, the joint variability distri-
bution, (𝑥1,2,…,𝑥𝑝), needs to be transformed to 𝑝(𝐶𝑅). Mathematically, this consists 
of integrating over 𝑝−1 variables. For a one-to-one transformation with a relatively 
simple invertible function, f, this is possible (see Additional Note below). For more 
complicated functions, however, as in our case, we resort to sampling (see detailed 
sampling algorithm in Section C6.2). 

We know that, in addition to 𝑋1,2,…,𝑋𝑝, the values for q variables, say 𝑍1,𝑍2,…,𝑍𝑞 
are also used in the calculation of CR. These values are uncertain and this uncertainty 
can be characterized with joint uncertainty distribution, (𝑧1,2,…,𝑧𝑞). The distribution 
of 𝐶𝑅 thus depends on 𝑍1,2,…,𝑍𝑞 , so that the density of CR is in fact a conditional 
density, denoted by 𝑝(𝐶𝑅|𝑧1,𝑧2,…,𝑧𝑞). This density then represents the density of CR 
for one set of values 𝑧1,2,…,𝑧𝑞. In the variability loop of the 2D Monte Carlo algorithm 
(the inner loop in Figure 2), we draw a sample of size M from (𝐶𝑅|𝑧1,2,…,𝑧𝑞). We are, 
however, not interested in the variability distribution of CR for only one particular 
set of values 𝑧1,𝑧2,…,𝑧𝑞, but rather in how uncertain this variability distribution is. 
Therefore we draw N sets of values from 𝑝(𝑧1,𝑧2,…,𝑧𝑞) and for each such draw we 
draw a sample of size M from 𝑝(𝐶𝑅|𝑧1,𝑧2,…,𝑧𝑞). The resulting NxM values of 𝐶𝑅 are 
placed in an NxM matrix, where each row is a draw from the CR distribution for a 
particular draw of the joint uncertainty distribution (𝑧1,2,…,𝑧𝑞). For each row, we can 
then calculate some quantity of interest such as the mean or a quantile. The resulting 
N values of the quantity then represent the uncertainty in that quantity which is a 
result of the uncertainty in the variables 𝑍1,2,…,𝑍𝑞. 

Additional Note: 
To obtain the density function, (𝐶𝑅), of the variability distribution of CR, the joint 

variability distribution, (𝑥1,2,…,𝑥𝑝), needs to be transformed to 𝑝(𝐶𝑅). Mathemati-
cally, this consists of integrating over 𝑝−1 variables. This may not be easy analytically, 
and that is the reason we resorted to Monte Carlo sampling. To give some insight in 
the difficulties that need to be solved in a more analytical approach, we start with 
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the simplest case in which the transformati on is well-behaved and inverti ble. Then 
the transformati on of the vector 𝑿=(𝑋1,𝑋2,…,𝑋𝑝) to 𝒀=(𝐶𝑅,𝑌2,…,𝑌𝑝) is given by the 
one-to-one functi on

 

C6. Mathematics and implementation of 2D Monte Carlo algorithm  
 
C6.1 Mathematical foundation for the 2D Monte Carlo algorithm  
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a joint variability distribution with density function (𝐸𝐸𝐸𝐸1,2,…,𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝). To obtain the density 
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(𝐸𝐸𝐸𝐸1,2,…,𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝), needs to be transformed to 𝑝𝑝𝑝𝑝(𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴). Mathematically, this consists of 
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the variability distribution of CR for only one particular set of values 𝑧𝑧𝑧𝑧1,𝑧𝑧𝑧𝑧2,…,𝑧𝑧𝑧𝑧𝑞𝑞𝑞𝑞, but rather 
in how uncertain this variability distribution is. Therefore we draw N sets of values from 
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The resulting NxM values of 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 are placed in an NxM matrix, where each row is a draw 
from the CR distribution for a particular draw of the joint uncertainty distribution 
(𝑧𝑧𝑧𝑧1,2,…,𝑧𝑧𝑧𝑧𝑞𝑞𝑞𝑞). For each row, we can then calculate some quantity of interest such as the 
mean or a quantile. The resulting N values of the quantity then represent the uncertainty 
in that quantity which is a result of the uncertainty in the variables 𝑍𝑍𝑍𝑍1,2,…,𝑍𝑍𝑍𝑍𝑞𝑞𝑞𝑞.  
Additional Note:  
To obtain the density function, (𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴), of the variability distribution of CR, the joint 
variability distribution, (𝐸𝐸𝐸𝐸1,2,…,𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝), needs to be transformed to 𝑝𝑝𝑝𝑝(𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴). Mathematically, 
this consists of integrating over 𝑝𝑝𝑝𝑝−1 variables. This may not be easy analytically, and that is 
the reason we resorted to Monte Carlo sampling. To give some insight in the difficulties 
that need to be solved in a more analytical approach, we start with the simplest case in 
which the transformation is well-behaved and invertible. Then the transformation of the 
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If the Jacobian is continuous and nonzero over the range of the transformation, then 
the density, (𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴), is given by (Eq. C6.1) 

 

If 𝒇𝒇𝒇𝒇=(𝑓𝑓𝑓𝑓1,𝑓𝑓𝑓𝑓2,…,𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝) is not a one-to-one function, some extension to SI E Eq. 1 is necessary. 
Suppose the function, 𝒇𝒇𝒇𝒇, can be solved uniquely over each set in a partition 𝐴𝐴𝐴𝐴1,2,…, then 
the integrand in SI E Eq. 1 can be written as 
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with 𝐽𝐽𝐽𝐽𝐷𝐷𝐷𝐷 the Jacobian of the solution over 𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷 (Bain and Engelhardt 1992, p209). 
with 𝐽𝑖 the Jacobian of the soluti on over 𝐴𝑖 (Bain and Engelhardt 1992, p209).

C6.2. Implementati on of 2D Monte Carlo algorithm

Secti on C6.1 provided the mathemati cal basis behind the 2D Monte Carlo algorithm. As 
already menti oned, however, our functi on is too complicated to use Eq. C6.1, because 
it is the rati o of the SB4N output to the SSD method output. We, therefore, implement 
the algorithm by means of sampling.
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C6.2. Implementation of 2D Monte Carlo algorithm 
Section C6.1 provided the mathematical basis behind the 2D Monte Carlo algorithm. As 
already mentioned, however, our function is too complicated to use Eq. C6.1, because 
it is the ratio of the SB4N output to the SSD method output. We, therefore, implement 
the algorithm by means of sampling. 

Exposure

- sample N values from the joint uncertainty distribution
of the ‘U’ variables for i in 1 to N {

- select ith value from the uncertainty sample

- sample M values from the joint variability
distribution of the ‘V’ variables
for j in 1 to M {

- select jth value from the variability sample

- run SB4N using selected values of "U" and "V"
variables and default value of remaining variables

- save calculated environmental concentration in

(ith,jth) position of output matrix
}

}

Hazard

- sample N values from the joint uncertainty
distribution of the assessment factors

for i in 1 to N {

for j in 1 to 31 (number of unique species) {

- split limit concentrations for species j
into groups with same experimental
duration type and same limit concentration
type

- select one of the groups with probability equal to
number of values in group divided by total number
of concentration values for species j

- sample one value from the uncertainty distribution
of selected group, namely, lognormal distribution

with 2.5th percentile equal to min value/2 and

97.5th percentile equal to max value*2

- divide the drawn concentration value by the ith

236  

value of the uncertainty sample of the relevant

AFtime and AFno-effect

- save calculated CEC in jth position of species output
vector

}

- estimate the mean and standard deviation of the ith

species output vector

- sample M values from species sensitivity distribution,
namely, a lognormal distribution with mean and standard
deviation as estimated in previous step

- save sample of species sensitivity distribution in ith row
of output matrix

}

 

Literature Cited Appendix C6 
Bain, L. J., & Engelhardt, M. (1992). Introduction to Probability and Mathematical Statistics 
(Second Edition). Belmont, CA: Duxbury Press. 
  



233

litErAturE CitEd APPEndix C6
Bain, L. J., & Engelhardt, M. (1992). Introduction to Probability and Mathematical Statistics 

(Second Edition). Belmont, CA: Duxbury Press.





d
Appendix to Chapter 6

Physicochemical Properties Driving Environmental 
Fate and Exposure Of Engineered Nanoparticles





237

238  

 
  

 

 
Figure D1A-E. Calculated rate constants for atmospheric processes removing free 
primary ENPs from dry air, plotted against ENP diameter for (A) coagulation with 
fine aerosol particles (B) coagulation with coarse aerosol particles (C) dry 
deposition to soil, (D) dry deposition to water (E) collection by rain drops. 
  

figure d1A-E. Calculated rate constants for atmospheric processes removing free primary ENPs 
from dry air, plott ed against ENP diameter for (A) coagulati on with fi ne aerosol parti cles (B) co-
agulati on with coarse aerosol parti cles (C) dry depositi on to soil, (D) dry depositi on to water (E) 
collecti on by rain drops.
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Figure D2A-F. Calculated rate constants for atmospheric processes removing ENPs 
hetero-aggregated with fine aerosols and attached to coarse aerosol particles 
from  dry air, plotted against ENP diameter for (A) dry deposition of ENPs hetero-
aggregated with fine aerosol particles to water (B) dry deposition of ENPs 
attached to coarse aerosol particles to water (C) raindrop collection of ENPs 
hetero-aggregated with fine aerosol particles, (D) raindrop collection of ENPs 
attached to coarse aerosol particles (E) dry deposition of ENPs hetero-aggregated 
with fine aerosol particles to land (f) dry deposition of ENPs attached to coarse 
aerosol particles to land   

figure d2A-f. Calculated rate constants for atmospheric processes removing ENPs hetero-aggre-
gated with fi ne aerosols and att ached to coarse aerosol parti cles from  dry air, plott ed against ENP 
diameter for (A) dry depositi on of ENPs hetero-aggregated with fi ne aerosol parti cles to water (B) 
dry depositi on of ENPs att ached to coarse aerosol parti cles to water (C) raindrop collecti on of ENPs 
hetero-aggregated with fi ne aerosol parti cles, (D) raindrop collecti on of ENPs att ached to coarse 
aerosol parti cles (E) dry depositi on of ENPs hetero-aggregated with fi ne aerosol parti cles to land 
(f) dry depositi on of ENPs att ached to coarse aerosol parti cles to land 
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Figure D.3 Ratio of collision frequency of ENPs colliding with natural colloids in soil 
prior to hetero-aggregation (fagg in s-1) to ENP collision frequency to soil grains 
prior to attachment (fatt in s-1) as a function of ENP diameter  

figure d.3 Rati o of collision frequency of 
ENPs colliding with natural colloids in soil 
prior to hetero-aggregati on (fagg in s-1) to 
ENP collision frequency to soil grains prior 
to att achment (fatt  in s-1) as a functi on of 
ENP diameter
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ChAPtEr 1: gEnErAl introduCtion 

The aim of this thesis is to gain more understanding in the environmental fate of 
nanomaterials in order to provide recommendations to adapt guidance in environ-
mental exposure estimation and risk assessment fit for nanomaterials. The REACH 
(EU Registration, Evaluation, Authorization, and Restriction of Chemicals) guidance 
documents and environmental fate models prescribed for environmental exposure es-
timation urgently require adjustment, because REACH regulation focuses on chemical 
substances in the dissolved state. It is assumed that, immediately upon release to 
water, chemicals are entirely dispersed on a molecular level, which implicity refers to 
a dissolved state. This is obviously different for nanoparticles in the environment as 
they are airborne as aerosol particles or present in (pore) water in a suspended solid 
(nano) particulate state.

ChAPtEr 2: EnvironMEntAl ExPosurE EstiMAtion of 
EnginEErEd nAnoPArtiClEs: why rEACh nEEds AdJustMEnt

In Chapter 2, the environmental fate of engineered nanoparticles (ENPs) is revie-
wed and compared to the environmental fate of chemicals according to the REACH 
guidance. Major deviations between the fate of ENPs and predicted fate by REACH 
are found. They are related to at least  1of 3 major assumptions made in REACH 
guidance: (i) in REACH, environmental alteration processes are all thought of as remo-
val processes, whereas alterations of ENPs in the environment may greatly affect their 
properties, environmental effects, and behaviour, (ii) in REACH, chemicals are sup-
posed to dissolve instantaneously and completely upon release into the environment, 
whereas ENPs should be treated as nondissolved nanosized solids, and (iii) in REACH, 
partitioning of dissolved chemicals to solid particles in air, water, and soil is estimated 
with thermodynamic equilibrium coefficients, but in the case of ENPs thermodynamic 
equilibrium between “dispersed” and “attached” states is generally not expected. The 
environmental exposure assessment of REACH therefore needs adjustment to cover 
the specific environmental fate of ENPs. 
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ChAPtEr 3: MultiMEdiA ModEling of EnginEErEd 
nAnoPArtiClEs with siMPlEBox4nAno: ModEl dEfinition 
And EvAluAtion

In Chapter 3, these necessary adjustments are incorporated in a new model concept 
of SimpleBox4nano (SB4N), an adaption of the multimedia fate model SimpleBox  that 
is distributed by the EU System for Evaluation of Substances (EUSES) for performing 
environmental exposure estimation of chemicals on a screening level: (i) transforma-
tion is not interpreted as a removal mechanism because the environmental fate of 
the transformation products from hetero-aggregation and attachment are simulated 
as a different species of the same ENP, (ii) dissolution is included as a mechanism of 
removal through degradation, and (iii) complete and instantaneously reached ther-
modynamic equilibrium is not assumed; rather, the rates at which the ENPs go toward 
thermodynamic equilibrium are represented by dissolution, aggregation, and attach-
ment rates. The original SimpleBox model predicts environmental concentrations by 
calculating mass balance equations for emissions to the environmental compartments 
(air, water, sediment and soil), transfer and partitioning between the compartments, 
and removal from the compartments in order to compute the steady state and quasi-
dynamic masses of chemical substance in the environment. An extended model matrix 
has been developed for the SimpleBox4nano model in order to integrate the neces-
sary adjustments. In contrast to the original SimpleBox, SimpleBox4nano predicts 
environmental concentrations by calculating mass balance equations for emissions of 
multiple species of the same ENP: (i) primary free ENPs, (ii) ENPs hetero-aggregated 
with natural colloids and (iii) ENPs attached to natural coarse particles. The transport 
of ENPs from one environmental compartment to another compartment is simulated 
in SimpleBox with one mass flow, whereas in SB4N there are three separate mass flows 
for the transfer of the three different species considered. This extension of the model 
matrix is necessary, because there is great difference between the rates in which free 
ENPs, hetero-aggregated ENPs, and ENPs attached to coarse particles are transported 
from one compartment to another: (i) ENPs coagulated with natural aerosols in the 
atmosphere deposit faster to water or soil (ii) ENPs in soil that are attached to soil 
grains are only transported to water by erosion, whereas free ENPs and ENPs hetero-
aggregated with natural colloids are effectively transported to surface water by run-off, 
(iii) ENPs in the water column that are attached to larger natural particles settle faster 
to the sediments at the bottom. Hence, extension of the model matrix is necessary 
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to include separate mass flows for the transport across compartments enables the 
simulation of the environmental fate of different species of the same ENP. 

The rate constants for the hetero-aggregation and attachment processes themsel-
ves enable a mass balance equation that is not based on the final state of thermody-
namic equilibrium, but on the rates in which the ENP is striving towards equilibrium. 

Finally, the extended model matrix of SB4N allows inclusion of separate dissolution 
rates per species per environmental compartment, so that dissolution can be accura-
tely integrated in the calculation of the degradation of ENPs in the environment.

The novel model concept of SB4N was tested in an early proof-of-concept study for 
nano-TiO2 in Switzerland. Since nano-TiO2 is practically insoluble, all removal processes 
in the case study are related to transport from one compartment to another or to 
outside the system. The early case study already provided new insight in the environ-
mental fate of ENPs. ENPs are quite effectively removed from the soil’s pore water 
by attachment to the soil’s solid grains. Once the ENPs are attached, erosion is the 
only removal process, which proceeds very slow. This allows the ENPs to accumulate 
and hence the steady state concentration for ENPs attached to solids in soil is very 
high. Most of the ENPs in the water compartment are aggregated with natural colloids, 
whereas ENPs in the atmosphere are effectively removed by dry and wet deposition. 
However, this evaluation was based on a model concept with single model and input 
parameter values only, so that model outcomes apply as point estimates. In reality 
the model parameters are subject to natural variability and the input parameters are 
subject to uncertainty leading to variation in model outcomes.  

ChAPtEr 4: MultiMEdiA EnvironMEntAl fAtE And sPECiAtion 
of EnginEErEd nAnoPArtiClEs: A ProBABilistiC ModEling 
APProACh 

In Chapter 4, the sensitivity of SB4N to uncertainty and variability is analyzed in order to 
evaluate the robustness of the model concept. Emissions of ENPs to the environment 
are uncertain, because data on production volumes and release during the different life 
cycles of nanomaterials products are generally inaccessible. Physicochemical proper-
ties of ENPs that drive their environmental fate are also considered to be uncertain, so 
that important interactions between the ENP and the environmental matrix are hard 
to predict, e.g. dissolution rates of ENPs in different aqueous media and their attach-



Summary

262

ment to natural particles.  Such uncertainty in determining the input parameters of the 
SB4N model obviously leads to variation in its predicted environmental concentrations 
(PECs). At the same time, limitations in techniques measuring ENPs in environmental 
samples hamper model calibration and validation.  The robustness of the SB4N model 
is therefore evaluated by making the uncertainties in input parameters and the natural 
variability in the environmental system explicit.

 Data is collected for all of SB4N’s input and model parameters reflecting realistic 
distributions of variability and uncertainty in emission estimation, the environmental 
system, and physicochemical properties of ENPs. These probability distributions are 
used in Monte Carlo (MC) simulations of the environmental fate and exposure of the 
three mostly used metal oxide ENPs in Europe: nano-TiO2, nano-ZnO and nano-CeO2. 

The results from the MC simulations show that although nano-CeO2, -TiO2, and 
-ZnO differ in chemical composition, their distribution over the compartments air, 
water, sediment and soil is quite similar. The only difference is that nano-ZnO is less 
accumulative in soil and sediment, because it is prone to dissolution. 

Inaccessible information of production volumes appeared to be the major source 
of variation in PECs. Stronger, the influence of production volumes on the PECs is so 
large that the influences of other input and model parameters are obscured. However, 
production volumes are linear proportional to PECs and environmental risk assessment 
of chemicals is performed by individuals with access to the respective production 
volumes. This allows elimination of the uncertainty in production volumes for the 
purpose of evaluating the robustness of SB4N. PECs are therefore simulated with the 
production volume set constant at 1 ton per year. These PECs1t/y  are most influenced 
by a few parameters that determine emission fractions, compartment volumes and 
removal by dissolution or advection. Exposure to ENPs in the sediment compartment 
appeared to be most difficult to predict compared to the other compartments. The 
variations in PECs1t/y due to uncertainty in emissions, ENPs physicochemical properties 
and natural variability in the environmental system are determined to be (i) a factor 10 
for atmosphere and water,  (ii) a factor 10,000 for soluble ENPs and 100 for insoluble 
ENPs in sediment,  and (iii) 100 for soil. The identified variation in PECs can be used as 
an assessment factor in screening level environmental exposure estimation of other 
nanoparticles with comparable physicochemical properties. Nonetheless, it is still 
necessary to determine to what extent environmental fate and exposure are driven by 
the physicochemical properties of the ENP for two reasons. First, to make explicit to 
what extent the variation in exposure concentrations predicted for nano-CeO2, -TiO2 
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and -ZnO are suitable for extrapolation to other nanomaterials, and second to evalu-
ate the environmental distribution of nanoparticles that do not have physicochemical 
properties comparable to nano-CeO2, -TiO2 and –ZnO. Still, the probabilistic version of 
the SB4N is already sufficient for environmental risk assessment case studies with a 
probabilistic approach.

ChAPtEr 5: CoMBining ExPosurE And EffECt ModElling 
into An intEgrAtEd ProBABilistiC EnvironMEntAl risk 
AssEssMEnt for nAnoPArtiClEs 

In Chapter 5, the environmental risk of nano-TiO2 has been assessed by comparing 
predicted exposure concentrations in surface waters with critical concentrations at 
which toxic effects to exposed organisms can be expected.  However, environmental 
risk assessment of ENPs is hampered by large uncertainty. This uncertainty may be 
due to a lack of data and knowledge about ENPs, their environmental fate, their toxi-
city and application of standard methods. Part of the uncertainty may also be due to 
artifactual results. 

In traditional risk assessment procedures, the problem of uncertainty is commonly 
addressed by making use of conservative or worst-case scenarios.Using conservative 
scenarios to deal with uncertainty, however, is not necessarily desirable for three rea-
sons. First, a conservative scenario is by definition unrealistic in order to be on the safe 
side. This may result in an over-conservative risk assessment leading to unnecessarily 
stringent regulation on the use of nanotechnology. Second, the transparency of the 
risk assessment is compromised, so that it is nearly impossible to explicitly quantify 
how conservative the risk assessment actually is. Third, in a deterministic conservative 
risk assessment, it is not possible to differentiate between uncertainty and variability. 
Uncertainty is considered here the reducible variation that exists due to a lack of data 
and knowledge, whereas variability is the natural inherent variation that is present in 
all natural processes and living organisms and is, therefore, not reducible. 

To improve a risk assessment, the effect of uncertainty on the risk assessment needs 
to be studied and if necessary, reduced. This is only possible by separating uncertainty 
from variability and identify its sources. The environmental exposure model of SB4N 
is therefore included in the Integrated Probabilistic Risk Assessment (IPRA) model, so 
that it is able to quantify both the variability and uncertainty in environmental risk 



Summary

264

assessment of ENPs. The data on the variability of the environmental system and the 
uncertainty in emission estimations and physicochemical properties of nano-TiO2 col-
lected in Chapter 4 are inserted in the IPRA-SB4N module to quantify the exposure 
of organisms in surface waters to nano-TiO2.  The critical effect concentrations are 
determined from the probabilistic species sensitivity distribution (pSSD) model of 
Gottschalk and Nowack and Coll et al. that can be adjusted to separately quantify 
variability and uncertainty as well.  Hence, a full probabilistic environmental risk as-
sessment of nano-TiO2 is performed with the IPRA-tool, which is the first case study 
of its sort. 

The IPRA-tool predicts an 11.1% probability of exposure concentrations exceeding 
the critical effect concentrations. The true no-effect concentration however is not 
known, but estimated from the pSSDs. Hence, the critical effect concentrations excee-
ded by exposure does not indicate a negative effect with certainty. Rather, an 11.1% 
chance of a potentially unsafe situation is identified, so that a possible risk can no 
longer be excluded.  The major source of variation in the risk assessment is identified 
to be the varaibility in the effect concentrations. Further research to reduce uncer-
tainty in environmental risk assessment can thus be obscured by the variability in the 
critical effect concentrations. However, the results of the case study performed with 
the IPRA-SB4N tool do not constitute a fully comprehensive risk assessment. Instead 
they should be interpreted in the context of model development and not as an aut-
horitative aquatic risk assessment of nano-TiO2. The developed IPRA-SB4N tool adds 
to a more transparent risk assessment of ENPs identifying the direction for further 
environmental and toxicological research. 

The case study of nano-TiO2 calls for more research clarifying to what extent the dif-
ferent speciations of nano-TiO2 in surface waters (free, hetero-aggregated with natural 
colloids or attached to natural coarse particles) are to be included in an environmental 
risk assessment that compares exposure with effect concentrations. However, model 
studies on environmental fate, exposure and risk of nanomaterials often refer to the 
same few substances, e.g. C60, nano-Ag,-CeO2,-TiO2, and -ZnO. It is unclear to what 
extent such an evaluation of one specific nanomaterial can be extrapolated to another 
nanomaterial, so that novel insights remains limited to the number of nanomaterials 
investigated.
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ChAPtEr 6: PhysiCoChEMiCAl ProPErtiEs driving 
EnvironMEntAl fAtE And ExPosurE of EnginEErEd 
nAnoPArtiClEs 

In Chapter 6, it is effectively evaluated how physicochemical properties of nanomate-
rials govern the four key mechanisms of their environmental fate: deposition, attach-
ment, filtration and dissolution. Monte Carlo (MC) simulations are performed with the 
probabilistic version of SB4N that includes natural variability in the model parameters 
of the environmental system based on the data collected in Chapter 4. In contrast to 
Chapter 4, the input parameters reflecting the physicochemical properties are inserted 
as ranges that cover all type of ENPs in order to perform a sensitivity analysis. 

The influence of physicochemical properties on environmental fate is displayed 
in plots that express the calculated rate constants for the four key fate mechanisms 
against the ranges of the physicochemical properties size, specific weight, attachment 
efficiency with natural particles, and Hamaker constant. This exercise is repeated for 
environmental exposure by plotting the PECs against the same ENP’s physicochemical 
properties.

A long range transport potential is identified for all types of ENPs that are emitted 
to the atmosphere. However, the extent to which they coagulate with fine aerosol 
particles is a function of ENP size. ENPs < 10 nm are prone to coagulate, whereas 
for ENPs > 10 nm this is also determined by the size of the aerosol counter particle. 
Dissolution rate and attachment efficiency with natural particles are found to be the 
two most important physicochemical properties driving the environmental fate and 
exposure of ENPs in aqueous media. Critical values are identified: dissolution rates <  
2 10-7 s-1 do not influence exposure in surface waters and dissolution rates < 10-11 s-1 
do not influence exposure in soil, but total concentrations are reduced proportional 
to the dissolution rates if larger than these critical rates. Attachment efficiencies do 
not influence the bioavailable concentrations upon emission to surface waters, since 
for attachment efficiencies < 10-6 the dominant fraction is represented by free pristine 
ENPs and if attachment efficiencies are > 10-6 the dominant fraction is represented by 
ENPs hetero-aggregated with natural colloids that are still considered bioavialable as 
they are able to pass through a filter < 450 nm. 

ENPs in soil can be very persistent. Residence times may be over 1,000 years de-
pendent on dissolution rate and attachment efficiencies with soil grains.  However, the 
fraction that accumulates in soil is considered not to bioavailable.  
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Specific weight and ENP size are found to be important for exposure in sediment, 
because they are determinant for the settling velocity from the water column to the 
sediments at the bottom. Moreover, two critical attachment efficiencies are identified 
for exposure in sediment: (i) ENPs with attachment < 10-6 are prone to reach the se-
diments in their free pristine state: (ii) ENPs with attachment efficiencies > 10-4 will 
accumulate in the sediment compartment through effective settling by attaching to 
suspended coarse particles in the water column.  

The identified relationships between physicochemical properties, fate and ex-
posure reveal a dilemma in prioritizing risk assessment of nanomaterials, as (i) free 
nanomaterials are most toxic, but are predicted to occur in low concentrations, (ii) the 
majority of nanomaterials is predicted to be bioavailable in a hetero-aggregate that 
are less toxic, (iii) nanomaterials attached to coarse particles are very persistent, but it 
is unclear whether they can be treated as essentially harmless. 

ChAPtEr 7: synthEsis

In Chapter 7, it is explored what is required to implement SB4N in REACH. The current 
regulatory framework for chemical risk assessment and management includes very 
little reference to substances in particulate and nanoforms. Manufacturers, importers 
and downstream users of nanomaterials must ensure chemical safety nonetheless. 
However, following the guidelines of conventional chemicals for nanomaterials would 
yield inappropriate environmental exposure estimates. The models prescribed to 
predict the fate of ‘conventional chemical substances’ must therefore be adapted to 
be fit for environmental exposure estimation of nanomaterials. SB4N comprises these 
adaptations. Implementation of SB4N in the framework of REACH is feasible, but that 
requires adaptations in REACH guidelines for identification of substance properties, 
release estimation and ecotoxicity assessment. 
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hoofdstuk 1: AlgEMEnE introduCtiE

Het doel van dit proefschrift is om meer inzicht te verkrijgen in de verspreiding van 
nanodeeltjes in het milieu ten einde aanbevelingen te kunnen doen om bestaande 
methoden in het schatten van blootstelling en risico’s aan te passen voor nanodeeltjes. 
De huidige documentatie en richtlijnen van REACH ( EU Registration, Evaluation, Au-
thorization, and Restriction of Chemicals) bieden rekenmodellen voor conventionele 
chemicaliën aan die dringend aanpassing behoeven voor nanodeeltjes. De regulering 
onder REACH is gefocust op chemische stoffen in een opgeloste staat. Er wordt name-
lijk aangenomen dat de stof instantaan en volledig dispergeert op moleculair niveau 
na intrede in water, wat impliciet inhoudt dat de stof volledig in het water is opgelost. 
Deze impliciete aanname is echter niet geldig voor nanodeeltjes, omdat deze in het 
milieu voorkomen als aerosol partikels in de lucht of gesuspendeerde partikels in het 
(grond) water.

hoofdstuk 2: BlootstEllingssChAtting AAn kunstMAtig 
gEProduCEErdE nAnodEEltJEs in hEt MiliEu: wAAroM 
rEACh AAnPAssing BEhoEft

In Hoofdstuk 1 wordt de verspreiding van nanodeeltjes in het milieu beschouwd en 
vergeleken met de verspreiding van chemische stoffen in het milieu volgens de richt-
lijnen van REACH. De beschouwde verspreiding van nanodeeltjes verschilt sterk met 
de volgens REACH voorspelde verspreiding. Dit is gevolg van ten minste één van drie 
aannames die onder REACH worden gedaan: (i) onder REACH worden milieuprocessen 
die de stof veranderen beschouwd als verwijderingsprocessen, terwijl veranderingen 
van nanodeeltjes die zijn toegebracht door een milieuproces een grote invloed kunnen 
hebben op diens eigenschappen, effecten en gedrag, (ii) onder REACH wordt veron-
dersteld dat een chemische stof volledig en instantaan is opgelost na toetreden in het 
milieu, terwijl een nanodeeltje behandeld dient te worden als een niet-opgelost deel-
tje in een vaste toestand met een grootte binnen de nanoschaal, en (iii) onder REACH 
wordt verondersteld dat de partitie van chemische stoffen ten op zichten van natuur-
lijk stoffen in het milieu geschiedt volgens thermodynamisch evenwicht, terwijl voor 
nanodeeltjes er in het algemeen geen sprake is van een thermodynamisch evenwicht 
tussen de nanodeeltjes die zijn ‘gedispergeerd’ of ‘geattacheerd’ met natuurlijke deel-
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tjes. De richtlijnen voor blootstellingsschatting onder REACH heeft daarom aanpassing 
nodig om de specifieke verspreiding van nanodeeltjes in het milieu te ondervangen.

hoofdstuk 3: MultiMEdiA ModElEring vAn kunstMAtig 
gEProduCEErdE nAnodEEltJEs MEt siMPlEBox4nAno: 
MODELDEFINITIE EN -EVALUATIE

In Hoofdstuk 3 worden de aanpassingen die REACH behoeft ingebracht in SimpleBox-
4nano (SB4N) volgens een nieuw modelconcept voor het simuleren van de verspreiding 
van nanodeeltjes door het milieu. SB4N is een aanpassing op het multimedia versprei-
dingsmodel SimpleBox dat wordt uitgebracht door EUSES (EU System for Evaluation 
of Substances) als screeningniveau rekenmodel voor de verspreiding van chemische 
stoffen door het milieu. Aanpassingen zijn: (i) transformatie wordt niet langer geïnter-
preteerd als een verwijderingsproces, want de milieuverspreiding van transformatie-
producten van nanodeeltjes als gevolg van hetero-aggregatie en attachering worden 
gesimuleerd als een andere specie van hetzelfde nanodeeltje, (ii) in oplossing gaan 
is ingebracht als verwijderingsmechanisme, omdat een nanodeeltje dat is opgelost 
in wezen geen nanodeeltje meer is, en (iii) er wordt niet langer aangenomen dat 
thermodynamisch evenwicht instantaan wordt bereikt, want in plaats daarvan wordt 
er gerekend met snelheidsconstanten voor de processen die het nanodeeltje naar het 
thermodynamisch evenwicht brengen (in oplossing gaan, aggregatie en attachering). 

Het oorspronkelijke SimpleBox model voorspelt milieuconcentraties door mas-
sabalansvergelijkingen te berekenen op basis van emissie naar de compartimenten 
lucht, water, sediment en bodem, transport en partitie tussen deze compartimenten, 
en verwijdering van de stof binnen de compartimenten om zodoende een stabiele 
staat te computeren van de chemische stof in het milieu. De modelmatrix van het 
SimpleBox model is uitgebreid om de aanpassingen die nodig zijn voor SB4N in te 
kunnen passen. In tegenstelling tot de oorspronkelijke SimpleBox, voorspelt SB4N 
milieuconcentraties door massabalansvergelijkingen te berekenen voor de emissie 
en verspreiding van meerdere species van eenzelfde nanodeeltje: (i) primaire vrije 
nanodeeltjes, (ii) nanodeeltjes die geaggregeerd zijn met natuurlijke colloïden, en 
(iii) nanodeeltjes geattacheerd zijn aan natuurlijke grove partikels. Het transport van 
nanodeeltjes van het ene milieucompartiment naar het andere is in het oorspronke-
lijke SimpleBox model vertegenwoordigd door één enkele een stofstroom, terwijl in 
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SB4N er sprake is van drie separate stofstromen voor de drie verschillende species. 
Deze uitbreiding van de modelmatrix is noodzakelijk, omdat er een groot verschil is 
in snelheden waarin vrije, geaggregeerde en geattacheerde nanodeeltjes worden 
getransporteerd van het ene milieucompartiment naar het andere: (i) nanodeeltjes in 
de atmosfeer die zijn gecoaguleerd met natuurlijke aerosolen deponeren sneller naar 
onderliggend oppervlaktewater of land, (ii) nanodeeltjes in de grond die geattacheerd 
zijn aan grove zandkorrels worden slechts getransporteerd door erosie, terwijl de vrije 
en geaggregeerde nanodeeltjes effectiever worden getransporteerd door uitlekking 
naar dieper grondwater en afloop naar oppervlaktewater, en (iii) nanodeeltjes in de 
waterkolom die geattacheerd zijn aan natuurlijke partikels zullen sneller zinken naar 
de sedimentlaag op de bodem. De snelheidsconstanten waarmee de aggregatie- en 
attacheerprocessen plaatsvinden, faciliteren een massabalansvergelijking die niet is 
gebaseerd op de eindstaat van het thermodynamisch evenwicht, maar op basis van de 
snelheden van de milieuprocessen die de nanodeeltjes naar het evenwicht toebren-
gen. Tot slot staat de uitgebreide modelmatrix toe dat er separate oplossnelheden 
worden ingepast per species en per milieucompartiment waarin het nanodeeltje zich 
bevindt. Zodoende kan de verwijdering van nanodeeltjes uit het milieu door oplossing 
accuraat worden berekend.

Het nieuwe modelconcept van SB4N is getest door het uitwerken van een casus van 
emissie van nano-TiO2 in Zwitzerland. Omdat nano-TiO2 praktisch onoplosbaar is, zijn 
alle verwijderingsprocessen gerelateerd aan transport van het ene naar het andere 
compartiment of naar buiten het systeem. Deze casus heeft nieuwe inzichten verschaft 
in de verspreiding van nanodeeltjes. Nanodeeltjes worden effectief uit poriewater ge-
filterd door de korrels in de grond. Echter, zodra ze aan deze korrels vastzitten, worden 
ze alleen nog maar verwijderd door erosie. Omdat erosie zo lang duurt, bouwen de 
concentraties van deze nanodeeltjes op en is de concentratie van nanodeeltjes in de 
grond na het bereiken van een stabiele toestand erg hoog. De meeste nanodeeltjes in 
de waterkolom aggregeren met natuurlijke colloiden, terwijl nanodeeltjes in de atmo-
sfeer effectief worden verwijderd door natte en droge depositie. Echter, deze evaluatie 
is slechts gebaseerd op een modelconcept met enkele waarden voor model- en input-
parameters, zodat de voorspelde milieuconcentraties slechts puntschattingen zijn. In 
werkelijkheid zijn de modelparameters onderworpen aan natuurlijke variabiliteit en 
zijn de inputparameters onderworpen aan onzekerheid.
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hoofdstuk 4: MultiMEdiA vErsPrEiding En sPECiAtiE vAn 
kunstMAtig gEProduCEErdE nAnodEEltJEs in hEt MiliEu: 
EEn ProBABilistisChE BEnAdEring vAn ModEllErEn

In Hoofdstuk 4, wordt de gevoeligheid van SB4N ten op zichten van onzekerheid in 
inputparameters en variabiliteitin modelparameters geanalyseerd ten einde de ro-
buustheid van het modelconcept te evalueren. 

Emissie van kunstmatig geproduceerde nanodeeltjes zijn onzeker wegens een 
algemeen gebrek aan toegang tot data van productievolumes en het vrijkomen van 
nanodeeltjes tijdens de levenscyclus van de producten die nanomaterialen bevatten. 
De physisch-chemische eigenschappen die de verspreiding van nanodeeltjes in het 
milieu aansturen worden ook beschouwd als een onzekerheid, omdat belangrijke 
interacties tussen nanodeeltjes en de natuurlijke omgeving te complex zijn om een-
duidig te voorspellen. Oplossnelheden en attacheringsefficienties tussen nanodeeltjes 
en natuurlijke deeltjes verschillen per waterig medium. Dergelijke onzekerheid in de 
inputparameters van het SB4N model zal onvermijdelijk doorwerken tot variatie in 
de voorspelde milieuconcentraties. Tegelijkertijd zijn meettechnieken te beperkt om 
modellen zoals SB4N te kalibreren of te valideren. De robuustheid van het SB4N model 
is daarom geëvalueerd door de onzekerheden in de inputparameters en de natuurlijke 
variabiliteit in het milieusysteem expliciet te maken. 

Data zijn verzameld om al SB4N’s input- en modelparameters te voorzien van een 
realistische waarschijnlijkheidsverdeling om dusdanig onzekerheden in emissieschat-
tingen, de natuurlijke variabiliteit van het milieusysteem en de onzekere physisch-
chemische eigenschappen te ondervangen. Deze waarschijnlijkheidsverdelingen zijn 
gebruikt in Monte Carlo (MC) simulaties van de verspreiding en blootstelling van 
nano-CeO2, nano-TiO2 en nano-ZnO. 

De uitkomsten van de MC simulaties tonen aan dat nano-CeO2, nano-TiO2 en nano-
ZnO  zich ondanks een verschil in chemische samenstelling vergelijkbaar verspreiden 
over de compartimenten lucht, water, sediment en grond. Het enige verschil is dat 
nano-ZnO minder accumuleert in de bodem en sediment, omdat het beter oplost. 

Ontoegankelijke informatie tot productievolumes is de grootste bron van bron van 
variatie in voorspelde milieuconcentraties. Sterker nog, de onzekerheid in productie-
volumes is zo groot dat de invloeden van andere input- en modelparameters obscuur 
worden. Productievolumes zijn echter lineair proportioneel tot voorspelde milieucon-
centraties en risicobeoordeling van chemicaliën wordt uitgevoerd door individuen die 
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wel toegang hebben tot de betreffende productievolumes. Dit zorgt ervoor dat de 
onzekerheid in productievolumes kan worden geëlimineerd bij de evaluatie van de 
robuustheid van SB4N. 

Voorspelde milieuconcentraties zijn derhalve gesimuleerd met productievolumes 
constant gezet op 1 ton per jaar.  Deze voorspelde milieuconcentraties(1t/jr) worden het 
meest beïnvloed door een aantal parameters die bepalend zijn voor emissies, volumes 
van de milieucompartimenten, en verwijderingvan nanodeeltjes door oplossing of 
advectie. 

Blootstelling aan kunstmatig geproduceerde nanodeeltjes in sediment blijkt het 
meest moeilijk te voorspellen in vergelijking tot de andere compartimenten. De uit-
eindelijke variatie in de voorspelde milieuconcentraties(1t/jr) als gevolg van onzekere 
emissie, physisch-chemische eigenschappen en natuurlijke variabiliteit van het milieu-
systeem bedraagt (i) een factor 10 voor de atmosfeer en de waterkolom, (ii) een factor 
10,000 voor oplosbare nanodeeltjes en een factor 100 voor onoplosbare nanodeeltjes 
in sediment, (iii) een factor 100 voor bodem. Deze geïdentificeerde variatie in voor-
spelde milieuconcentraties is bruikbaar als assessment factor bij een screening niveau 
milieublootstellingschatting voor andere nanodeeltjes met vergelijkbare physisch-
chemische eigenschappen. Desalniettemin, is het om twee redenen noodzakelijk om 
na te gaan in welke mate de verspreiding en blootstelling van nanodeeltjes in het mi-
lieu worden aangestuurd door diens physisch-chemische eigenschappen. Ten eerste, 
om expliciet te maken in hoeverre de variaties in milieuconcentraties voorspeld voor 
nano-CeO2, -TiO2 en -ZnO geschikt zijn voor extrapolatie naar andere nanomaterialen 
en tweede om de verspreiding van nanodeeltjes in het milieu die niet vergelijkbare ei-
genschappen hebben met nano-CeO2, -TiO2 en –ZnO  te evalueren. De probabilistische 
versie van het SB4N model is echter al wel geschikt voor risicobeoordelingen uit te 
voeren met een probabilistische benadering op basis van case studies.

HOOFDSTUK 5: HET COMBINEREN VAN BLOOTSTELLINGS- 
En EffECtModEllEring tot EEn gEïntEgrEErdE 
ProBABilistisChE risiCoBEoordEling vAn nAnodEEltJEs.

In Hoofdstuk 5 is het milieurisico van nano-TiO2 beoordeeld door voorspelde bloot-
stellingsconcentraties in oppervlaktewater te vergelijken met kritische concentraties 
waarbij toxische effecten op blootgestelde organismes te verwachten zijn. Echter, de 
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milieurisicobeoordeling van nanodeeltjes wordt gehinderd door grote onzekerheid die 
voorkomt uit een gebrek aan data en kennis betreft de nanodeeltjes zelf, de versprei-
ding door het milieu, toxiciteit en toepassingen in standaardmethoden. De onzeker-
heid kan ook deels te wijten zijn aan artefacten in resultaten van toxiciteitstesten. 

Met het probleem van onzekerheid wordt in de traditionele risicobeoordelings-
procedures omgegaan door het maken van conservatieve of worst-case scenario’s. 
Het toepassen van conservatieve scenario’s is echter niet per se wenselijk om drie 
redenen. Ten eerste is een conservatief scenario per definitie niet realistisch omdat 
deze met zekerheid aan de veilige kant moet zitten. Dit kan resulteren in een overcon-
servatieve risicobeoordeling en onnodig strenge regulering van nanotechnologie. Ten 
tweede, is de transparantie van de risicobeoordeling gecompromitteerd waardoor het 
schier onmogelijk wordt om te kwantificeren hoe conservatief de risicobeoordeling is. 
Ten derde, is het bij een deterministisch conservatieve risicobeoordeling niet mogelijk 
om onzekerheid van variabiliteit te scheiden. Onzekerheid wordt hier geïnterpreteerd 
als een reduceerbare variatie die bestaat uit een gebrek aan data en kennis, terwijl 
variabiliteit niet reduceerbaar is omdat het een natuurlijk inherente variatie is die 
voorkomt in alle natuurlijke processen en levende organismes. Risicobeoordeling ver-
beteren is daarom alleen mogelijk als de invloed van de onzekerheid wordt onderzocht 
en waar mogelijk gereduceerd. Dit is alleen mogelijk als de bronnen van onzekerheid 
worden geïdentificeerd en gescheiden van variabiliteit. 

Het milieublootstellingsmodel SB4N is daarom ingepast in het Geïntegreerde 
Probabilistische Risicobeoordeling (IPRA) model om zodoende zowel de onzekerheid 
als de variabiliteit in de risicobeoordeling van nanodeeltjes te kwantificeren. De data 
die is verzameld in Hoofdstuk 4 om de variabiliteit in het milieusysteem en de on-
zekerheden omtrent emissiesschattingen en physich-chemische eigenschappen van 
nano-TiO2 te kwantificeren. Deze zijn ingepast in de IPRA-module om de blootstelling 
aan organismen in oppervlaktewateren aan nano-TiO2 te berekenen. 

De kritische effectconcentraties zijn bepaald aan de hand van de probabilistische 
soortgevoeligheidsdistributies (pSSDs) volgens het model Gottschalk en Nowack en 
Coll et al dat aangepast kan worden om de onzekerheid en variabiliteit in effectcon-
centraties te scheiden. Derhalve, is een volledig probabilistische risicobeoordeling van 
nano-TiO2 uitgevoerd met de IPRA-module, hetgeen de eerste case study in zijn soort 
is. 

De IPRA-module heeft een 11.1% waarschijnlijkheid voorspeld voor de mogelijk-
heid dat blootstellingsconcentraties de kritische effectconcentraties overschrijden. 
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De werkelijke concentratie waaronder geen effecten zijn te verwachten is echter niet 
bekend, maar geschat met pSSDs. De kritische effectconcentraties die worden over-
schreden geven dus niet met zekerheid een negatief effect aan. De 11.1% drukt een 
kans uit tot een potentieel onveilige situatie waarin een mogelijk risico niet langer kan 
worden uitgesloten. 

De grootste bron van variatie in de risicobeoordeling is geïdentificeerd als de varia-
biliteit in de effectconcentraties. Resultaten van verder onderzoek dat de onzekerheid 
in milieurisicobeoordeling zou moeten terugdringen, kan dus obscuur worden door de 
variabiliteit in de kritische effectconcentraties. Echter, de resultaten van de case studie 
uitgevoerd met de IPRA-SB4N module behelzen geen volledig inzichtelijke risicobeoor-
deling. In plaats daarvan dienen de resultaten te worden geïnterpreteerd in de context 
van modelontwikkeling en niet als een autoritaire risicobeoordeling van nanodeeltjes 
in oppervlaktewater. 

De ontwikkeling van de IPRA-SB4N module voegt meer transparantie toe aan de 
risicobeoordeling van nanodeeltjes, zodat de richting voor verder ecotoxicologisch 
onderzoek duidelijker wordt. De case studie van nano-TiO2 vraagt namelijk om 
verdere verduidelijking hoe de verschillende speciaties van nano-TiO2 in water (vrij, 
geaggregeerd, geattacheerd) ingepast dienen te worden in een vergelijking tussen 
blootstellings- en effectconcentraties. 

De modelstudies die de verspreiding, blootstelling en risico’s van nanodeeltjes in 
het milieu beschrijven, verwijzen vaak naar hetzelfde kleine aantal nanomaterialen 
zoals C60, nano-Ag, -CeO2,-TiO2, en -ZnO. Het is onduidelijk in hoeverre de resultaten 
van deze evaluaties geextrapoleerd kunnen worden van het ene specifieke nanomate-
riaal naar het andere specifieke nanomateriaal. Derhalve, blijven de nieuwe inzichten 
die zijn gekregen in de modelstudies beperkt tot het aantal nanomaterialen die zijn 
onderzocht. 

HOOFDSTUK 6: PHySISCH-CHEMISCHE EIGENSCHAPPEN DIE DE 
vErsPrEiding En BlootstElling vAn nAnodEEltJEs in hEt 
MiliEu AAnsturEn

In Hoofdstuk 6 is op effectieve wijze geëvalueerd hoe de physisch-chemische eigen-
schappen van invloed zijn op de belangrijkste mechanismen die verantwoordelijk zijn 
voor de verspreiding en blootstelling van nanomaterialen in het milieu (depositie, at-
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tachering, filtratie en oplossing). MC simulaties zijn uitgevoerd op de probabilistische 
versie van SB4N die de natuurlijke variabiliteit van het milieusysteem in zich vertegen-
woordigd heeft via de modelparameters die op basis van de data die is verzameld in 
Hoofdstuk 4 zijn voorzien van waarschijnlijkheidsverdeling. In een gevoeligheidsana-
lyse zijn de inputparameters die verwijzen naar de physisch-chemische eigenschappen 
van nanodeeltjes ingevoerd als bandbreedtes die alle typen nanodeeltjes behelzen. 
De invloed van de physisch-chemische eigenschappen van nanodeeltjes op diens ver-
spreiding door het milieu is aangetoond door middel van gevoeligheidsplots waarin de 
snelheidsconstanten en stofstromen van de verspreidingsprocessen worden uitgezet 
tegenover de grootte, dichtheid, attacheringsefficientie met natuurlijke partikels, 
Hamaker constante en oplossnelheid van het nanodeeltje. Deze exercitie is herhaald 
voor milieublootstelling door voorspelde milieuconcentraties uit te zetten tegenover 
dezelfde physisch-chemische eigenschappen. 

Een potentie voor transport over lange afstanden is geïdentificeerd voor alle 
nanodeeltjes die worden geëmitteerd naar de lucht. In hoeverre de nanodeeltjes 
coaguleren met natuurlijke aerosolen is echter een functie van hun grootte. Nano-
deeltjes kleiner dan 10 nm zijn hoe dan ook vatbaar tot coagulatie, terwijl dat voor 
nanodeeltjes die groter zijn dan 10 nm ook afhangt van de grootte van het natuurlijke 
aerosol waarmee het botst. Oplossnelheid en attacheringsefficientie met natuurlijke 
partikels zijn de meest bepalende eigenschappen voor de verspreiding en blootstel-
ling van nanodeeltjes in waterige media, zoals oppervlaktewater en het poriewater 
van bodem of sediment. Hiervoor zijn kritische waarden afgeleid. Er is geen sprake 
van enige invloed bij oplossnelheden lager dan 10-7 s-1 in oppervlaktewater en 10-11 
s-1 in bodem. Echter, voor hogere oplossnelheden worden de totaalconcentraties van 
nanodeeltjes lineair met de oplossnelheid gereduceerd. Attacheringsefficienties heb-
ben weinig invloed op de biobeschikbare en totale concentraties van nanodeeltjes in 
de waterkolom, omdat bij attacheringsefficienties kleiner dan 10-6 de vrije primaire 
nanodeeltjes domineren en bij attacheringsefficienties groter dan 10-6 de nog immer 
beschikbare hetero-aggregaten met natuurlijke colloiden domineren. Nanodeeltjes 
in de bodem kunnen erg persistent zijn. Verblijftijden kunnen langer dan 1000 jaar 
zijn afhankelijk van de oplossnelheid en attacheringsefficientie van het nanodeeltje. 
Echter, de fractie die in deze 1000 jaar accumuleert, is niet de biobeschikbare fractie. 
Dichtheid en grootte zijn bepalend voor blootstelling aan nanodeeltjes in het sedi-
ment, omdat deze eigenschappen ook bepalend zijn voor de snelheid waarmee ze 
neerslaan uit de waterkolom. Voor het sediment zijn twee kritische attacheringsef-
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ficienties afgeleid: nanodeeltjes met een attacheringsefficientie kleiner dan 10-6 zijn in 
staat om het sediment te bereiken in een vrije primaire staat, terwijl nanodeeltjes met 
attacheringsefficientie groter dan 10-4 accumeleren in het sediment door effectieve 
neerslag als gevolg van attachering met snel zinkende, grove natuurlijke partikels in 
de waterkolom.     

De relaties tussen physisch-chemische eigenschappen, verspreiding en blootstelling 
onthullen een dilemma in de prioritering van risicobeoordeling van nanodeeltjes, om-
dat (i) de vrije primaire nanodeeltjes worden beschouwd als de meest toxische, maar 
voor deze species worden lage milieuconcentraties voorspeld, (ii) de meerderheid van 
de nanomaterialen komt voor als hetero-aggregaten die verondersteld worden minder 
toxisch te zijn, maar wel biobeschikbaar, en (iii)  nanomaterialen die geattacheerd zijn 
aan grove partikels zijn erg persistent, maar het is tegelijkertijd onduidelijk of deze 
nanomaterialen in wezen onschadelijk zijn. 

hoofdstuk 7: synthEsE

In Hoofdstuk  7 is verkend wat nodig is om SB4N te implementeren in REACH. Het 
huidige regulatoire raamwerk voor de risicobeoordeling en -management van 
chemicaliën refereert zeer beperkt naar stoffen in een particulaire of nanovorm. Pro-
ducenten, importeurs en gebruikers van nanomaterialen moeten desalniettemin de 
veiligheid van de stof waarborgen. Het volgen van de richtlijnen voor conventionele 
chemicalieën voor stoffen in nanovorm leidt tot ongepaste blootstellingsschattingen 
voor het milieu. De modellen die voorgeschreven worden om de verspreiding van 
chemicaliën te voorspellen moeten daarom aangepast worden om toepasbaar te zijn 
voor blootstellingsschatting van nanomaterialen. SB4N bevat deze aanpassingen. Im-
plementatie van SB4N in REACH is ook haalbaar, maar dat vraagt verdere aanpassing 
in de richtlijnen van REACH in de identificatie van stofeigenschappen, emissieschatting 
en het bepalen van ecotoxiciteit. 
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