
rsc.li/es-nano

ISSN 2051-8153

 Environmental 
 Science
Nano 

PAPER
J. A. J. Meesters et al.
A model sensitivity analysis to determine the most important 
physicochemical properties driving environmental fate and exposure of 
engineered nanoparticles

Volume 6 Number 7 July 2019 Pages 1975–2300



Environmental
Science
Nano

PAPER

Cite this: Environ. Sci.: Nano, 2019,

6, 2049

Received 25th January 2019,
Accepted 14th May 2019

DOI: 10.1039/c9en00117d

rsc.li/es-nano

A model sensitivity analysis to determine the most
important physicochemical properties driving
environmental fate and exposure of engineered
nanoparticles†

J. A. J. Meesters, *ab W. J. G. M. Peijnenburg, bc A. J. Hendriks,a

D. Van de Meenta and J. T. K. Quik b

New insights in the environmental exposure to nanomaterials have been gained from simulations with re-

cently developed multimedia fate models: atmospheric concentrations are relatively low, and sedimenta-

tion in the water column is dominated by aggregation with natural particles, whereas soils and sediments

are identified as environmental sinks. These model simulations however have only been performed for a

limited set of nanomaterials. It is not yet clear to what extent the new insights gained from the limited set

of evaluated nanomaterials generally apply to all nanomaterials. A sensitivity analysis was therefore

performed of the nanomaterial environmental fate model SimpleBox4nano in order to investigate to what

extent its model simulations are driven by the physicochemical properties of a nanomaterial. Sensitivity

plots are drawn to quantify how the nanomaterial physicochemical properties specific weight, diameter,

Hamaker constant, transformation rate constant, and attachment efficiency with natural particles, relate to

(i) simulated key environmental fate processes such as deposition, filtration, and attachment and (ii) pre-

dicted free, bioavailable and total concentrations in air, water, sediment and soil. The critical transformation

rate constant and attachment efficiency, at which these processes become dominant for prediction of the

exposure concentrations are derived. Although exposure modelling is only part of a full environmental risk

assessment of ENPs, they deliver insightful results for further development of ERA approaches by indicating

to what extent ENP physicochemical properties affect predicted environmental exposure.

Introduction

The nanotechnology industry is rapidly developing engineered
nanoparticles (ENPs) that are applied in a great variety of con-
sumer and industrial products.1 Release of ENPs to the envi-

ronment is anticipated in production, use and disposal.2 How-
ever, the environmental fate, bioavailability, bioaccumulation,
toxicity and thus the environmental risk of ENPs require more
knowledge in order to be fully understood,3 which raises con-
cern about unforeseen environmental and (eco)toxicological
consequences.4,5 Any misconception on human and environ-
mental risks may seriously hamper application of nanotechnol-
ogy including promising technologies in energy innovation and
sustainable development.4,6 Hence, the research agenda in
safety assessment of nanomaterials is top priority in govern-
ments, the private sector and industry7–9 in order to fully ex-
ploit the benefits of nanotechnology without compromising hu-
man and environmental health.4,5,8–11
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Environmental significance

A sensitivity analysis with the SimpleBox4nano model is performed to examine what physicochemical properties of nanoparticles are most important in
simulating their environmental fate and exposure, which were found to be the rate at which nanoparticles transform and the efficiency with which
engineered nanoparticles attach to natural particles. The explanations of complex relationships between the modelled environmental exposure
concentrations and these physicochemical properties provide valuable insight in the required accuracy of measurement methods and reveal patterns of
speciation relevant for effect assessment of nanoparticles.
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Environmental exposure estimation of ENPs is an important
component in this research agenda.8,12 Novel multimedia fate
models have been developed to gain more insight in the envi-
ronmental fate of nanomaterials and to predict exposure
concentrations.13–23 A new generation of models, such as
MendNano,13,14 NanoDUFLOW,24 RedNano,25 nanoFate,26

WASP827–30 and SimpleBox4nano (SB4N),15,31,32 are appropriate
for environmental exposure estimation32 and have revealed
some important new insights in environmental fate and expo-
sure of ENPs:33–40 (i) atmospheric concentrations are low due
to effective removal and negligible inflow from water or
soil,2,13–15,32 (ii) hetero-aggregation with natural particles is the
dominant mechanism for settling from the water column to
sediment,41–44 (iii) soils and sediments are environmental
sinks,13–15 (iv) only a small fraction of ENPs emitted to the envi-
ronment will persist in a free pristine state,15–17,45 and (v) high
‘hotspot’ concentrations are predicted in close proximities to
the locations of environmental release.45

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, graphene, carbon nano-
tubes (CNTs) nano-Ag, -CeO2, -TiO2, -ZnO, that are selected for
evaluation because of their relatively high availability of data
compared to other nanomaterials.12–17,19,24,27,28,30,32,44–46 Nano-
materials for which most data are available for performing risk
assessment exercises are also the nanomaterials produced in
the highest volumes.22 Consequently, the priority in environ-
mental risk assessment of nanomaterials is implicitly assigned
to the most produced nanomaterials. Higher production vol-
umes indeed lead to higher exposure estimates,32 but similar
considerations apply to nanomaterials with physicochemical
properties inducing higher bioavailability, long range transport
potential, or persistency.47–50 Hence, the environmental expo-
sure levels are not just related to the highest production vol-
umes. The goal of this study is therefore to investigate the rela-
tionship between physicochemical properties, fate and
exposure, in order to deliver new arguments in priority setting
in environmental risk assessment and management of
nanomaterials.33,51,52

Such an investigation is performed here by means of a
sensitivity analysis of the multimedia fate model
SimpleBox4nano (SB4N). SB4N is developed to simulate envi-
ronmental exposure to nanomaterials at a screening level.15

The SB4N model is beneficial for this exercise because it inte-
grates the key environmental fate processes (deposition, at-
tachment, filtration and transformation) of
nanomaterials53–55 into one matrix. The model algorithms of
these key processes require five different physicochemical
properties or functional assays as input: (i) specific weight,
(ii) size, (iii) Hamaker Constant (iv) transformation rate con-
stant, and (v) attachment efficiencies with natural parti-
cles.32,56 In this study transformation is considered an over-
arching process defined by the transformation to another
chemical or particle form which is no longer considered
within the scope of the exposure assessment. This could for
instance be dissolution, sulfidation or oxidation. Attachment

to other particles is considered a speciation process that
leads to another ENP species still considered within scope of
the exposure assessment. Instead of performing separate ex-
posure estimations for different nanomaterials, we argue that
it is more effective to analyse the model sensitivity towards
these five physicochemical properties. Such a sensitivity anal-
ysis is performed here by expressing simulated environmen-
tal concentrations of nanomaterials in the atmosphere, water,
sediment and soil as a direct function of their physico-
chemical properties. The goal of these sensitivity analyses is
to deliver appropriate simulation data to discuss general pat-
terns and the importance of accurately characterizing the
physicochemical properties of nanomaterials that predomi-
nantly affect the key fate processes of ENPs for the purpose
of environmental exposure estimation and risk assessment.

Methods
Monte Carlo simulations

A sensitivity analysis has been performed by means of a
Monte Carlo (MC) simulation with the software package of
Oracle Crystal Ball57 on the SB4N model.32 These simulations
are performed using the SB4N concept model from Meesters
et al.56 with probabilistic model parameter settings to de-
scribe landscape characteristics of the environmental sys-
tem.31,32 The model solves mass balance equations for a
steady-state situation in all compartments and species
through matrix algebra:15,32,58

m = −A−1e (1)

Here e (kg s−1) is the vector of emission rates of
engineered nanoparticles (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) formation of relevant ENP species due to at-
tachment of ENPs to natural particles, and (iii) transforma-
tion to a different chemical or particle form.15 Although in
the original model concept15 transformation was only consid-
ered in terms of dissolution or underlying chemical reac-
tions, this is not always the case. For instance other transfor-
mation processes, such as biodegradation47 or
photodegradation, are also described by this transformation
rate constant.59 The rate constants for the other processes in-
cluded in the system matrix are calculated with specific
model algorithms ((ESI†) section C).15 These include the envi-
ronmental fate and speciation of ENPs as emitted in a free
and pristine state, as hetero-aggregates with natural colloid
particles (<450 nm60), and as ENPs attached to the surface
of natural coarse particles (>450 nm60).15 Natural variability
of the environmental system is represented in the MC simu-
lations by probability distributions assigned to the model
parameters that define the environmental system (ESI†
chapter E).32

Model input parameters that refer to the physicochemical
properties have been inserted as ranges covering any ENP
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that can be described by a sphere (Table 1). This is based on
the assumption that an equivalent sphere, e.g. using the hy-
drodynamic diameter adequately describes non-spherical par-
ticles, such as CNTs.30

The predicted environmental concentrations (PECs) of the
different ENP species are evaluated in three separate emis-
sion scenarios of 1 t per year emission of pristine (free) ENPs
to (i) water, (ii) soil and (iii) air. Each emission scenario is
simulated in a model run of 10 000 iterations. The MC simu-
lation 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 range of randomly selected
values for the physicochemical properties of ENPs given in
Table 1, (ii) the randomly selected values from the probability
distributions representing the natural variability of the envi-
ronmental system,32 (iii) the calculated rate constants for the
key environmental processes included in matrix A, (iv) the
calculated mass balance of ENPs per compartment and their
speciation (pristine ENP, colloidal or coarse hetero-
agglomerate). PECs are calculated by dividing the steady state
mass with the volume (m3) or dry weight (kg) of the environ-
mental medium. Here, the PECs in air are plotted for the
emission scenario to air only and the PECs in soil are plotted
for the emission scenario to soil only. The PECs in water and
sediment are displayed for the emission scenario to water
only. The influence of physicochemical properties on envi-
ronmental fate and exposure is visualized by plotting the
extracted data.

The bioavailable concentrations are interpreted as the
sum of the concentrations of free ENPs and the ENPs hetero-
aggregated with natural colloids (<0.45 μm),32 because in en-
vironmental risk regulations the bioavailable fraction of a
chemical or metal compound is arbitrary defined as the frac-
tion that “is able to pass through a filter of <0.45 μm”.66 It is
still uncertain whether the arbitrary split of <0.45 μm applies
to nanomaterials.67 ENPs that are attached to coarse particles
are included in the total predicted exposure concentrations
per environmental compartment, since it is uncertain
whether the coarse attached ENPs can be treated as non-
bioavailable and essentially harmless or not.32,67

Explaining model sensitivity

Scatter plots are drawn from the extract data of the MC simu-
lations to express the sensitivity between the physicochemical

properties of ENPs and their PECs simulated with SB4N. In
cases such sensitivity plots only display noise and intercept, it
is interpreted that the PEC is not sensitive to the physico-
chemical property. Linear and more complex relationships
displayed in the sensitivity plots are further analysed by con-
sidering the original mass balance equations simulated in
SB4N. The mass balance (g) of free, bioavailable and total
ENPs are simulated in SB4N with emission volumes (g s−1)
and the calculated rate constants (s−1) for the environmental
fate process responsible for the transport, speciation and re-
moval of ENPs. Since, emission volumes are fixed in the MC
simulations, any sensitivity between PECs and physico-
chemical properties displayed is due to the derived rate con-
stants. Therefore, in order to explain the sensitivity plots that
show linear or more complex relations, it is first determined
what environmental fate processes are dominant. This is done
by determining their respective rate constants available in the
MC extract data, i.e. the environmental fate process with the
highest rate constants represents the dominant processes
(ESI† chapter B). Next, it is addressed how the physico-
chemical properties of ENP are included in SB4N's algorithm
to derive the rate constants for these dominant fate processes.
As such, the sensitivity of PECs to physicochemical properties
is explained with simplified equations that only consider the
dominant fate process. These simplified equations are then
verified by comparing their outcomes against the PECs simu-
lated with SB4N's original matrix algebra (ESI† section C1).

Results and discussion
Sensitivity of predicted environmental concentrations

The results of the sensitivity analyses are quantitatively
expressed in sensitivity plots that display the predicted free,
bioavailable and total concentrations in air, water, sediment
and soil as a function of the ENP's physicochemical proper-
ties diameter, density, transformation rate constant, attach-
ment efficiency with natural particles, and Hamaker constant
with natural particles in water and porous media (ESI† chap-
ter A). The sensitivity of the PECs are summarized as (i) in-
sensitive (scatter plots only display an intercept and noise),
(ii) linear, and (iii) complex functions (Table 2).

Air

The PEC in air of free ENPs is found sensitive to the ENP di-
ameter (Table 2, ESI† Fig. A1). The function plotted between
diameter and the PEC of free ENPs is rather complex as an in-
creasing ENP diameter yields an increase of the PEC itself as
well as the range of the simulated outcomes (ESI† section A).

Free concentration in air. From the extracted data of the
MC simulations it is retrieved that coagulation with fine aero-
sol particles and outflow of air are the dominant fate pro-
cesses removing free ENPs from air (ESI† section B1). The
outflow of air is included in SB4N as an advective transport
process that does not depend on any physicochemical prop-
erty of the ENP, whereas the simulated rate constant for coag-
ulation with fine aerosols is the sum of the rate constants for

Table 1 Physicochemical property ranges for a hypothetical ENP that
covers all types of ENPs

Physicochemical property Range Unit Ref.

Diameter 1–100 nm 61, 62
Transformation rate constant 10−20–10−3 10^log (s−1) 47
Attachment efficiency 10−10–1 10^log (−) 63, 64
Density 900–10 000 kg m−3 a

Hamaker constant 10−21–10−19 10^log (J) 65

a A derived as order of magnitude for solid materials.
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coagulation with nucleation (∼20 nm) and accumulation
(∼116 nm) mode aerosols.15,68

The rate constant for coagulation with accumulation mode
aerosols decreases with ENP diameter, whereas coagulation
with nucleation mode increases with ENP diameter (ESI† sec-
tion B1). Moreover, coagulation with accumulation mode
aerosols is dominant over coagulation with nucleation mode
aerosols for smaller ENPs, whereas the opposite is the case
for larger ENPs (ESI† section B1). The critical ENP diameter
at which nucleation becomes dominant over accumulation is
calculated to be 38 nm by median (95% CI = 21–60 nm).
However, this only partially explains the sensitivity of free
PECs in air towards ENP diameter. The rate at which smaller
free ENPs coagulate with accumulation mode aerosols is also
higher than the sum of all other fate processes removing free
ENPs from the air, but the critical ENP diameter at which
this is no longer the case is calculated to be 34 nm by me-
dian (95% CI = 7–55 nm). As such, the sensitivity of PECs for
free ENPs in air can be explained: small ENPs rapidly coagu-
late with accumulation mode aerosols, but the respective rate
constant decreases with ENP diameter. The PECs of free
ENPs larger than a critical diameter of 34 nm are most
strongly determined by outflow of air and coagulation with
nucleation mode aerosols, which is an atmospheric fate pro-
cess simulated to be more strongly subjected to variability
than coagulation with accumulation mode aerosols (ESI† sec-
tion B1). The PECs of free ENPs are inversely proportional to
the rate constants of the fate processes removing them.
Therefore, PECs of free ENPs in air increase with ENP diame-
ter <34 nm, but for larger ENPs the ranges in the simulated
outcomes increase as well (ESI† Fig. 1; ESI section B1).

Bioavailable and total concentration in air. The fast coagu-
lation with fine aerosol particles also explains why SB4N sim-
ulates the bioavailable concentration to be equal to the total
concentration (ESI† section B1). The model calculates only a

small fraction of ENPs to coagulate with the non-bioavailable
coarse mode aerosols as simulated rate constants for coagula-
tion with fine aerosols are at least a factor 1000 larger.32 As
such, the non-bioavailable fraction of the total concentration
of ENPs is marginal (by median 1.0 × 10−4 and 95 CI = 1.8 ×
10−7–2.5 × 10−3).

Water

The free, bioavailable and total concentrations predicted for
the water compartment are sensitive to the transformation
rate constant of the ENP. Furthermore, the free concentra-
tions are also sensitive to the ENP's attachment efficiency
with natural particles. The sensitivities plotted between the
PECs in water and the transformation rate constant and/or
attachment efficiency are complex functions (Table 2; ESI†
section A).

Free concentration in water. The most important aquatic
fate processes that determine the PEC of free ENPs in water
in SB4N are outflow of water, sedimentation, transformation
and attachment to natural colloidal and coarse particles
(ESI† section B2). Water outflow is simulated as the domi-
nant aquatic fate process that determines the PEC of free
ENPs in water for ENPs with low transformation and attach-
ment rate constants (ESI† Fig. S7). However, there appear to
be critical transformation rate constants and critical attach-
ment efficiencies at which transformation, colloid aggrega-
tion and coarse attachment become dominant over water out-
flow (ESI† Fig. 8). Attachment efficiency is a physicochemical
property of ENPs that is included as a constant in SB4N's al-
gorithm to simulate hetero-aggregation with natural colloids
and attachment to coarse particles, whereas the transforma-
tion rate constant of ENPs is directly inserted as an input pa-
rameter. The critical attachment efficiency at which attach-
ment to natural colloid and coarse particles is the dominant

Table 2 The relation between nanomaterial physicochemical properties and predicted free, bioavailable and total concentrations in air, water and soil
derived from sensitivity plots that show no relation (N), linear relation (L) or a complex relation (C) or whether the property is not included in SB4N to
derive the PEC (−)

Predicted
environmental
concentration

Physicochemical property of nanomaterial

Diameter (nm) Density (kg m−3) Transformation rate constant (s−1) Attachment efficiency (−) Hamaker constant (J)

Air (g m−3)
Free C N N — —
Bioavailable N N N — —
Total N N N — —
Water (g m−3)
Free N N C C —
Bioavailable N N C N —
Total N N C N —
Sediment (g kg−1)
Free L C C C N
Bioavailable L C C N N
Total L N C C N
Soil (g kg−1)
Free L N C C N
Bioavailable L N C C N
Total L N C C N
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aquatic fate process is calculated to be 1.1 × 10−4 by median
(95% CI = 7.5 × 10−5–1.6 × 10−4) for ENPs that do not dissolve.
The critical transformation rate constant at which transfor-
mation is the dominant aquatic fate process is calculated to
be 3.5 × 10−7 by median (95% CI = 1.7 × 10−7–7.4 × 10−7) for
stable ENPs that do no attach to natural particles (α = 0).
However, such critical attachment efficiencies and transfor-
mation rate constants become complementary for ENPs that
are soluble, instable (α > 0) or both (ESI† section C4) which
are analytically derived as:

ktrans(crit.free in water) = α( fENP-colloids + fENP-Coarse) + kset.free + kout.water (2)

and

crit.freein water
trans set.free out.water

ENP-colloids


 k k k

f  fENP-Coarse
(3)

Here, α is the attachment efficiency between ENP and natu-
ral particles, ktrans the transformation rate constant of the ENP,
kset.free the rate constant for settling of free ENPs, kout.water the
rate constant for water outflow, fENP-colloids the collision fre-
quency between ENPs and natural colloids, and fENP-coarse the
collision frequency between ENPs and natural coarse particles.

The complementary impact of transformation and attach-
ment of ENPs to natural particles explains the complex func-
tions displayed in the sensitivity plots for the PECs of free
ENPs in water to transformation rate constant and attach-
ment efficiency (ESI† Fig. 2). The PEC of free ENPs in water
is proportional to the inverse of the sum of the rate constants
for the aquatic fate processes removing free ENPs from the
water column. Attachment to natural particles linearly in-
creases with increasing attachment efficiency (ESI† Fig. 8).
Consequently, the PEC of free ENPs in water linearly de-
creases with increasing attachment efficiencies greater than
the critical attachment efficiency (Table 2; ESI† Fig. 2). The
same principle applies to the sensitivity between the PEC of
free ENPs in water to transformation rate constant (Table 2;
ESI† Fig. 2).

Total concentration in water. The total PEC of ENPs in the
water column is inversely proportional to the sum of the rate
constants derived for the aquatic fate processes removing
ENPs from water, which are transformation, the settling of
free colloid-aggregated and coarse-attached ENPs, and the
outflow of water (Table 2, ESI† section C4). The total PEC of
ENPs in water appears to be sensitive to transformation rate
constant only, for which the respective sensitivity plot dis-
plays a complex function (Table 2; ESI† section A). Transfor-
mation is the dominant process removing ENPs from water if
the respective rate constant is greater than the sum of the
rate constants the other process, which are the outflow of wa-
ter to a continental scale (kout.water) and the gravitational set-
tling of free ENPs and ENPs attached to natural particles to
sediment (

P
kset.total), so that

ktrans(crit.total in water) = kout.water +
P

kset.total (4)

The critical rate at which transformation is dominant
(ktrans(crit.total in water)) is then calculated to be 3.8 × 10−7 by
median (95% CI = 1.7 × 10−7–1.7 × 10−6, see ESI† section
C4).69 As such, the complex sensitivity of total concentrations
in water to transformation rate constant can be explained.
The predicted total concentration in water is linearly propor-
tional to the inverse of the rate constants that are dominant
in removing ENPs from the water column. The predicted total
concentration thus decreases with increasing transformation
rate constants that are greater than the derived critical trans-
formation rate constant (ESI† section A).

Bioavailable concentration in water. The fraction of the
predicted total concentration of ENPs in water that is bio-
available approaches 100%, whereas the non-bioavailable
fraction is marginal (95% CI = 1.7 × 10−9–0.029, see ESI† sec-
tion C4). The predicted bioavailable concentrations are there-
fore (almost) equal to the predicted total concentrations
(ESI† section C4). This can be explained with the underlying
algorithms of SB4N that simulate the collisions between
ENPs with natural colloids to occur more frequent than colli-
sions with coarse particles. Instable ENPs are thus more pr-
one to form a bioavailable hetero-aggregate <0.45 μm
(Fig. 1A), whereas stable ENPs (α < 1.1 × 10−4, i.e. critical at-
tachment efficiency free ENPs) are prone to remain bioavail-
able in their free form. Consequently, the fraction of ENPs
that attach to non-bioavailable coarse particles is marginal at
any attachment efficiency (Fig. 1A). Hence, the bioavailable
concentrations are (almost) equal to the total concentration,
so that the critical transformation rate constant derived for
the total concentration of ENPs in water (Fig. 3) is also suit-
able for the bioavailable concentration.

Sediment

The predicted concentrations of free ENPS in sediment are
found to be sensitive to ENP size, density, transformation
rate constant and attachment efficiency with natural parti-
cles. The bioavailable concentrations are found to be sensi-
tive only to ENP size and transformation rate constant,
whereas the total concentrations are sensitive to ENP size, at-
tachment efficiency, and transformation rate constant
(Table 2; ESI† section A).

Sediment is an environmental compartment for which no
emission is expected.15,32,58,70,71 Instead, ENPs emitted to the
water column settle down in order to reach the sedi-
ments.32,41,42,59,72 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 con-
centrations in the sediment compartment.32 Exposure con-
centrations of ENPs in sediment are therefore more complex
to predict compared to the other environmental
compartments.15,32,41,42,59,72

Free concentration in sediment. The settling of ENPs in
the water column is the only fate process considered from
which free ENPs enter the sediment compartment (Table 2).
The concentration of free ENPs in sediment is proportional

Environmental Science: Nano Paper
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to the settling rate of free ENPs which is included in SB4N as
a function of the Stokes settling velocity. The sensitivity of
the predicted free concentrations towards ENP size and den-
sity is therefore explained by Stokes law that describes free
ENPs that are larger and denser to settle faster:73


 

Strokes
ENP water ENP

water


 2
9

2r g
(5)

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 floating.73 Therefore, the concentrations of free ENPS
in sediment are predicted to be zero if their density is less

than 1000 kg m−3. The proportionality of free concentrations
to the Stokes settling rate also explains the increase with in-
creasing ENP size, as larger ENPs are simulated to settle
faster to the sediment compartment than small ENPs. Since
the predicted bioavailable and total concentration of ENPs in
sediment both comprise a fraction of free ENPs, these con-
centrations are also sensitive to ENP size but to a lesser ex-
tent (ESI† section C5).

The sensitivity of the free concentrations towards the
transformation rate constant and attachment efficiency is
explained by (i) the simulated frequencies for ENPs colliding
with natural colloids and coarse particles in the water col-
umn, (ii) the frequencies of ENPs colliding with colloid parti-
cles and coarse particles in the sediment and (iii) the rate
constants simulated for the other fate processes responsible
for the removal of ENPs in both the water and the sediment
compartment. Both attachment to natural particles and
transformation remove free ENPs in the water column prior
to settling as well as in the sediment compartment after set-
tling (Table 2). The sensitivity of free ENP concentration to-
wards attachment efficiency and transformation rate constant
are therefore complementary to each other (ESI† section C5;
Fig. 3A). Nonetheless, a critical attachment efficiency at
which the predicted free concentration of not-transformable
ENPs (ktrans = 0 s−1) in sediment becomes sensitive to attach-
ment efficiency is calculated to be 6.0 × 10−7 by median (95%
CI = 3.2 × 10−8–4.5 × 10−6). A respective critical transforma-
tion rate constant for stable ENPs (α = 0) is calculated to be
1.1 × 10−8 s−1 by median (95% CI = 1.0 × 10−9–5.5 × 10−8 s−1,
see ESI† section C5). The predicted free concentrations in
sediment decrease with increasing transformation rate con-
stant and attachment efficiency greater than the derived criti-
cal values (Fig. 3A), because both transformation and attach-
ment are fate processes that remove ENPs as free species.

Bioavailable concentration in sediment. The predicted bio-
available concentrations in sediment are sensitive to ENP size
and transformation, but not to attachment efficiency (Table 2
and Fig. 3B). The predicted free concentration is within the def-
initions of SB4N equal to the bioavailable concentration for
ENPs that are stable (α = 0), because the ENPs will not hetero-
aggregate with natural colloids. As such, the critical rate at

Fig. 1 A: Extract sensitivity plot of attachment efficiency vs. the
fractions of the concentrations in water that are free, hetero-
aggregated with natural colloid particles, or attached to natural
suspended coarse particles B: simulated steady state mass flows (g s−1)
of free, hetero-aggregated colloid, and coarse-attached ENPs as a
function of attachment efficiency.

Fig. 2 Simulated (A) free, (B) bioavailable, and (C) total concentrations of ENPs in sediments arranged by attachment efficiency and transformation
rate constant at 1 t per year emission to water.
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which the predicted sediment concentration of free and stable
ENPs become sensitive to transformation (1.1 × 10−8 s−1) also
applies to the bioavailable concentration (Fig. 3B, ESI† section
C5). Moreover, the bioavailable concentration is insensitive to
attachment efficiency, so that this critical transformation rate
constant also applies to instable ENPs (Fig. 3B).

Total concentrations in sediment. The predicted total con-
centrations of ENPs in sediment are sensitive to transforma-
tion rate constant, attachment efficiency and size (Table 2).
The speciation of ENPs in sediment is largely determined in
the water column prior to settling (ESI† section C5). As such,
the sensitivity to attachment efficiency can be explained by
the speciation in the mass flow of ENPs settling from the wa-
ter column to the sediment compartment (Fig. 2B). Free
ENPs settle slower than ENPs hetero-aggregated with natural
colloids or with natural coarse particles. The critical attach-
ment efficiency at which the mass flow of settling free ENPs
is less then ENP attached to natural particles is calculated to
be 9.4 × 10−6 by median (95% CI = 8.8 × 10−10–2.5 × 10−4).
Furthermore, the mass flow of settling ENPs attached to nat-
ural particles does not increase further for attachment effi-
ciencies that are greater than the critical attachment effi-
ciency at which hetero-aggregated ENPs are the dominant
species in the water column that is calculated to be 1.1 × 10−4

(95% CI = 7.5 × 10−5–1.6 × 10−4, see Fig. 1A). The total concen-
tration predicted for the sediment compartment is propor-
tional to the total mass flow of settling ENPs (Fig. 1B), for
which two critical attachment efficiencies are derived.

The predicted total concentration is therefore insensitive to
attachment efficiencies <9.4 × 10−6 and >1.1 × 10−4, but within
this range the predicted concentrations increase with increasing
attachment efficiency (Table 2, Fig. 1B and 2, ESI† section A).

Moreover, with α < 9.4 × 10−6, the total mass flow of ENP
settling to sediment mainly consists of free ENPs that settle
slowly to the sediment compartment (Fig. 2B). The settling
rate of free ENPs is a function of the ENP radius, which ex-
plains the sensitivity of the total concentration to ENP size
(ESI† section A).

The sensitivity plot of the total sediment concentrations in
relation to transformation rate constant displays a complex
function, i.e. the total concentration is insensitive to low
transformation rate constants, but decreases with increasing
high transformation rate constants (Table 2, ESI† section A).
This can be explained by comparing the transformation rate
constant with the rate constants simulated for the other fate
processes removing ENPs in the water column and sediment,
such as burial and water outflow (Table 2). Transformation
reduces the predicted concentration in sediment more than
the combined reduction of the other fate processes if it pro-
ceeds faster than a critical rate (ESI† section C5). Such a criti-
cal transformation rate constant is derived to be by median
1.1 × 10−8 s−1 (95% CI = 1.6 × 10−9–4.1 × 10−8 s−1). The total
concentration of ENPs is insensitive to transformation rate
constants lower than this critical rate, but decreases with in-
creasing transformation rate constants higher than this criti-
cal rate (ESI† section A, Fig. 2C).

Soil

The predicted free and total concentrations in soil are sensi-
tive to the ENP's size, attachment efficiency with natural par-
ticles and transformation rate constant, whereas the bioavail-
able concentrations are found to be only sensitive to
attachment efficiency and transformation rate constant
(Table 2: ESI† section A). The total concentration is explained
by the fraction of ENPs that attach to soil grains and their re-
moval by transformation and erosion. Once attached to a soil
grain, erosion is the only fate process that transports the
ENPs out of the soil.15 Such removal by erosion takes place
within timescales of more than centuries, so that even at ex-
treme low rates, transformation is the dominant removal
mechanism for ENPs attached to soil grains.32 A critical at-
tachment efficiency at which the fraction of ENPs that is at-
tached to soil grains is dominant, is derived to be 1.0 × 10−6

by median (95% CI = 4.4 × 10−8–1.6 × 10−5, see ESI† section
C6). Consequently, the predicted total concentrations no

Fig. 3 The complex relationships between predicted environmental concentrations (PECs) and (A) transformation rate constants and (B)
attachment efficiencies explained with critical ranges at which PECs become sensitive.
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longer increase with attachment efficiencies higher than this
critical attachment efficiency (ESI† section A). The critical
transformation rate constant at which the concentration of
ENPs attached to soil grains becomes sensitive to transforma-
tion is derived to be 4.1 × 10−12 s−1 (95% CI = 7.2 × 10−13–3.0
× 10−11 s−1). ENPs that are poorly transformable (ktrans < 4.1 ×
10−12 s−1) and effectively filtered by soil grains (α > 1.0 ×
10−6) are simulated to accumulate in soil so that the total
concentrations of ENPs increase over time. Free ENPs and
ENPs hetero-aggregated with natural colloids are simulated
in SB4N to be less accumulative in soil as they are also sub-
ject to the more effective transport processes which remove
ENPs from soil via run-off to surface waters and leaching to
the deeper ground water layers.15 Moreover, filtration is sim-
ulated to be dominant over hetero-aggregation with the natu-
ral colloids in soil pore water (ESI† section B3). Instable ENPs
are as such more prone to accumulate by attaching to non-
bioavailable soil grains than to attach to the bioavailable nat-
ural colloids in pore water. As such, the predicted concentra-
tions of free and bioavailable ENPs in soil decrease with in-
creasing attachment efficiency (Table 2; ESI† chapter A).
However, the filtration frequency decreases weakly with ENP
diameter (ESI† section C6), which explains why larger ENPs
are simulated to be more bioavailable in soil.

Transformation rate constant and
attachment efficiency most important

The predicted concentrations in water, sediment, and soil are
found to be most sensitive to the transformation rate con-
stant and attachment efficiency (Table 2). Moreover, the sen-
sitivities to the transformation rate constant and attachment
efficiency are complementary in the prediction of free ENPs
in water, sediment and soil, as well as the predicted total
concentration of ENPs in soil and sediment.

However, both the transformation rate constant and at-
tachment efficiency are actually functional assays of the ENP
that are difficult to characterize.47,53 For instance metal ENPs
transformation rate constants for dissolution depend on the
surface chemistry of the ENP as affected by the environmen-
tal medium,47,59 whereas attachment efficiencies depend on
the environmental medium and the size, shape and surface
of both the ENP and the natural particle it collides with.63

The complexity of ENP transformation and attachment be-
haviour in environmental media is often dealt with by
treating these processes as being uncertain and considering
the worst-case outcome in predicted exposure.28–30,32,44,47

Nonetheless, it seems that this is an acceptable approach,
because variations in predicted environmental exposure as a
consequence of uncertain transformation rate constants or
attachment efficiencies can be foreseen with sensitivity analy-
ses that indicate what would be the most conservative PEC.
Moreover, such uncertainty does not influence predicted en-
vironmental exposure at all if the ranges of the uncertainty in
transformation rate constants or attachment efficiencies fall
below the critical values at which PECs are no longer sensi-

tive to these physicochemical properties (Fig. 3). The concept
of critical transformation rate constants explains the uncer-
tainties in modelled concentrations of poorly and highly solu-
ble metallic ENPs, i.e. the dissolution rate of highly soluble
ENPs is identified as a significant source of uncertainty in
predicted environmental exposure, but this is not the case for
poorly soluble ENPs.13,32,74,75 In addition, the concept of criti-
cal attachment efficiencies explains model simulations of sta-
ble carbonaceous ENPs that reside in the water column as a
free species,27,30 i.e. the attachment efficiencies between nat-
ural particles and reduced graphene oxide (2 × 10−7)27 and
multiwalled CNTs (0.79 × 10−6–1.83 × 10−6)30 are measured to
be below critical ones, so that the free species are simulated
to account for more than 95–99% of the total ENP mass.27,30

As such, the concept of critical attachment efficiencies and
transformation rate constants can be used for a necessary
simplification of the environmental exposure estimation of
nanomaterials.74

Implications for risk assessment of
nanomaterials

The direct relationships between the physicochemical proper-
ties of ENPs and their predicted environmental exposure em-
phasize the need to include nano-specific fate modelling in en-
vironmental exposure and risk assessment (ERA).32,76,77 Fate
modelling is however only part of the information required to
fulfil regulatory requirements in the overall approach to ERA,74

as e.g. set under REACH.78,79 Other aspects include guidance
on and standardised methods for deriving the required physi-
cochemical properties and the environmental release categories
for estimating the emission to air, soil and water compart-
ments.80,81 This type of information is needed before a fate
model can be applied to estimate the PEC as part of exposure
assessment.80 The indicated critical transformation rate con-
stants and attachment efficiencies (Fig. 3) provide valuable in-
sight in the required accuracy of measurement methods such
as for measuring the transformation rate constant and attach-
ment efficiency or dispersion stability.39,74,82 For ENPs with
transformation rate constants above the here identified critical
transformation rate constant, a dominant mass fraction (>0.5)
of the emitted ENPs will eventually dissolve species once a
steady state is reached.49,69 The need for further testing on
ENPs could then be restricted at the screening level stage to fo-
cus on the transformation product (e.g. dissolved form) instead
of the ENP form. Here depending on the time required to reach
steady state in an environmental compartment, the critical
transformation rate constant ranges between 7.2 × 10−13–1.7 ×
10−6 s−1 (Fig. 3). This means for instance that ENPs in water
with a transformation rate constant above 1.7 × 10−6 s−1 are
expected to be primarily in the transformed form. The need for
further ecotoxicity testing of the ENP form can be reduced in
cases at which both the predicted environmental exposure to
the transformed form outweighs the exposure to the ENP form
and the predicted no effect threshold of the transformed form
is lower than that of the ENP form. Similarly, the critical
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attachment efficiencies provide insight in the species of ENP
that is expected to be present in the different environmental
compartments and thus is relevant to assess with regards to po-
tential effects, the free or hetero-agglomerated ENP species.
ENPs with attachment efficiencies below the critical attach-
ment efficiency are expected to be present in the free ENP spe-
cies. Due to variations in the composition of environmental
media, the critical attachment efficiencies range between 8.8 ×
10−10–2.5 × 10−4. Attachment efficiencies below 7.5 × 10−5 will
for instance in water result in ENPs being present primarily as
the free, non-agglomerated, species.27 For ENPs with attach-
ment efficiencies between 7.5 × 10−5 and 1.6 × 10−4 the pres-
ence in a free state depends on various other variables, but at
attachment efficiencies higher than 1.6 × 10−4 ENPs are again
expected to be primarily present as the aggregated or attached
species. For the sediment and soil compartment, the critical
transformation rate constant and attachment efficiency are
much lower because the time to reach steady state in these
compartments is longer due to longer residence times. This
means that transformations have a longer time to reach equi-
librium. In applying such cut-offs with the aim of driving fur-
ther testing in ERA, this aspect of time needs to be taken into
account, e.g. by setting a limit to the equilibration time rele-
vant for ERA. Eventually the PEC is compared to a predicted
ecotoxicological effect threshold concentration to characterise
the risk. This also means that such a threshold concentration
should include the relevant ENP species, which in turn means
that testing conditions need to be such that the relevant ENP
species is taken into account in the effect assessment.74 When
other ENP species are relevant to include in the ERA, other
than free and heteroagglomerated ENPs, the analysis should
be extended to include those new species and derive the criti-
cal reaction rate constants for the new speciation processes,
e.g. for phototransformation of graphene oxide to reduced
graphene oxide.27

Nonetheless, the sensitivity analysis performed on SB4N
reveals a complex dilemma of which ENP species to priori-
tize in environmental risk assessment, since (i) ecotoxicity
tests are designed for free ENPs but predicted environmen-
tal concentrations of free ENPs can be low compared to
other species, (ii) ENPs hetero-aggregated with natural col-
loids can comprise a major fraction in the environment
that may be bioavailable, but limited ecotoxicity testing
data are available for these ENP species,77 and (iii) the
coarse-attached ENPs are simulated to be most persistent
but it is unclear whether they can be treated as inert and
least harmful. However, novel insights that generally apply
to all ENPs are also gained from the sensitivity analysis
are helpful in solving the dilemma: (i) critical attachment
efficiencies indicate at which cut-off limit ENPs persist as
free pristine particles, (ii) large fractions of bioavailable
ENPs are specifically predicted to be present upon emis-
sion to the atmosphere and the water column, and (iii)
the persistence of ENPs in soil can be expressed as a sim-
ple function of transformation rate constant and attach-
ment efficiency.

Conclusions

Setting priorities in environmental risk assessment of ENPs
by accounting for the physicochemical properties that yield
the highest environmental exposure estimates is not yet
straight-forward. A considerable effort in reducing the com-
plexity is already included in screening level multimedia fate
models such as SB4N by accounting for ENP speciation pat-
terns, emissions and transport to multiple compartments.
Transformation rate constants and attachment efficiencies
are the most important properties driving the simulated envi-
ronmental fate and exposure, but these are also the proper-
ties that are most complex to characterize.47 As such, the
model sensitivity analyses performed on SB4N emphasizes
the relevance of developing testing guidelines for ENP trans-
formation and attachment behaviour in environmental
media.39,74,82

Tools for predicting environmental exposure concentra-
tions for risk assessment are readily available, however a full
ERA of ENPs remains a complex exercise for now, but envi-
ronmental fate and speciation modelling deliver insightful re-
sults for further development of ERA approaches.
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