This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

©

ACS AuthorChoice

pubs.acs.org/est

st

Dynamic Probabilistic Modeling of Environmental Emissions of
Engineered Nanomaterials

Tian Yin Sun,"*!' Nikolaus A. Bornhoft,””® Konrad Hungerbiihler,;t and Bernd Nowack*"

"Empa — Swiss Federal Laboratories for Materials Science and Technology, Technology and Society Laboratory, Lerchenfeldstrasse 5,
CH-9014 St. Gallen, Switzerland
*Institute for Chemical and Bioengineering, ETH Ziirich, CH-8093 Ziirich, Switzerland

§Department of Informatics, University of Zurich, Binzmiihlestrasse 14, 8050 Zurich, Switzerland

© Supporting Information

Production Applications Release Environment

ABSTRACT: The need for an environmental risk assessment for

ENM

production

engineered nanomaterials (ENM) necessitates the knowledge N

about their environmental concentrations. Despite significant

advances in analytical methods, it is still not possible to measure

the concentrations of ENM in natural systems. Material flow and Z

environmental fate models have been used to provide predicted D

environmental concentrations. However, almost all current models AN

are static and consider neither the rapid development of ENM :

production nor the fact that many ENM are entering an in-use - >
stock and are released with a lag phase. Here we use dynamic 2 -
probabilistic material flow modeling to predict the flows of four a
ENM (nano-TiO, nano-ZnO, nano-Ag and CNT) to the g
environment and to quantify their amounts in (temporary) sinks
such as the in-use stock and (“final”) environmental sinks such as soil and sediment. Caused by the increase in production, the
concentrations of all ENM in all compartments are increasing. Nano-TiO, had far higher concentrations than the other three
ENM. Sediment showed in our worst-case scenario concentrations ranging from 6.7 ug/kg (CNT) to about 40 000 g/kg (nano-
TiO,). In most cases the concentrations in waste incineration residues are at the “mg/kg” level. The flows to the environment
that we provide will constitute the most accurate and reliable input of masses for environmental fate models which are using
process-based descriptions of the fate and behavior of ENM in natural systems and rely on accurate mass input parameters.

B INTRODUCTION

Concerns about the potential environmental risks induced by

the exposure to engineered nanomaterials (ENM) are growing.
An environmental risk by ENM might occur when the exposure

However, all the material flow models published so far are
static and do not consider time-dependent processes with
respect to the use and release of ENM. The current models
consider only the input by production, manufacturing and

to these materials exceeds an ecotoxicological limit concen-
tration in environment.' Therefore, knowing the current levels
of ENM in environment is a fundamental step to assess the
environmental risk of these materials. To date, the
quantification of ENM in environmental samples, especially
in solid samples such as soil and sediment, is still not
possible.”® On the one hand, ENM are in most cases not
directly detectable by analytic methods due to their very low
concentration; on the other hand, even if detected, there are
still major difficulties to differentiate the naturally occurring
nanomaterials from the ENM." In order to perform a proactive
environmental risk analysis, currently the only way to obtain
information on existing levels of ENM in the environment is to
model predicted environmental concentrations (PEC).>’

Several modeling studies have presented quantitative estima-
2,6-12

consumption (PMC) into the system that occurs in one year
and subsequently distribute the mass over the entire system in
the same year. The models also assume that all ENM produced
are released to waste streams and environmental compartments
in the same year in which they enter the system and no in-use
stocks are considered. With these two oversimplifications of the
true situation, the static models do not represent the actual
ENM flows to environmental compartments under conditions
where a rapid increase in production of ENM is taking place'
and when they are entering in-use stocks. Moreover, the static
models cannot predict concentrations in environmental sinks,
such as soil or sediment, because these compartments
accumulate inputs over many years.
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Figure 1. Schematic of the probabilistic dynamic material flow model for ENM. It consists of two modules, the “Release Module” and the
“Distribution Module”. The “Release Module” focuses on dynamic system behavior, describing both the input dynamics and the release dynamics.
The “Distribution Module” describes ENM distributions within and between technical and environmental systems after they are released out of the
use phase. PC: Product Category; Technical systems: landfills, sewage treatment plants, waste incineration, recycling, and export; Environment: air,
soil (natural and urban soil and sewage sludge treated soil), surface water, sediment; Stock indicates the mass stocked for both “Use release” and
“EoL release” which are further explained in the following section “Release dynamics”.

First attempts in considering accumulation in environmental
sinks have been made by Gottschalk et al.” who used a very
simplistic model to scale the input in different years to calculate
final concentrations in soil and sediment. Sun et al. made a
spatiotemporal prediction of mass-flows and concentrations for
five ENM in biosolids amended soil in South Australia over a
period between 2005 and 2012.'° However, both studies only
considered one aspect of the dynamic nature of the system, the
periodic production inputs into the system. The delayed ENM
release from in-use stock was not covered at all so far.

A more realistic prediction of ENM flows to the environment
therefore requires a dynamic material-flow analysis model
(MFA). Unlike the static models, the dynamic MFA takes a
reasonable time frame as the temporal system boundary and
tracks the flows over many years; it also no longer needs the
simplified assumption that all ENM are immediately released
from all applications when they are produced. Dynamic MFA is
a well-established modeling technique. Miiller et al.'”
performed a review on dynamic material flow modeling
methods and studied whether and how uncertainty is treated
by these methods. More than half of the methods covered by
this review did not consider uncertainty at all; while there are
some that use sensitivity analysis (37%), Gaussian error
propagation (6%), or parameter ranges (5%), but none
supports a full uncertainty representation with probability.
The probabilistic dynamic MFA (DP-MFA) method developed
by Bornhoft et al.'® fills this knowledge gap. This model treats
all the uncertainty with probabilistic approaches. It constitutes
the fundamental platform based on which the dynamic
materials flow model of ENM is built.

The aim of this work was to build a customized dynamic
probabilistic material flow model (DP-MFA) based on the
method recently developed by Bornhdft et al.'® This new
model predicts the former, current and future mass-flows of
four ENM - nano-TiO,, nano-ZnO, nano-Ag, and CNT - to
technical and environmental compartments and the resulting
concentrations in these compartments over time.
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B MATERIALS AND METHODS

General Principle. The new DP-MFA model for the four
ENM is distinguished from all previous static models by the
following two aspects: (1) time scope consideration of a period
rather than a single year; (2) time dependent ENM release
from products over the life-cycle of the products rather than
simply assuming complete ENM release from products in one
year when they are produced. We call the first point input
dynamics in the context of this study, and the latter release
dynamics. The input dynamics describe the annual production
of ENM as inflows into the system within a given period. The
release dynamics describe the time-dependent ENM release
kinetics from a specific product category over the entire life-
cycle.

Following a life-cycle concept, the model tracks the ENM
mass-flows from ENM production to incorporation into the
commercial products and finally from the products to technical
and environmental compartments during/after their use and
disposal."”” Probabilistic methods are employed for all the
parameters used in the modeling processes to address the
inherent uncertainty in the raw data used.”® This means data
from varied sources, with inherently different reliability, are
combined into an appropriate probability density distribution.
The input data for the model are the annual production
amounts of ENM in the EU, the estimated shares of ENM
applied onto product categories, the process-based transfer
coefficients within and among the technical systems and the
transfer coefficients between environmental compartments. All
these parameters are treated as appropriate probability
distributions depending on the data available. For each of the
parameters, 100 000 random iterations are made to represent
the comprehensive picture of the probability density distribu-
tion as described in a previous study.”’

The scheme of the DP-MFA is shown in Figure 1. It consists
of two modules: the “Release Module” and the “Distribution
Module”. The “Release Module” addresses the input and
release dynamics. It describes the annual ENM production/
consumption entering the system, the estimated share onto
product categories, the flows from product categories by
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dynamics. For ENM contained in a product category, the first step @ is the

allocation of total produced ENM to different products. The second step @ is the division of the total ENM-content between the “Use release” and
“EoL release”. The ENM contained in a product category allocated to “Use release” is the fraction supposed to be released during its use phase; the
part allocated to “EoL release” is the fraction supposed to be remaining in the product and be released once the products come to their end of life.

The third step @ is the definition of the duration of the “Use release”

and the “EoL release” as well as the release schedule; in other words in how

many years the release events take place for one product category and how much of the fraction is released each year. The “EoL release” depends on
the lifetime distributions of each product category; here normal distributions are assumed. The fourth step @ is the allocation of the released ENM

from the scheduled “Use release” and “EoL release” to technical and

environmental compartments. TC: Transfer Coefficient; EoL: End of Life.

immediate release or into in-use stocks and finally the release
from in-use stocks. The total annual release of ENM is then
transferred to the compartments of the “Distribution Module”.
The “Distribution Module” is built upon the previous static
model,"" which describes the ENM transfers within and
between technical and environmental compartments. The
transfer coefficients for the “Distribution Module” summarized
from Sun (2014)"" are listed in the Supporting Information
(SI) Table SS.

System Boundary. The geographical focus of this study is
the European Union (EU) due to the abundant information
available. But modeling for other regions can be easily
expanded once data needed are provided. The technical
compartments included in this study are landfills, sewage
treatment plants (STP), waste incineration plants (WIP),
recycling and export. The environmental compartments
considered are atmosphere, natural and urban soil, sewage
sludge treated soil, surface waters, and sediment. Among these
compartments, landfills, soil, and sediment are defined as sink
compartments. From sink compartments no downstream flows
are modeled. A study by Caballero et al>' was included
providing an explicit description of ENM fate during and after
recycling processes.

In this study we track the mass of the initial ENM.
Transformed ENM (in our definition particles which lose their
nano features ie. by incineration, dissolution, or chemical
reactions) will be viewed as loss of the ENM and flow to a
virtual compartment called “Elimination”.

Input Dynamics. We considered in our model a time frame
from 1990 to 2020. Explanations of the definition of the time
frame are given in the SI. The estimation of production of
ENM over time is made by multiplying the base year

production (2012) with retrospective and prospective scaling
factors. The production of the four ENM in 2012 is based on
the probability distributions provided by Sun et al.'' updated
with newly available data. SI Table S1 shows the raw data used
for building the probability distribution of the ENM production
in 2012. The scaling factors for each individual year are based
on ENM market projections, nanotechnology Patent analysis,
and direct information on ENM production.”” We use the
assumption that the development of ENM production is
proportional to nanotechnology development with respects to,
for example, patents registrations, funding, etc. A summary of
all the data used for estimating probability distributions of the
scaling factors are summarized in SI Table S2. The probability
distribution of ENM production in 2012 and the probability
distributions of scaling factors are multiplied to obtain the
probability distribution of ENM production for the period from
1990 to 2020. Production data in 2012 are used as the reference
because they are available in Sun et al."'

For nano-Ag, an additional estimation of the production
development for a period from 1900 to 2020 has been made.
This longer time period is founded in the historic azpplications
of “silver colloids” that are in fact nano-Ag.*” Detailed
information on how this was done can be found in the SL

Release Dynamics. “Release” in our definition refers to
ENM that leave the production, manufacturing, and con-
sumption phase and are transferred to technical or environ-
mental compartments. The total ENM production is assigned
to different nanoenabled product categories in shares based on
the information provided by a previous study."" This allocation
of ENM to product categories is assumed to remain constant
over the time considered in this study. Figure 2 shows the
scheme of how time dependent ENM release from products is
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Table 1. Summary of Parameters for the Release Dynamics Used in the Model for Nano-Ag; the Respective Information for
Nano-TiO,, Nano-ZnO and CNT Is Provided in SI Table S6”

(1] (2] (3] (4] (3] (4]
Priority nano-Ag Use Use release schedule A‘Ill::‘:';;::ef,if’ di’s-’tfr‘:lt)mienn Allocation after Eol release
(share of the adute drelez_se 0 )
total nano-A; luration . o
app,icaﬁm)(ag) categories) lyeirs) v1 v2 | v v "“',’::: Air S;’::’::' soil | 1% sm’::;:i‘;:v';::io" Landfill | WIP | Recycling | Export
38.1% s Electronics | 5w 8 1/89 1.00 0.70% mean=8; 30=8'/ 0099 | 0069 | 065" | 0.2¢
25.1% Textiles | 0.60" qy 0.7™ 0.2 [ 0a™ | 0.80 | 0.20 0.40" mean=3; 30=2" 0317 | 007" | 028" | 0.34"
10.2% Cosmetics | 0.95” Z 0.9% 019 | 0.90 0.10 0.05” ¥1=0.90, Y2=0.107 0357 | 025® | 040"
6.6% Foods | 0.907 1@ 1.09 1.00 0.10" Y1=1.07 0.6" 0.4
6.0% Cleaning agents | 0.95" 1@ 1.07 1.00 0.05” ¥1=1.0" 035 [ 025 | 040"
3.6% Medtech | 0.05 F 1.07 1.00 0.95” Y1=1.07 @
3.3% Plastics | 0.80” 87 1/87 1.00 0.207 mean=8; 30=5" 0359 | 025" | 0.40"
3.0% Paints | 0.35" 7 09" ] 0.1%(1/6) 050 | 0.25 025 | 0.65" mean=80; 36=20" 037 0.7
2.4% Metals | 0.05” 207 1/209 1.00 0.95” mean=20; 30=5" 0.03¥ [ 0029 [ 0957
0.6% Glass & Ceramics | 0.35" 109 09" ] 0.1*(1/9)™ 1.00 0.65" mean=10; 30=5" 020" | 010" | 077
0.6% Soil remediation | 0.98% i 1.09 1.00 | 0.029 Y1=1.07 0.69 0.49
0.3% Filter | 0.307 B 1/89 0.80 [ 0.20 0.70° mean=8; 30=8"" 0.09” [ 006 | 065" [ 0.2
0.2% Diapers | 0.059 170 0" | 1.00 0.95 ¥1=1.09 i
0.1% paper | 09 1.007 mean=5; 30=4° 0077 | 0039 | 079 0.2%

“Sun et al. 2014."" "Revised based on Sun et al. 2014."" “SSWICO report.”* “Expert opinion. “Bakas et al. 2011.”’/Kiddee et al. 2013.*° €EEA 2012.>'
"Pers. com, P. Limpiteeprakan. Webpage.** /FOE 2013. FEEA Web site.* lKaegi et al. 2010.>° ATD Home inspection.”® "Hischier et al. 2015.>’
°EEA 2009.% PGlass International.>* 9ERPC.*® "Columns @, ®, ® and @ correspond to the four allocation steps shown in Figure 2. The column
“Priority” or @ is based on the share of nano-Ag applied in the different product categories. Values of X in the column “Use release” in step @
indicate the fraction of nano-Ag contained in a product released during the use phase; values of 1-X in the column “EoL release” indicate the fraction
of nano-Ag released at the product’s end of life (EoL). “Use release duration” in step ® means the estimated number of years during which release
takes place; “Use release schedule” in step ® describes during the use phase how much nano-Ag is released from a product each year; in step @ the
lifetimes of the products categories are assumed to be normally distributed. Average lifetime and standard deviations are either based on literature if
available or estimated based on expert judgment; 3 ¢ is used to show the whole span of the lifetime. “Allocation after use release” and “Allocation
after EoL release” in step @ contains information about the transfer coeflicients defining the nano-Ag allocation to different compartments after

release; Note: Yn = year n, e.g, Y1 = year 1.

expressed in the model. It proceeds in four steps: allocation of
total ENM to different products @, separation of ENM
allocated to one product category into the “Use release” and
“End of Life (EoL) release” @, scheduling of “Use and EoL
release” @, allocation of ENM to technical and/or environ-
mental compartment after “Use release” and “EoL release” @.
Scheduling in this context indicates the allocation of ENM mass
released over the time.

Table 1 depicts the dynamic release parameters for nano-Ag
as an example. The respective data for the other ENM are given
in the SI. This table demonstrates the allocation of nano-Ag
shares to different products, the division of the release between
“Use release” and “EoL release”, the release schedule over time
and the allocation to different compartments after release. As
Table 1 shows, important products categories such as
“Electronics and Appliances”, “Medtech”, and “Paints” have
the major part of nano-Ag remaining in the product and it is
released when it reaches the end of life. In contrast, product
categories like “Textiles”, “Cosmetics”, “Foods”, “Cleaning
agents”, and “Plastics” have their nano-Ag component released
mainly during the use phase.

Product life times are often independent of the ENM
application, therefore they are either well-known or can be
easily estimated. The release kinetics of ENM is specific to
which ENM is applied to and how the material is bound to a
product. This information is based preferably on experimental
data when it is available or estimated on the basis of expert
judgment. The use of realistic data compared to worst-case
assumptions’ ' >** ensures a realistic modeling effort.

The product categories “Electronics & Appliances”,
“Plastics”, “Paints”, “Metals”, and “Filters” have lifetimes
normally longer than 5 years. With 20 years of use release,
“Metals” is the product category with the longest use release.
“Electronics and Appliances”, the most important product
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category for nano-Ag, has an average lifetime of 8 years.”* Fast
release is found in nondurable product categories for instance
“Cosmetics”, “Foods”, “Cleaning agents”, and “Medtech”. For
these, we have estimated general use release durations of 1-2
years. Experimental studies indicated that the majority of nano-
Ag release takes place in the early stage of their lifetime.”*>°
Therefore, in the Use release schedule release is mostly
allocated to the first year. Most nano-Ag released during use
release end up in wastewater, which was evaluated on the basis
of a previous study.''

In our approach, the “EoL release schedule” of ENM for a
product category is represented by its lifetime distribution, i.e.
the time it takes until the products are discarded. The longest
EoL release is estimated for “Paints”. Although “Paints” have an
average use release duration of 8 years, the EoL release duration
is in average 80 years, governed by the lifetime of the buildings
on which they are applied to.””””* Majority of the release in the
first year of use is assumed for product categories with fast use
release, such as “Foods”, “Cleaning agents” and “Medtech”.
Distribution of nano-Ag to landfill, WIP, recycling and export
after EoL releases are made according to solids waste
management statistics in the EU for general solid waste”” and
specific waste.’""%°

Calculation of Concentrations. Concentrations are
calculated by using standard volumes of environmental
compartments (based on the REACH guidance36). There are
either flow-through compartments (e.g, water, air) without
accumulation and sinks (e.g,, soil, sediment) with accumulation.
Additionally, for air and surface water, a retention time of 10
(Anastasio and Martin, 2001°”) and 40 (ECB, 2003*°) days
were used, therefore 10/365 and 40/365 of the yearly input
flows into these compartments were considered as the fraction
of ENM remaining in the two compartments. The value for air
is not particle specific but represents an average residence time

DOI: 10.1021/acs.est.5b05828
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Figure 3. Mass-flows and stocks of the dynamic modeling of (a) nano-TiO,, (b) nano-ZnO, (c) nano-Ag, and (d) CNT in the EU for the year 2014
in ton/year (for flows) and ton (for stocks). The nano-Ag flowchart displays the 1990—2020 scenario. The values for flow quantities are mean values
from the respective probability distributions and are rounded to three significant digits. The thickness of the arrows reflects the quantities of flows;
the blue/black squares in some compartments represent stocks in these compartments, for example, in-use stock, landfill, soil, and sediment. Values
in these stocks are given to represent the current status of ENM accumulation in 2014. Colors of flow arrows are used only differentiating flows. The
dynamic component, the “Release Module”, is highlighted with the red dashed circle. The dashed lines from “Surface water” to “Sediment” or leaving
the system indicate two worst case scenarios: (A) full sedimentation and (B) no sedimentation, where ENM are fully stable in water and are carried
by water out of the system boundary. PCNE: “Product Categories Not Evaluated” in the recycling compartment refers to materials in processes not
covered by Caballero-Guzman (2015), which forms the basis of the recycling processes modeled; NU Soil: natural and urban soil. ST Soil: Sludge
treated soil, for values of ENM annual inflows and accumulations to/in ST soil, only the amount carried by sludge is accounted here. Pavements:
where waste is used as road pavements, is modeled here as a separately from recycling, because the data for this is directly available.

of particles smaller than 100 nm in air. Over the time scale of
the modeling (1 year) in principle all particles settle out of the
atmosphere. This value is therefore not a very critical one in our
model and using an average value is therefore reasonable. A
summary of the volumes of the compartments is given in SI
Table S7.

B RESULTS AND DISCUSSION

Mass-Flows of the Four ENM. Flows of the four ENM
from production and use to release into all compartments were
modeled by combining the modeled production volumes,
shares of ENM applied in products and transfer factors between

4705

all the compartments for the year 2014, incorporating the
dynamics of the system from 1990 to 2014, as shown in Figure
3. The mean total productions of nano-TiO,, nano-ZnO, CNT,
and nano-Ag estimated for EU in 2014 were 39 000, 7300, 730,
and 50 tons, respectively. Depending on the products applying
these materials, different shares of amounts currently produced
are entering into in-use stock or are released into technical and
environmental compartments. For nano-TiO,, nano-ZnO and
nano-Ag, about half of the year’s total input into the system
enters the in-use stock and the rest is directly released during
the same year. With respect to CNT, less than 1% (1 out of 730
tons) is directly released and nearly 100% is allocated to the in-

DOI: 10.1021/acs.est.5b05828
Environ. Sci. Technol. 2016, 50, 4701—4711
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Figure 4. Modeled mean (dotted lines) and 15% and 85% quantiles (colored bands) evolution of concentrations of a) nano-TiO,, b) nano-ZnO, c)
nano-Ag and d) CNT in the EU from 1990 to 2020 (for nano-Ag an additional scenario from 1900 to 2020 is provided in SI Figure S2).
Concentration values shown here are the mean and quantile values taken from probability distributions and are shown on a log scale. Concentrations
are predicted for eight technical and environmental compartments: solid waste delivered to landfill, solid waste delivered to waste incineration, STP
sludge, STP effluent, STP sludge treated soil, surface water, sediment, and air. No information on STP sludge and effluent is given for nano-ZnO
because after STP processes no primary nano-ZnO survives as indicated in an earlier study.16 LF = Landfill, WIP = waste incineration plant, STP=
sewer treat plant, Soil = STP sludge treated soil. *Unit for STP effluent and Surface water is mg/L, and unit for Air is mg/ m3.

use stock. The amount in the in-use stock up to 2014 for nano-
TiO,, nano-ZnO and nano-Ag is in general around two times of
their input in 2014; for CNT it is four times because the
majority is stocked. Releases from in-use stock together with
the immediate release from 2014’s input constitute the total
release in 2014. Compared to the immediate release, the release
from stocks (previous year’s input into the system) is in most
cases much smaller, being about 15—30% of the total annual
release. The one exception are CNT, for which more than 99%
of the annual release in 2014 is coming from in-use stock, again
showing their particular application in polymer nanocomposites
which result in little immediate release.

This importance of releases from in-use stocks justifies the
need for a dynamic modeling of ENM. Because flows into a
certain product category are split into stocked and released
amounts, it is not possible to compare the new results to those
of static models such as from Sun (2014) or Keller
(2014).'%'"** In these models the production in one year
was completely distributed to the environment, an assumption
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that our dynamic modeling has clearly shown to be not
representative for the ENM investigated.

The most prominent flows for nano-TiO, and nano-ZnO
after release were from production, manufacturing, and
consumption (PMC) to wastewater (and further to STP).
This is due to the fact that the major applications for these two
ENM are in cosmetics (the priority columns in Table 1 and SI
Table S6 show the shares for all ENM applications). For nano-
Ag, the major flows are from PMC to landfill and to wastewater.
The most prominent flows for CNT were from PMC to landfill,
followed by the flow to WIP, and from there to elimination.
This can be explained by the fact that most of these materials
are applied in polymer composites. ENM flows through the
STP are mainly captured in STP sludge, and further
transported to WIP and landfill, and some ENM end up in
soil from sludge application. After wastewater treatment
processes, nano-ZnQO is transformed into different chemical
forms such as ZnS, Zn sorbed to iron oxides and Zn,(PO,)*"*'
and thus allocated to the virtual elimination compartment. As
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mentioned above, after passing through wastewater treatment,
most of the metallic nano-Ag is transformed to Ag sulfides and
is therefore also ending up in the elimination compartment
(thus left the system because the metallic nano-Ag property was
lost).

With respect to recycling, we were able to include the fate of
ENM during recycling based on a recent modeling study of
ENM flows during recycling.”’ We were therefore able to
follow the majority of the mass flowing to recycling on their
way to subsequent compartments.

One of the reasons to conduct a dynamic modeling endeavor
is to calculate the ENM loads in compartments that accumulate
ENM. With the dynamic model we are able to provide the
accumulated mass of ENM in landfills, soil and sediment, with
the values shown in black squares in Figure 3. All these three
compartments are important sinks of ENM. In general, the
accumulated masses are about five times larger than the
contemporary input flows in 2014. For nano-TiO, sludge
treated soil (with 45000 tons) is found to be the largest
accumulator, followed by sediment (with 44 000 tons) and
landfills (with 40000 tons). For nano-ZnO, sediments
accumulate the most (with 7000 tons), followed by natural
and urban soil (with 1400 tons) and landfill (1000 tons). Nano-
Ag finds its most significant accumulations in landfills (40 tons)
and sediment (30 tons). In the case of CNT, landfills dominate
the list with almost 500 tons, whereas the accumulated masses
in other sinks are less than 30 tons. These differences again
highlight the varied life-cycles of the different products in which
these ENM are applied.

Both Figure 1 and Figure 3 highlight the release module,
which drives the model dynamics. In the release module there
are two dynamic aspects: the time-dependent annual input and
the time-dependent ENM release from products. These two
then result in a dynamic behavior in all the following processes
and compartments. In sink compartments there is an
accumulation over time, which constitutes an additional
important dynamic aspect of our model.

Concentrations. One reason to conduct a dynamic
modeling endeavor is to describe the former and predict the
future development. Figure 4 shows the modeled mean and
15% and 85% quantiles concentrations evolution of nano-TiO,,
nano-ZnO, nano-Ag, and CNT in the EU from 1990 to 2020
(for nano-Ag an additional scenario from 1900 to 2020,
provided in SI Figure S2). The compartments for which
concentrations of ENM are calculated are assumed to be well-
mixed and homogeneous, although natural and urban soil and
sewage sludge treated soil are differentiated. These concen-
trations are therefore representative for an average hypothetical
region as defined in the REACH guidance.*” All details about
the parameters used to calculate the concentrations are given in
SI Table S7.

Triggered by the increase in production, the concentrations
of all ENM in all compartments are increasing. Some of the
compartments are flow-through compartments with no
accumulation such as sludge, waste and wastewater effluent,
others are accumulating sinks such as sediment and soil
Depending on the materials, the ranking order of concen-
trations differs, mainly caused by the different life-cycles of the
products where these materials are applied. Regarding the
development, nano-TiO,, nano-ZnO and nano-Ag follow a
similar pattern. On a logarithmical scale, all materials show
initially larger increases of concentrations in sinks compared to
flow-through compartments. The steepest increase in concen-
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trations is observed for CNT in solid wastes. This can be
explained again by the very different life-cycles of products
applying CNT. A dominant majority of the products applying
CNT are “durable” products, such as polymer composite that
have almost no CNT release during use. Release takes place
only when they come to the disposal phase. This leads the fact
that most of CNT end up in solid waste over time, and further
results in higher concentration there. Concentrations in air can
be found always at the bottom indicating very low
concentrations. However, it must be noted that the unit used
here for air is mg/m® which is different from the others.
Therefore, these values cannot be directly compared with the
concentrations in other compartments. The uncertainty in the
concentrations are shown by the colored bands in Figure 4
(15—85% quantile), resulting from the combination of the
uncertainties of all modeling parameters. Basically the sewage
treatment plant related compartments (STP sludge, STP
effluent and surface water) have a relatively high uncertainty
range which can be partially explained by the large uncertainty
involved in the STP removal efficiency. This parameter
represents not only the uncertainty of the measured results
but also the variety of a range of “generic ENM” that the model
is targeting.

Table 2 shows the predicted ENM concentrations in STP
effluent, surface water, STP sludge, air, solid waste entering
landfill, solid waste entering WIP, WIP bottom ash, and WIP fly
ash, as well as accumulated concentrations in sediment, soil,
and STP sludge treated soil for the EU in 2014. The values
presented are the mean values, mode values, median values and
the 15% and 85% quantiles (Qg;s and Qugs) from each
distribution. This feature of our results is unique compared to
other deterministic models because it allows assessing the range
and the likelihood of expected concentrations. In general, for all
ENM (except nano-ZnO), the highest concentration is found
in STP sludge, followed by solid waste, WIP bottom ash and
WIP fly ash. Among the environmental compartments (soil,
surface water, air and sediment), sediment had higher than
other compartments, followed by STP-sludge treated soil, then
untreated soil and surface water, followed by air, with the
lowest concentration of ENM overall. For soil and sediment,
the simulations provided the accumulative amount of ENM
deposited in these compartments since 1990.

In all the compartments considered, nano-TiO, had far
higher concentrations than the other three ENM. This reflects
the correlation between the total input production volume and
the consequent concentration in different compartments.
Sediment, where most ENM entering surface water end up in
our worst-case scenario, showed accumulated concentration
ranging from 6.7 ug/kg (CNT) to about 40 000 ug/kg (nano-
Ti0,). In most cases the concentrations in WIP materials (solid
waste to WIP, WIP bottom ash, and WIP fly ash) are at the
“mg/kg” level.

Comparing the results for the concentrations of nano-Ag
based on the two scenarios with different time scope, the results
of the scenario with the time frame “1900—2020” are only
slightly higher than the results of the scenario “1990—2020".
For most compartments the difference is less than a factor of 2.
Larger differences are found in the accumulated amounts in
sludge treated soil and sediment. There, the concentrations
from the scenario “1900—2020” are a factor of S higher than
those of the scenario of depicting “1990—2020”. Here, certainly
the longer accumulation effect plays a role, although historic
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Table 2. Predicted (Accumulated) Concentrations of Nano-
TiO,, Nano-ZnO, Nano-Ag, and CNT in Waste Streams and
Environmental Compartments in the EU in 2014“

EU (2014)

Mean Mode Median Qo1s Qggs
Nano-TiO2
STP Effluent 44.4 13.7 16.3 277 76.1 pg/L
STP sludge 1.60 0.47 0.84 0.16 342 g/kg
Solid waste to Landfill 12.9 7.67 10.3 537 213 mg/kg
Solid waste to WIP  10.3 6.19 793 424 169 mg/kg
WIP bottomash 395 161 237 936 729 mg/kg
WIP flyash 543 238 327 129 979  mglkg
Surface water 2.17  0.61 1.10 0.19 440  uglL
Sediment 431  30.0 387 213 650  mglkg
Natural and urban soil 2.94 1.86 257 144 453 Ma/kg
Sludge treated soil  61.1 40.8 546 309 933 mg/kg
Arr 2,05 0.86 124 043 398  ng/m?®
Nano-ZnO
STP Effluent 0 0 0 0 0 Mg/l
STP sludge 0 0 0 0 0 pa/kg
Solid waste to Landfill 1.69 0.96 124 0.52 2.64 ma/kg
Solid waste to WIP  1.27 0.64 0.86 0.34 2.04 mga/kg
WIP bottomash 6.43 3.13 4.10 1.49 10.2 mglkg
WIP flyash  12.2 4.85 7.32 2.16 20.8 mglkg
Surface water 0.38 0.16 0.23 0.05 0.64 Mg/l
Sediment 6.97 4.95 6.26 3.64 10.5 ma/kg
Natural and urban soil  1.82 1.01 1:52 0.74 2.96 pa/kg
Sludge treated soil  1.82 1.01 1.52 0.74 2.96 Ha/kg
Air  0.94 0.39 0.48 0.08 1.67 ng/m®
Nano-Ag (1990-2020)
STP Effluent 2.65 0.71 1.04 0.16 4.57 ng/L
STP sludge 61.3 20.2 32.9 7.41 113 pa/kg
Solid waste to Landfill 79.0 354 51.0 18.7 139 pg/kg
Solid waste to WIP  19.7 10.6 14.7 6.87 335 Ma/kg
WIP bottomash 170 111 141 75.4 267 pa/kg
WIP flyash 340 169 259 114 582 pa/kg
Surface water 1.51 0.63 1.01 0.40 2.78 ng/L
Sediment 30.1 23.8 27.8 18.3 433 palkg
Natural and urban soil  0.02 0.02 0.02 0.01 0.03 Ma/kg
Sludge treated soil  2.31 0.73 1.83 0.47 4.29 Ha/kg
Arr  0.01 0.00 0.01 0.00 0.02 ng/m®
Nano-Ag (1900-2020)
STP Effluent 2.60 0.59 1.06 0.18 4.52 ng/L
STP sludge 63.3 23.7 37.4 7.88 117 pa/kg
Solid waste to Landfill 82.3 42.6 54.9 2Tk 146 Mg/kg
Solid waste to WIP  24.8 14.4 19.6 11.6 40.0 Ha/kg
WIP bottomash 287 205 260 149 437 pa/kg
WIP flyash 571 335 474 223 934 pa/kg
Surface water 1.50 0.76 1.06 0.49 271 ng/L
Sediment 164 163 162 127 201 pa/kg
Natural and urban soil  0.07 0.06 0.06 0.05 0.09 Ha/kg
Sludge treated soil  13.7 3.81 124 2.84 247 Ha/kg
Air  0.01 0.00 0.01 0.00 0.02 ng/m®
CNT
STP Effluent 8.58 6.50 7.00 0.92 15.6 ng/L
STPsludge 326 273 277 33.9 593 pa/kg
Solid waste to Landfill 1.26 0.72 1.08 0.54 1.99 mg/kg
Solid waste to WIP  0.98 0.60 0.83 0.42 1.60 ma/kg
WIP bottom ash 0.43 0.17 0.30 0.09 0.79 mg/kg
WIP flyash  0.92 0.30 0.54 0.14 1.74 mg/kg
Surface water 0.36 0.28 0.30 0.04 0.65 ng/L
Sediment 6.74 6.34 6.46 4.32 9.24 Mg/kg
Natural and urban soil  35.0 33.8 339 236 46.2 ng/kg
Sludge treated soil  11.7 10.2 i i 7.42 15.8 ug/kg
Air  0.02 0.01 0.02 0.00 0.03 ng/m®

“Mean, mode, median, and 15% and 85% quantiles are shown. Values
are rounded to three significant digits. Results for nano-Ag are
presented for both the time intervals of the 1900-2020 and 1990-2020.
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nano-Ag uses were modeled to be much lower than current
ones.

Although in reality there may well be ENM in landfill
leachates, our model did not take this into account due to the
insufficient quantitative information that exists on this process.
It also needs to be noted that the concentrations in surface
water and sediment reflect worst-case scenarios for both
compartments. No fate modeling was performed and the water
concentrations assume no sedimentation or other losses while
the sediment concentrations reflect complete sedimentation
from water. However, our flow results can be used as input data
for dedicated mechanistic fate models that all rely on accurate
predictions of the input flows.

Due to the different dynamic and static modeling concepts
applied, it is not really possible to draw a direct comparison
between the newly predicted concentrations results with all
previous studies.*”'"'®** As stated in the mass flow section
above, the previous models distributed the produced mass in
one year to the whole system in that year while our dynamic
modeling clearly revealed that in-use stocks and delayed
releases are highly important and essentially define the system
behavior. However, this does not necessarily lead to lower
predicted concentrations because releases from previous years
are also considered and in some cases may dominate the flows.
Similar concentrations in 2014 predicted by static and dynamic
models may therefore by chance have the same magnitude.
Extending the simulation time will reveal larger and larger
differences between the two approaches due to additional
releases from stocks.

The values presented in Table 2 include both the uncertainty
in some of the parameters as well as the variability that is
caused by the representation of a range of different forms of an
ENM (e.g, coatings, functionalization), which are subsumed
under the label of a generic ENM, for example, nano-TiO,. In
our approach, single numbers are treated as distributions.
Triangular, uniform, normal, and other distributions are used
alone or combined in accordance to available data. This
treatment of the available data allows us to consider for each
parameter the knowledge that is available by including always
the specific uncertainty associated with each parameter.

The major purpose of the dynamic modeling is to track the
historical concentrations and project the future concentrations
of ENM in accumulative compartments. Therefore, besides the
ENM concentrations predicted for the year 2014, we also
provide the concentrations in 2020 in SI Table S8. Additionally,
the predicted evolution of ENM concentrations in major
compartments is provided in Figure 4. These predictions are
based on the combined estimates of different market research
companies and are grounded in the increase in the market in
the last years and are probably valid if the technology continues
to develop as it does today. Full probability distributions of flow
data for single years are available from the authors upon
request.

Considerations for the Applicability of Model Results.
The concentrations we provide for the technical compartments,
for example, wastewater, sludge or bottom ashes and the ENM
loads into environmental compartments such as surface water,
soil, and air (see SI Table S9), can be used as input values for
more sophisticated environmental fate models that incorporate
a mechanistic description of fate processes, for example,
agglomeration and sedimentation. These models then add
another level of complexity with respect to dynamic modeling
because they are considering the dynamics of physical and
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chemical reactions not included in our flow models. Praetorius
et al. for example used the ENM mass flow to natural waters
from Gottschalk et al.” as input to their mechanistic river fate
modeling of nano-TiO,". Also Gottschalk et al.® used the
release from wastewater from the same source as input for a
local modeling study with high spatial resolution of ENM
within the Swiss river network. In another example using the
same data set, Dumont et al.** calculated the spatial distribution
of ENM in European watersheds. Meesters et al.*’ took the
emission data to air, water, and soil from the Mueller (2008)®
mass-flow model as their SimpleBox4Nano model input. Liu et
al.** used the ENM emission results from Gottschalk et al.” and
Keller et al.** as input data for their fate model. Dale et al.*’
used the US emission data for nano-Ag and nano-ZnO from
Gottschalk et al.” and included a modeling of the dynamics of
water and sediment flows in streams and chemical trans-
formations. This list exemplifies that the data provided by mass
flow models are absolutely crucial for the fate models to come
up with correct environmental concentrations as they all rely on
mass inputs into one or several environmental compartments.
The results of our dynamic model provide so far the most
reliable and accurate results by incorporating ENM accumu-
lation and release and they constitute the fundamental input
information for predicting realistic concentrations results by
environmental fate models. The use of dynamic MFA models is
standard in assessing flows of materials in situations with rapid
technological changes'” and our new dynamic MFA modeling
of ENM is making use of this tool. Whereas the dynamic
modeling requires more input data, we have shown that it is
feasible to estimate the required data by combining information
on technology development, release and fate processes in
technical systems. In a situation with rapid increase in
production and use of ENM, the modeling of environmental
sinks needs to include historic uses that were much smaller
(and future ones that might be much higher). The use of ENM
in products with a long delay before any substantial release may
occur (as is the case for ENM contained in polymers), is
another strong argument for the use of a dynamic model that is
able to capture the stocks of ENM contained in products.

We have to stress here that the concentrations reported in
our work for environmental sinks such as soils and sediments
do not consider any further chemical reaction such as
dissolution or transformation, which will likely be very
important for materials such as Ag and ZnO. To include
these reactions into models will require the use of the above-
mentioned environmental fate models. The results we provide
are therefore worst-case assumptions on accumulated concen-
trations. Furthermore, because our model tracks the ENM
release with a one year-based resolution, the release variability
between seasons is not reflected in our study, for example,
consumption of sunscreen only takes place massively during
summer time. However, once data with better resolution are
available, the model is able to calculate ENM release with a
better temporal resolution.

The concentrations in natural compartments that we
calculated nevertheless provide ecotoxicologists and risk
assessors with crucial exposure data needed for first ecological
risk assessments. As long as analytical chemists are not able to
quantify ENM at the natural concentrations and distinguish
them from the natural background particles, the modeled
concentrations constitute the only source of environmental
exposure information that we have available. The modeled
concentrations have previously been used to compare the
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exposure levels used in toxicological studies* or to perform a
full environmental risk assessment based on the comparison of
PEC values with NOEC values (no observed effect
concentrations) extracted from the ecotoxicological literature."
These assessments rely on the provision of accurate environ-
mental exposure data and our dynamic modeling is able to
provide the most realistic and accurate numbers on flows and
accumulated amounts in sinks. In the current situation a
validation of modeled data for environmental ENM exposure is
not possible as discussed in Nowack et al. (2015)* but using the
resulting data together in a mutually supportive way will
advance the field of ENM risk assessment.
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