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ABSTRACT: In the absence of experimental data, a life cycle
modeling approach can be used to predict engineered nanomaterial
(ENM) concentrations in environmental media. Several such models
have been created with various geographic scopes. This study presents
an environmental release model that accounts for local differences in
product consumption, wastewater treatment levels, waste incineration,
and biosolids management and provides estimates of ENM release
from wastewater treatment facilities in New York City, London, and
Shanghai. The results illustrate how these local variations in model
parameters contribute to differences in predicted ENM concentration in wastewater effluent and biosolids on a local level. Our
analysis also takes a first step toward conducting a local-level risk assessment by providing the approximate locations and
quantities of ENM discharge into aquatic systems. We find that there is significant uncertainty in model parameters that leads to a
wide range of concentration estimates, yet we find that local variations in model parameters predict ENM concentration
estimates that are within the same order of magnitude.
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■ INTRODUCTION

Engineered nanomaterials (ENMs) are incorporated into a
growing variety of products ranging from common household
items to novel medical technologies. Research is underway to
determine the risks associated with the potential release of
engineered nanomaterials to the environment in order to
ensure that the proliferation of nanotechnology does not lead
to unintended environmental consequences.1 These efforts
involve the study of ENMs fate and behavior in natural systems
as well as their toxic effects on aquatic and terrestrial organisms.
Such studies require an understanding of the likely quantities of
environmental ENM release and the resulting environmental
concentrations.
The ability to conduct experiments using environmentally

relevant ENM concentrations has been hindered by the
difficulty of detecting ENMs in environmental media using
currently available technology. Consequently, there is a
heightened need for predictive exposure models to determine
the likely concentrations of ENMs in the environment. Several
approaches have been developed to model environmental
releases of ENMs from a life cycle perspective for a variety of
ENMs and geographic locations. These studies take into
account the possibility of ENM release during manufacturing,
product use, and disposal. Boxall et al. assessed the likely
environmental concentrations for a variety of ENMs in the
United Kingdom and identified potential release pathways for
ENMs from a life cycle perspective.2 Muller and Nowack
created a deterministic life cycle material flow model to
generate estimates of the environmental concentrations of

TiO2, Ag, and CNT in Switzerland.3 Gottschalk et al. developed
a probabilistic model of life cycle ENM releases in order to
account for the uncertainty in input parameters.3 The model
was used by Gottschalk et al. to predict environmental
concentrations of TiO2, ZnO, Ag, CNT, and fullerenes for
Europe, United States, and Switzerland4 and by Sun et al. in
order to generate new estimates using updated production and
release assumptions.6 Money et al. used Bayesian networks to
estimate the likely exposure and risk of nanomaterials entering
the environment.7 Keller et al. produced a global life cycle
release assessment for 10 major nanomaterials8 and developed a
framework for using a top-down approach in order to generate
release estimate on a regional and local level.9

Life cycle ENM release studies have identified wastewater
treatment facilities (WWTPs) as a significant exposure pathway
to aquatic and terrestrial ecosystems.10−12 Recognizing the
need to better understand ENM transport though these
systems, several studies used laboratory-scale WWTPs to
investigate the behavior of ENM during wastewater treatment
and determine ENM partitioning between effluent and
biosolids.13−17 Predictive models, using a probabilistic life
cycle release approach, have developed a screening tool to
determine likely concentrations of nano-Ag in wastewater
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effluent and sludge.13 Additionally, sampling has been
conducted at full-scale WWTP facilities to determine nano-
TiO2concentrations in wastewater effluent and biosolids18−20

and to measure change in TiO2 concentrations after primary,
secondary, and tertiary treatment.21

Previous studies have identified the need to account for the
regional difference in ENM production and use within specific
applications when conducting a multi-regional ENM release
analysis.5 This study presents an environmental release model
that accounts for these differences by incorporating market data
as well as available economic indicators to estimate regional
ENM production and use. We demonstrate this approach by
modeling nanomaterial releases from WWTPs in New York
City, London, and Shanghai. The model is executed using
global ENM production estimates based on a market study as
well as newly available European regulatory review of
nanomaterials. The results illustrate how local variations in
product consumption, wastewater treatment availability, and
wastewater treatment levels contribute to differences in
predicted ENM concentration in wastewater effluent and
biosolids in a local level. Our analysis also takes a first step
toward conducting a local-level risk assessment by providing
the approximate locations and quantities of ENM discharge
into aquatic systems.

■ METHODS
A life cycle material flow model was developed using a mass
balance approach to account for environmental ENM releases
during the entire product life cycle, as described previously,9 by
adjusting model parameters specific for each of the three
studied locations. Several new studies and data sources were
considered in this enhancement of the previous methods and
are discussed below. We consider ENM release during
production, use, wastewater treatment, management of
biosolids, product disposal, and waste incineration. Therefore,
release variables and transfer coefficients were collected for
each location (New York City, London, and Shanghai)
included in the study. These parameters were obtained from
scientific literature, market information, and assumptions based
on quantitative analyses using publically available statistics.
Equations used to derive the final environmental distribution of
ENMs in the environment are presented in the Supporting
Information. The following sections describe the methods used
to gather release variables and model inputs.
Production. The model considers global ENM production

estimates collected from two sources: a market study22 and a
regulatory review of nanomaterials by the European Commis-
sion (EC).23 There is a significant difference in the reported
global ENM production rates between these studies,
summarized in Table 1. Note that the market study did not
consider carbon black, which is a high-volume ENM according
to EC. Therefore, we provide release estimates based on inputs
from both sources. Although the EC report provides
information about the major uses of each ENM, only the
market study22 provides a quantitative estimate of ENM use
within specific applications.
Our model takes into account ENM release during the

production process (Table S1, Supporting Information) based
on previous life cycle release studies.10 Currently, information
about the exact locations of ENM manufacturing facilities is
unavailable for individual nanomaterials. However, the market
study22provides a general high-level overview of ENM
production locations. According to the study, the United States

accounts for 50% of global ENM production, China for 12%,
and the European Union manufactures 19% of all nanomateri-
als produced worldwide.
To estimate ENM production in the United Kingdom,

additional assumptions were made using publically available
statistics. High technology export data24 and information about
the relative investment in research and development (R&D)25

for each European country were used as a proxy for
nanomaterial production. It was assumed that countries with
established high technology industries and high investments in
research and development are responsible for the majority of
European ENM production. We assume that countries that fall
into the top 30% in both R&D and high technology exports are
responsible for 80% of European ENM production. Among
European countries, the U.K. is in the 80th percentile for high
technology exports and in the 70th percentile for R&D
investments. Therefore, we assumed that the U.K. belongs to
the group of high-producing countries responsible for 80% of
European ENM production. European production was
allocated evenly between 10 countries that fell into the “high
production” category. As a result, the U.K. was assumed to
account for roughly 8% of Europe's ENM production.
A similar analysis was performed to determine ENM

production levels for each state in the United States. State-
level data on the prevalence of high technology business
establishments26 and investments in R&D27 was used as a
proxy for ENM production within each state. New York State
was ranked the 30th percentile in R&D expenditures and in the
40th percentile in the abundance of high technology industries.
As a result, New York State was assumed to account for roughly
0.5% of the U.S. ENM production. Country and state
production estimates were further adjusted for each city
based on reported population residing in each city.

Use. We assume that the level of development in each
country is correlated with its residents’ capacity to consume
ENM-containing products. The Inequality-Adjusted Human
Development Index (IHDI) was used to determine the relative
development levels of all countries.28 The fraction of people
using nanomaterials in each country was based on the country’s
IDHI decile score (Table S2, Supporting Information). For
example, the United States’ and United Kingdom’s IDHI are in
the 80th percentile; as a result, 27−40% of the population is
assumed to use ENM-containing products. China’s IHDI falls
into the 50th percentile, and thus, we assume that only 18−
25% of China’s population use products containing ENMs.

Table 1. Global ENM Production as of 2010

ENM
Future Markets22

(metric tons/year)
European Commission23

(metric tons/year)

Ag 360−450 22
Al2O3 18,500- 35,000 200,000
carbon
black

9,600,000

CeO2 7500−10,000 10,000
CNT 2916−3200 500
Cu and
CuOx

22−200

Fe and
FeOx

33,000−42,000 100

nanoclays 9200−10,400
SiO2 82,500−95,000 1,500,000
TiO2 83,500−88,000 10,000
ZnO 31,500−34,000 8000
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To improve our previous estimates,9 for applications where
market information was available, it was used to better estimate
regional consumption of ENM-containing products. The use of
ENMs contained in personal care products was based on a
cosmetics industry market study.29 The use of nanomaterials in
the automotive sector was based on a global automotive sales
report.30 Estimates for the electronic, optics, and sensors
applications were based on an electronics industry market
report.31 The regional shares of ENM use in medical
applications was based on a government analysis.32 Reports
on several applications only provide consumption data on a
regional level, aggregating consumption for European, Asian,
and North American countries. Regional consumption for these
applications is summarized in Table S4 of the Supporting
Information.
In order to determine the local level of consumption within

these ENM applications, consumption data for each country
was estimated by adjusting regional data based on the IHDI-
based regional consumption fractions calculated for each
country. According to the analysis, China consumes 47% of
Asia’s ENM-containing products, the U.K. accounts for 9% of
Europe’s ENM use, and the United States accounts for 74% of
North American use of ENMs. Table 2 shows the resulting use
fraction assumptions for each application included in this
analysis.

A similar analysis was performed for each U.S. state based on
per capita GDP.33 Tables S3 and S4 of the Supporting
Information summarize the assumptions made for the United
States state-level use of ENMs. New York State’s per-capita
GDP falls into the 90th percentile; therefore, 39% of its
population is assumed to consume ENM-containing products,
accounting for 7% of ENMs consumed in the United States.
Release during Use. Release during use was based on data

collected from experimental and life cycle modeling studies of
ENM release from multiple applications including coatings,34

paints,35−37 textiles,38−40 composites,41 and plastics.42 Release
from personal care products was based on a consumer survey.43

Release of ENMs from tires was based on a recent Swiss
study.44 Use release assumptions are presented in Table S7 of
the Supporting Information.
Some applications, such as personal care products, coatings,

paints, and pigments, lead to significant ENM release to
wastewater during use. Not all ENMs that are released to
wastewater will eventually end up in wastewater treatment

facilities. A fraction of wastewater will be treated in
independent treatment systems such as septic tanks, and a
fraction will remain untreated and be released directly into
surface water. In order to account for these factors, we used
available information (Table S6, Supporting Information) on
the level of wastewater treatment and the fraction of wastewater
that undergoes independent treatment for each country
included in our study. It was assumed that untreated wastewater
will be released directly into surface water bodies and that 5%
of ENM’s released from septic tanks will eventually end up in
surface water while 95% will remain in the soil. In addition to
direct release to wastewater treatment during use, we assume
that a fraction (15−25%) of ENMs that are released directly to
air and soil during use will enter wastewater facilities via surface
runoff. This is an assumption, given that the fraction depends
on uncertain estimates of atmospheric removal, attachment,
and detachment from solid surfaces and stormwater capture by
sewer systems; all of these processes depend on myriad factors.
The net effect of this assumption is that we estimate a larger
amount of the final ENM mass passes through the WWTP than
if we assume 0%; it is unlikely that there is high transfer
efficiency in all of the processes.

Release from Wastewater Treatment. Several studies
suggest that a higher fraction of ENMs is removed in facilities
that employ secondary or tertiary treatment technologies.
Studies that focused on EMN removal during primary
wastewater treatment found lower ENM removal rates15,21

than those measured in experiments featuring higher levels of
treatment technology.14,17 It is important to note that ENM
release from WWTPs can depend on intermediate trans-
formation processes such as ENM dissolution (Zn0 and Ag),
sorption to organic matter (all ENMs), sulfidation (metal
ENMs), and biodegradation (CNT). These factors were not
incorporated into our model. However, we assume that these
transformations were captured in the release rates measured in
previous experimental studies that are used as inputs into our
model.
According to the OECD, 99% of U.K. wastewater undergoes

secondary or higher treatment and 91% of U.S. wastewater
undergoes secondary or higher treatment.45 The reported
secondary treatment rate for Shanghai is only 19.8%.46 We
assume that 3−25% of ENMs that enter WWPTs will be
released from facilities that employ secondary or higher levels
of treatment3 and 20−60% will be released from facilities that
offer only primary treatment based on the available
experimental results. The resulting release variables for each
location are summarized in Table S6 of the Supporting
Information.

Biosolids Management. Our model considers three
methods of biosolids management: application to agricultural
soils, incineration, and landfilling. Information on the manage-
ment of biosolids in China and the United States was gathered
from47 and is summarized in Table S7 of the Supporting
Information. The application of biosolids in the United
Kingdom was based on the average reported numbers for
EU15. Within the United States, state-specific information on
the management of biosolids was used.48

Waste Incineration. The percent of municipal solid waste
that is incinerated in the U.K. (11%) and China (12.9%) was
provided by a UN report.49 The incineration fraction in New
York State is assumed to be 21.7%.50 Releases from Waste
Incineration Plants (WIP) to the air are assumed to vary based
on the emission control technology employed at the facilities.

Table 2. Percent of Global ENM Use by Application

application
China
(%)

United Kingdom
(%)

United States
(%) ref

automotive 18 2 18 30
catalysts 23 2 8 22
coatings, paints, and
pigments

23 2 8 22

cosmetics 12 3 15 29
composites 23 2 8 22
electronics and optics 17 3 18 31
energy and environment 23 2 8 22
medical 6 2 53 32
plastics 23 2 8 22
sensors 17 3 18 31
textiles 23 2 8 22
tires 18 2 18 30
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There is a lack of information about WIP emissions control
technology used within each country and the effectiveness of
different technologies on removing ENMs. Therefore, we
assume that the level of development in each country is
correlated with the level of WIP emissions control with a
minimum and maximum level.3 Countries with the lowest
IHDI will have no air emission technology, resulting in the
release of all ENMs that would have otherwise been captured
by filters; countries with the highest IHDI will have the
maximum emissions control reported.3 Table S8 of the

Supporting Information lists the WIP assumptions that were
incorporated into our model.

Wastewater Treatment Facilities. The mass of ENMs
consumed within each metropolitan area was assumed to be
proportional to the areas’ population. The population of
Shanghai (∼18.8 million) accounts for less than 1% of China’s
total population,46 London’s population makes up roughly 13%
of U.K.’s population,51 and New York City represents 43% of
New York State’s population.52

The locations and daily flow data for New York City
wastewater treatment facilities were gathered from USEPA

Figure 1. Shanghai life cycle ENM flows based on high release scenario and market study production estimates. (1) Automotive, (2) Catalysts, (3)
Coatings, paints, and pigments, (4) Electronics and optics, (5) Energy and environment, (6) Medical, (7) Other, and (8) Personal care products.

Figure 2. London life cycle ENM flows based on high release scenario and market study production estimates. (1) Automotive, (2) Catalysts, (3)
Coatings, paints, and pigments, (4) Electronics and optics, (5) Energy and environment, (6) Medical, (7) Other, and (8) Personal care products.

Figure 3. New York City ENM life cycle ENM flows based on high release scenario and market study production estimates. (1) Automotive, (2)
Catalysts, (3) Coatings, paints, and pigments, (4) Electronics and optics, (5) Energy and environment, (6) Medical, (7) Other, and (8) Personal care
products.
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data.53 The locations of London’s WWTP facilities and data on
the production of effluent and biosolids were collected from an
European Environmental Agency (EEA) database.54 Shanghai’s
WWTPs were located based on a recent study,46 as well as an
Internet search to collect WWTP location and daily flow data.
On the basis of the WWTP information, the WWTP effluent

discharge was estimated to be 1.49 billion m3/yr in London,
1.23 billion m3/yr in New York City, and 1.84 billion m3/yr in
Shanghai. Additional information on effluent discharge
calculations can be found in the Supporting Information.

■ RESULTS
The life cycle ENM material flows and final environmental
distribution in Shanghai, London, and New York City are
shown in Figures 1−3, considering the market study 2010
production and high emissions to the environment estimates.
ENM transfer through WWTP and final distributions in landfill,
air, soil, and water are presented as a percentage (displayed in
the boxes) of the total ENM release within each city. On the
basis of the differences in applications and waste handling, a
higher fraction of ENMs are expected to end in landfills in New
York City (80%) than in London (66%) and Shanghai (63%).
Conversely, 38% of ENMs are predicted to pass through
WWTPs in London and 39% in New York City, while only
26% of ENMs transport though WWTPs in Shanghai. Given
the higher level of wastewater treatment, only 10% of ENMs
(and their dissolution or transformed residuals) would be
emitted via the effluent in New York City or London, while
19% would be released to water bodies in Shanghai. Air
emissions are 1−2% for the three metropolitan areas. Although
we expect ENM release from WWTPs effluent and direct
release to water, air, and soil during use to be localized, ENMs
contained in biosolids or contained in discarded products may
be transported outside city limits.
Table 3 shows the estimated range of per capita ENM mass

entering WWTP facilities by ENM type, while Table 4 shows

the estimated per capita mass discharged in WWTP effluent
after treatment. Carbon black is expected to be the
predominant ENM in wastewater effluent across all three
locations, followed by TiO2, ZnO, Fe, and Fe Oxides. Per capita
effluent release of ENMs is estimated at 1−138 g/year in New
York City, 1−65 g/year in London, and 3−61 g/year in

Shanghai. Although per capita release in Shanghai is expected
to be lower, the city’s high population makes Shanghai’s total
quantity of ENM release comparable to total release in London.
Tables 5 and 6 show the average predicted concentrations in

effluent and biosolids considering the market study. Results

based on the EC review are presented in Tables S9 and S10 of
the Supporting Information to illustrate the range of WWTP
effluent and biosolids concentration estimates using these
production estimates. TiO2 concentrations are expected to

Table 3. Predicted ENM Mass (low-to-high) Entering
WWTPs, Based on Market Study Production Estimates,
Except Carbon Black Which Is Based on the EC Report

ENM
New York

(g/person-year)
Shanghai

(g/person-year)
London

(g/person-year)

Ag 0.03−0.13 0.00−0.03 0.03−0.08
Al2O3 0.82−3.69 0.15−1.18 0.83−3.48
carbon
black

54−348 15−108 31−219

CeO2 0.06−0.60 0.01−0.18 0.03−0.37
CNT 0.01−0.10 0.00−0.04 0.01−0.08
Cu + CuOx 0.00−0.02 0.00−0.01 0.00−0.01
Fe + FeOx 2.16−7.54 0.34−1.73 1.89−5.50
nanoclays 0.34−0.75 0.05−0.19 0.34−0.71
SiO2 0.26−2.99 0.12−1.29 0.23−2.44
TiO2 12.02−22.70 1.95−5.88 12.19−22.23
ZnO 3.38−8.19 0.45−1.23 2.96−5.57
total 73−395 18−119 50−260

Table 4. ENM Mass (low-to-high) Discharged via WWTP
Effluent, Based on Market Study Production Estimates,
Except Carbon Black Which Is Based on the EC Report

ENM
New York

(g/person-year)
Shanghai

(g/person-year)
London

(g/person-year)

Ag 0.00−0.05 0.00−0.01 0.00−0.02
Al2O3 0.02−1.29 0.02−0.60 0.02−0.87
carbon
black

1.07−121.85 2.31−55.15 0.63−54.79

CeO2 0.00−0.21 0.00−0.09 0.00−0.09
CNT 0.00−0.03 0.00−0.02 0.00−0.02
Cu + CuOx 0.00−0.01 0.00−0.00 0.00−0.00
Fe + FeOx 0.04−2.64 0.05−0.88 0.04−1.38
nanoclays 0.01−0.26 0.01−0.10 0.01−0.18
SiO2 0.01−1.04 0.02−0.66 0.00−0.61
TiO2 0.24−7.95 0.31−3.01 0.24−5.56
ZnO 0.07−2.87 0.07−0.63 0.06−1.39
total 1−138 3−61 1−65

Table 5. Concentrations in Effluent Using Market Study
Production Estimates, Except Carbon Black Which Is Based
on the EC Report

ENM New York (μg/L) Shanghai (μg/L) London (μg/L)

Ag 0.004−0.26 0.008−0.13 0.003−0.11
Al2O3 0.09−7.13 0.25−6.17 0.09−4.56
carbon black 5.912−672.91 23.582−563.06 3.281−287.46
CeO2 0.007−1.17 0.024−0.93 0.003−0.49
CNT 0.001−0.19 0.006−0.23 0.001−0.11
Cu + CuOx >0.001−0.03 >0.001−0.03 >0.001−0.02
Fe + FeOx 0.24−14.56 0.54−9.02 0.20−7.22
nanoclays 0.04−1.45 0.09−1.00 0.04−0.93
SiO2 0.03−5.77 0.20−6.74 0.02−3.20
TiO2 1.33−43.88 3.13−30.73 1.28−29.18
ZnO 0.37−15.84 0.72−6.43 0.31−7.32

Table 6. Concentrations in Biosolids Using Market Study
Production Estimates, Except Carbon Black Which Is Based
on the EC Report

ENM New York (mg/kg) Shanghai (mg/kg) London (mg/kg)

Ag 0.78−2.01 0.18−0.54 0.58−1.37
Al2O3 19−56 6−25 18−57
carbon black 1220−5240 530−2250 675−3620
CeO2 1.39−9.10 0.53−3.74 0.70−6.16
CNT 0.18−1.49 0.14−0.92 0.15−1.34
Cu + CuOx 0.01−0.24 >0.01−0.12 0.01−0.21
Fe + FeOx 49−114 12−36 41−91
nanoclays 8−11 2−4 7−12
SiO2 6−45 4−27 5−40
TiO2 273−342 70−123 263−367
ZnO 77−124 16−26 64−92
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range from 1.3 to 44 μg/L in New York City, 1.9−29 μg/L in
London, and 1.3−29 μg/L in Shanghai. The predicted
concentrations in biosolids are 273−342 mg/kg in New York
City, 263−367 mg/kg in London, and 70−120 mg/kg in
Shanghai. For comparison, using production data provided in
the European Commission report results in TiO2 effluent
concentrations of 0.16−5 μg/L in New York City, 0.15−3.32
μg/L in London, and 0.37−3.5 μg/L in Shanghai.
Predicted annual mass of ENMs discharged via WWTP

effluents are shown in Figures 4−6. The mass loading (kg/
year) is based on the high release scenario using market study
production estimates. These maps show the range and
geographic distribution of ENM releases. Across individual
WWTPs, mass loading of TiO2 ranges from 4 to 12,000 kg/
year in New York City, 14 to 11,000 kg/year in London, and 16
to 16,000 kg/year in Shanghai.

■ DISCUSSION

Differences in predicted local ENM concentrations can be
attributed to several factors such as regional differences in
product consumption within certain applications, wastewater
treatment availability and treatment levels, waste incineration,
and biosolids disposal practices. Although the total per capita
release of nanomaterials is higher in New York City, the
majority of nanomaterials consumed in the United States are
used within applications that lead to low release to WWTPs.
Applications such as personal care products, and coatings,
paints, and pigments lead to high ENM release to wastewater
during use. These applications account for roughly 33% of
ENMs consumed in the United States, while in the United
Kingdom, these applications represent 43% of ENM use.
Factors such as slightly lower levels of wastewater treatment,
95% in the U.S. vs 100% in the U.K., and a higher wastewater
fraction that undergoes independent treatment further lower

Figure 4. Predicted effluent ENM mass loading (kg/year) from WWTPs in New York City. High release estimate based on market study 2010
production data.

Figure 5. Predicted effluent ENM mass loading (kg/year) from WWTPs in London. High release estimate based on market study 2010 production
data.
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Figure 6. Predicted effluent ENM mass loading (kg/year) from WWTPs in Shanghai. High release estimate based on market study 2010 production
data.

Table 7. Predicted ENM Concentrations in Effluent Based on Life Cycle Release Models and Measurements

study (ref) study type ENM location estimate range range details

4 model TiO2 Europe 3.47 μg/L mode 2.5−10.8 μg/L 15−85%
6 model TiO2 EU 16 μg/L mode 13−110 μg/L 15−85%
4 model TiO2 Switzerland 4.28 μg/L mode 3.5−16.3 μg/L 15−85%
6 model TiO2 Switzerland 32 μg/L mode 26−220 μg/L 15−85%
18 measurement Ti United Kingdom 3.2 μg/L

this study model TiO2 London 1.28−29.18 μg/L low−high
4 model TiO2 United States 1.75 μg/L mode 1.37−6.7 μg/L 15−85%
21 measurement Ti United States <5−15 μg/L
9 model TiO2 San Francisco Bay 3−52 μg/L low−high

this study model TiO2 New York City 1.33−43.88 μg/L low−high
4 model ZnO Europe 0.432 μg/L mode 0.34−1.42 μg/L 15−85%
6 model ZnO EU 2.3 μg/L mode 1.7−21 μg/L 15−85%
4 model ZnO Switzerland 0.441 μg/L mode 0.343−1.32 μg/L 15−85%
6 model ZnO Switzerland 5.3 μg/L mode 3.7−45 μg/L 15−85%

this study model ZnO London 0.31- 7.32 μg/L low−high
4 model ZnO United States 0.3 μg/L mode 0.22−0.74 μg/L 15−85%
9 model ZnO San Francisco Bay 0.8−13 μg/L low−high

this study model ZnO New York City 0.37- 15.84 μg/L low−high
4 model Ag Europe 42.5 ng/L mode 32.9−111 μg/L 15−85%
6 model Ag EU 0.17 ng/L mode 0/06−16 ng/L 15−85%
4 model Ag Switzerland 38.7 ng/L mode 29.8−127 ng/L 15−85%
6 model Ag Switzerland 0.32 ng/L mode 0.08−23 ng/L 15−85%

this study model Ag London 0.003−0.11 μg/L low−high
4 model Ag United States 21 ng/L mode 16.4−74.7 ng/L 15−85%
13 model Ag (bare) United States 0.02 ug/L mean 0.001−0.061 μg/L 5−95%
9 model Ag San Francisco Bay 0.01−0.2 μg/L low−high

this study model Ag New York City 0.004−0.26 μg/L low−high
55 measurement Ag United States: Colorado 100 ng/L
4 model CNT Europe 14.8 ng/L mode 11.4−31.5 ng/L 15−85%
6 model CNT EU 4.0 ng/L mode 3.6−12 ng/L 15−85%
4 model CNT Switzerland 11.8 ng/L mode 7.6−19.1 ng/L 15−85%
6 model CNT Switzerland 5.5 ng/L mode 4.9−16 ng/L 15−85%

this study model CNT London 0.001−0.11 μg/L low−high
4 model CNT United States 8.6 ng/L mode 6.6−18.4 ng/L 15−85%
9 model CNT San Francisco Bay >0.01−0.3 μg/L low−high

this study model CNT New York City 0.003−0.20 μg/L low−high
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the quantities of ENMs entering public WWTPs in the United
States.
In all three cities, carbon black is expected to be present in

effluent and biosolids at higher concentrations than other
ENMs, followed by TiO2 and ZnO. Concentrations of carbon
black are based on high production estimates provided by the
European Commission. According to the report, the majority
(73%) of carbon black is used in automotive tires. Although
direct release to WWTP is not expected to occur during tire
use, 9−17% ENM release to air is expected to occur though
abrasion during the use phase of tires.44 Carbon black releases

to WWTPs are expected to occur though subsequent
atmospheric deposition and surface runoff.
It is difficult to verify our estimates of carbon black

concentrations in WWTP effluents and biosolids due to a
lack of experimental data. However, our predictions of TiO2

concentrations can be compared to several studies that have
been conducted across various WWTP facilities in multiple
regions. We predict an annual discharge of 12−23 g/capita of
TiO2 to New York City wastewater treatment facilities and a
subsequent release of 0.84−7.5 g/capita in wastewater effluent.
These predictions are in line with Ti measurements taken at a
United States facility where the Ti mass entering the WWTP

Table 8. Predicted ENM Concentrations in Biosolids Based on Life Cycle Release Models and Measurements

study (ref) study type ENM location estimate range range details

4 model TiO2 United States 137 mg/kg mode 107−523 mg/kg 15−85%
21 measurement Ti United States 1,000−6,000 mg/kg
9 model TiO2 San Francisco Bay 266−652 mg/kg low−high

this study model TiO2 New York City 273−342 mg/kg low−high
4 model TiO2 Europe 136 mg/kg mode 100−433 mg/kg 15−85%
6 model TiO2 EU 170 mg/kg mode 150−540 mg/kg 15−85%
4 model TiO2 Switzerland 211 mg/kg mode 172−802 mg/kg 15−85%
6 model TiO2 Switzerland 320 mg/kg mode 250−950 mg/kg 15−85%
2 model TiO2 United Kingdom 701−7,007 mg/kg low−high
18 measurement Ti United Kingdom 305 mg/kg dry weight (DW)

this study model TiO2 London 263−367 mg/kg low−high
4 model ZnO United States 23.2 mg/kg mode 17.4−57.7 mg/kg 15−85%
9 model ZnO San Francisco Bay 65−164 mg/kg low−high

this study model ZnO New York City 77−124 mg/kg low−high
4 model ZnO Europe 17.1 mg/kg mode 13.6−57 mg/kg 15−85%
6 model ZnO EU 24 mg/kg mode 17−110 mg/kg 15−85%
4 model ZnO Switzerland 21.4 mg/kg mode 16.8−64.7 mg/kg 15−85%
6 model ZnO Switzerland 45 mg/kg mode 31−200 mg/kg 15−85%
2 model ZnO United Kingdom 2,172- 21,722 mg/kg low−high

this study model ZnO London 64−92 mg/kg low−high
4 model Ag United States 1.55 mg/kg mode 1.29−5.86 mg/kg 15−85%
13 model Ag (bare) United States 4.5 μg/kg mean 0.27−13 μg/kg 5−95%
9 model Ag San Francisco Bay 1−3 mg/kg low−high

this study model Ag New York City 0.78−2.01 mg/kg low−high
4 model Ag Europe 1.68 mg/kg mode 1.31−4.44 mg/kg 15−85%
6 model Ag EU 0.02 mg/kg mode 0.01−0.08 mg/kg 15−85%
4 model Ag Switzerland 1.88 mg/kg mode 1.46−6.24 mg/kg 15−85%
6 model Ag Switzerland 0.04 mg/kg mode 0.02−0.16 mg/kg 15−85%
2 model Ag United Kingdom 0.29−2.9 mg/kg low−high

this study model Ag London 0.58−1.37 mg/kg low−high
4 model CNT United States 0.068 mg/kg mode 0.053−0.147 mg/kg 15−85%
9 model CNT San Francisco Bay 0.3−4 mg/kg low−high

this study model CNT New York City 0.18−1.49 mg/kg low−high
4 model CNT Europe 0.062 mg/kg mode 0.047−0.129 mg/kg 15−85%
6 model CNT EU 0.15 mg/kg mode 0.12−0.23 mg/kg 15−85%

this study model CNT London 0.15−1.34 mg/kg low−high
4 model CNT Switzerland 0.069 mg/kg mode 0.051−0.129 mg/kg 15−85%
6 model CNT Switzerland 0.27 mg/kg mode 0.21−0.40 mg/kg 15−85%
2 model Al2O3 United Kingdom 8.94−894 mg/kg low−high
9 model Al2O3 San Francisco Bay 19−120 mg/kg low−high

this study model Al2O3 London 18−57 mg/kg low−high
2 model CeO2 United Kingdom 8.94−894 mg/kg low−high
9 model CeO2 San Francisco Bay 1−18 mg/kg low−high

this study model CeO2 London 0.70−6.16 mg/kg low−high
2 model SiO2 United Kingdom 0.02−0.21 mg/kg low−high
9 model SiO2 San Francisco Bay 9−123 mg/kg low−high

this study model SiO2 London 5−40 mg/kg low−high
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was estimated to be 16−18 g/person-year and releases in
effluent to be 1.5 g/person-year.21 Predicted effluent TiO2
concentrations range from 4.6 to 42 μg/L in New York City,
which are slightly higher than measurements taken at several
United States WWTP facilities with concentrations ranging
from <5 to 15 μg/L.21 The predicted concentrations of TiO2 in
London range from 1.9 to 29 μg/L, consistent with
measurements of 3.2 μg/L taken at a large WWTP facility in
the United Kingdom.18 Our estimates of TiO2 concentrations
in New York City biosolids (260−352 mg/kg) are lower than
the 1000−6000 mg/kg measured during the United States
sampling study.21 A possible explanation for this discrepancy
could be bulk (>100 nm) TiO2 present in the physical samples.
In Tables 7 and 8, we present a more detailed comparison of
the current study predictions vs previous studies as well as
measured values.
The geographic resolution of our analysis allows us to

approximate the locations of point source discharges of
WWTPs into the aquatic environment. The effluent mass
loading predicted by our model can be used to conduct a local-
scale risk assessment by modeling the fate and downstream
concentrations of ENMs in receiving bodies. For the purpose of
such analyses, our model can be further improved by estimating
releases at WWTP outfall locations and incorporating WWTP-
specific treatment level data in order to produce more accurate
predictions of discharge locations and mass loading in effluent
and biosolids.

■ ENVIRONMENTAL IMPLICATIONS

In the absence of experimental data, a life cycle modeling
approach can be used to predict ENM concentrations in
environmental media. The importance of the geographic scope
of such models has not been discussed extensively in the
literature. It is reasonable to assume that local variability in
factors such as product consumption and wastewater treatment
levels should lead to differences in ENM concentrations across
various geographic locations. However, we find that there are
still significant uncertainties in model parameters such as total
ENM production and use-phase release though various
applications that lead to a wide range of concentration
estimates on a local level. An important finding is that although
the range of concentrations is specific for each location
considered, the range in concentrations are within the same
order of magnitude for each ENM. More accurate ENM
application and use data will serve to narrow the range of ENM
concentrations predicted. These predicted concentrations at the
local level can serve to compare against emerging toxicological
information, which will determine whether there is a risk to
human or ecological health.
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