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Environmental Significance:

Nanoparticles are used in a wide variety of commercially available product categories (e.g. food,
automotive, paints, and skin care), and their widespread use and greater reactivity relative to larger
particles elevates the need to understand their risk. Currently, nanoparticles are difficult to detect in
9 environmental media, thereby evaluating their risk requires the use of fate and transport models of
10 which model nanoparticle behavior in the environment. Previous work has investigated risk imposed by
n nanoparticles to either specific environmental compartments (e.g. freshwater) or has evaluated risk at a
large scale (e.g. country level). Here, we evaluate risk at the watershed level for environmental
14 compartments of 6 watersheds with unique land use fractions and environmental characteristics to
15 elucidate regional variability of nanoparticle risk.
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Variation in Regional Risk of Engineered Nanoparticles:

nanoTiO; as a Case Study
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Corresponding Author: Arturo Keller, keller@bren.ucsb.edu
ABSTRACT

Predicting environmental concentrations of engineered nanomaterials (ENMs) is key for
assessing their risk. We hypothesize the environmental concentrations are a strong function of the
environmental characteristics and waste management practices of the locations where the ENMs are used
and released. We conducted a case study for nanoTiO, in six watersheds (Los Angeles, New York, Des
Moines, Rome, London, and Zurich). For a near-field analysis, we investigated the 500 m freshwater
reach downstream of a point source in Zurich. The analysis was conducted with nanoFate, a dynamic
multimedia fate and transport model which considers daily variability in release, climatic, and
hydrological conditions. ENM release fractions to environmental compartments differ regionally by up to
28%, compartment concentrations vary regionally by up to three orders of magnitude, high daily
variability of nanoTiO, observed within air and freshwater, and adverse effects to aquatic organisms such
as respiratory inflammation may be present in the freshwater compartment of Los Angeles and
downstream of the Zurich point source (peak concentrations of 1,490 and 619 ug/L respectively).
Concerns to aquatic organisms in Los Angeles are episodic, depend on meteorological variations, and
would not have been predicted by steady-state or material flow analysis models. This highlights the

significance of refining spatio-temporal resolution for a more comprehensive ENM risk assessment.
INTRODUCTION

The rise of nanomaterial applications, due to their unique properties relative to bulk materials, has
brought considerable attention to the potential risks of engineered nanomaterials (ENMs) to human and
environmental health. ENMs have increased chemical reactivity as a result of differences in surface free
energy, increased surface area, variations in structure such as bond angles, bond lengths, vacancies near
and on the particle surface, and the modification of the electronic structure, which merits an independent
assessment of their risk relative to bulk materials of the same composition.! Currently available

toxicological studies for metal oxide ENMs have demonstrated effects such as lethality to fish embryos,
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inhibition of growth/proliferation, neurotoxicity, cytotoxicity, respiratory system inflammation,
deleterious effects to proteins, increased oxidative stress, and genotoxicity. > The toxicological effects
are generally specific to ENM composition, size, coating, aspect ratio, bioavailability, and other
characteristics of the ENM and the test media.!%!! It is unclear at this time if the risk, based on current
ENM production volumes and application, is unacceptable to human and environmental health. To better
understand the risk imposed by nanomaterials in the absence of technologies capable of efficiently
distinguishing between nano and larger scale particles in environmental media, fate and transport models
serve as useful tools. This study builds on previous advancements in the prediction of PECs of
nanoparticles by evaluating the effects of localized environmental characteristics and daily variability in

release and transport with nanoFate, an ENM-specific fate and transport model.'?

Previously, environmental concentrations of ENMs within a specific environmental compartment
or to technical compartments have been predicted at the global, country, or state scale.!3!3 Other work
has expanded the analysis to predict concentrations at the continental and country scale to all bulk
environmental media (e.g. soil, air, and water)'®22, or have estimated concentrations at a more localized
level that are attributable to a specific product or product category, point of emission (e.g. wastewater),
single water body, or watershed!>?3-3C, This study is unique with respect to previous work in that
concentrations are predicted for all use categories and bulk environmental media for six watersheds which
encompass a broad range of climates, environmental characteristics, and land use fractions within Europe
and the United States to enable an evaluation of variation in regional risk. Within the United States, Los
Angeles, New York, and Des Moines were evaluated. Regions investigated within Europe include Rome,
London, and Zurich; in addition, to better understand the issue related to near- and far-field
concentrations, the 500 m reach downstream of the Werdholzi wastewater treatment plant (WWTP) in
Zurich was modeled in detail. Distinct environmental characteristics as well as regional social factors
such as land use, population density, local meteorology and hydrology, municipal waste management,

wastewater treatment, and biosolids disposal practices are considered.

To evaluate nanoparticle risks with higher spatial and temporal resolution, one of the most widely
used ENMs, nanoTiO,, was selected as a case study particle. The global production of nanoTiO, is
estimated to have increased annually by an average (throughout this study, the arithmetic mean) of 3%
from 2002-2016, to more than 100,000 metric tons globally.3! This number is subject to high uncertainty,
as establishing accurate ENM production estimates is based on production data that has been highly
restricted, with the exception of manufacturers in France, Belgium, Denmark, and Norway, of whom are
required to report production volumes.3?3¢ Even for countries with required reporting, production

volumes are highly variable. For instance, the 2015 French Report provides nanoTiO, production and
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import volumes of 10,000-100,000 tonnes, while the 2016 reported volume is > 1,000 tonnes.*° For this
investigation, The Global Market for Nanomaterials 2002-2016 report will be utilized to calculate release.
To evaluate the source for reliability, the global production data and methods described here within for
calculating country level consumption were used to calculate the French production volume of nanoTiO,
in 2016. The calculated volume for France was 1,600 tonnes, which is within the range of the most

recently reported production volumes for France (2016).

METHODS

NanoFate was utilized to predict environmental concentrations (PECs) of TiO, ENMs. In brief,
nanoFate accounts for processes relevant to nanocolloids, such as erosion, deposition, sedimentation,
resuspension, and advection. A key difference relative to most other ENM fate and transport models is
the accounting of dissolved ions and the influence of the specific water chemistry of the various aqueous
compartments (e.g. freshwater, marine, groundwater); while dissolution is less relevant for nanoTiO,, it is
important to account for water chemistry when considering hetero- and homo-aggregation. NanoFate
differs from multi-media fate and transport models such as USEtox37 and nanoparticle specific models
SimpleBox4Nano3® in its ability to account for daily variability in contaminant release and transport
processes (runoff, flow rate, etc.) and considers 26 sub-compartments (e.g. aerosols; suspended sediments
in each type of water body; soil air, water and solid phases in four different types of land uses) for
improved spatial resolution.'> Model output is a commas separated file with the concentrations in each of
the 26 compartments predicted at a daily time step, as well as concentrations within the ‘bulk’
compartments, e.g. the net concentration in air, water, sediment, urban soil, undeveloped soil, agricultural

soil, and agricultural soil to which biosolids are applied.

Watersheds studied were selected to encompass a range of land uses and climates surrounding
dense urban areas and/or agricultural land within the United States and Europe. The delineation of
boundaries and the compilation of environmental data for regions in the United States were conducted
according to methodologies published in the nanoFate User Guide!?. For European regions, the
boundaries were delineated utilizing European Commission Joint Research watershed boundaries.?® The
watersheds were derived from post processing shuttle radar topography mission elevation data. The
watersheds were selected to act as regional boundaries and were chosen based on those which best fit the
political boundaries of each watershed of interest, but still drain towards a common outlet
(Supplementary Information (SI) Section 1: Regional Summaries ).** Each region was subdivided into

land uses using the Coordination of Information on the Environment (CORINE) land use dataset.*! The
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dataset was generated from ground truth survey, aerial photographs, and satellite observation data. For
coastal regions, the marine compartment included inland estuaries as well as the open ocean up to 1 km
from the coast. All environmental compartment data was collected, as available, using geospatially
interpolated datasets for the land uses of each region. For data not available as geospatially interpolated,
the mean of available physical and chemical data from specific sites within the regions were utilized.
More detailed information regarding regional compartment sizes and characteristics is available in the S/

Section 1: Regional Summaries and SI Section 2: Environmental Data.

NanoTiO, release estimates were predicted according to methods published by Keller and
Lazereva (2013)"3 of which scale global nanomaterial production®' by the population* residing in the
environmental compartments of the respective watershed and the index of human development of the
watershed’s country®. Release to environmental compartments were predicted from the market sector
demand?’!, product use types within the sector, as well as the probability of release to the environment
during use and disposal as calculated by Keller and Lazereva (2013)'3. Release from most life-cycle
phases was considered: use, wastewater treatment, and waste disposal; release from production of
nanoTiO, was not considered given that there is no specific information on nanoTiO, production facilities
for these six urban areas and is likely a small contribution, since it is estimated to be less than 2% of the
overall release.* Product categories utilized to estimate the release of nanoTiO, include: aerospace and
automotive; coatings, paints, and pigments; food additives; personal care products; energy; environment;
agriculture; plastics; and textiles. Release by product category considered likelihood of ENM release to an
environmental compartment, but did not include a lag in release from a given product type (e.g.

variability in product wear leading to ENM release) due to limited data for many product categories.

The quantity of nanoTiO, within each product category is based on product demand estimates.?!
The release for the near-field analysis of the Werdholzi WWTP differed from the far-field analyses in that
only release from WWTP effluent was considered, with a serviced population of ~400,000 people, and
only the freshwater and freshwater sediment compartments were considered. A benefit to modeling
WWTP effects in Zurich is that the analysis allowed for an evaluation of risk to the rivers within the
watershed. The impacts of ENMs to rivers within the watershed were poorly represented in the Zurich
watershed due to Lake Zurich representing a significant fraction of the modeled freshwater compartment,
which serves to attenuate the simulated impact of ENMs to the freshwater compartment. The Werdholzi
WWTP analysis boundary was the freshwater area from the point of effluent to 500m downstream.
Regional nanoTiO, release variability accounted for in wastewater from each region includes the
proportion of wastewater treated, treatment methods, and the sludge disposal pathways. 43447 Variability

in sewage sludge and municipal solid waste disposal considers biosolids applied to agricultural land and
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sludge or waste disposal via landfill and incineration.'>*4° For more details regarding release estimates,

see SI Section 3: Release Data.

Scenarios explored for the release of nanoTiO, include a low release scenario which maximized
release to landfills (low environmental release), a high release scenario which minimized release to
landfills (high environmental release), and a default release scenario for which the mean values of the low
and high release parameters were utilized. PECs of nanoTiO, in different regions were estimated using
nanoFate considering 10 years of release for the period of 2005-2014. Simulations were conducted using
local information on daily precipitation, wind speed, temperature, and flow data for the major waterbody
intersecting the region. Initial (background) ENM concentrations were calculated from a 10-year
simulation for 1995-2004, the 10 years prior to the period of study, and assuming that nanoTiO,
concentrations were negligible prior to 1995. Release for the 1995-2004 scenario were based on ENM
production estimates from available marketing data for 2002-20043! and for 1995-2001, the extrapolation
of annual production data available for 2002-2016 with a linear model. The modeled rate of increase of

production, based on Future Markets nanomaterial production data’!, was 2.7% per year.

Due to the need to account for the indirect release of nanoTi0, from treated WWTP waste to the
biosolids compartment (agricultural land to which treated WWTP waste is applied), the biosolids
compartment necessitated additional consideration to the aforementioned release methods. Data
pertaining to the rate of regional biosolids application to land was limited and varies by facility. To
estimate the application rate of biosolids, the regional sewage sludge content, regional biosolids
legislation, and suggested rates of application were evaluated.’*>3 For Europe, recommended biosolids
application rates to meet crop fertilization needs nearly exceeded regulatory limits.>>* Thus, it was
assumed co-fertilization (use of an additional fertilizer) would be required and that only 50% of the
maximum allowable biosolids application rate was utilized to allow for a margin of safety and prevent
exceeding regulatory thresholds. The application rate and land area necessary to dispose of the biosolids
was calculated from the quantity of biosolids produced annually, legal criteria for allowable heavy metals
and the average sewage sludge content of the contaminants.*%->2333¢ Zurich is the exception, since
Switzerland has banned land application and landfilling of sewage sludge waste, thereby all WWTP waste
was routed to incineration.>’ In the United States, the rate of biosolids application and area were based on
the amount of biosolids produced and recommended application rates to meet crop fertilization needs
(22.4 dry metric tons per hectare>*). This approach was used rather than 50% of the allowable biosolids
application limit used for Europe due to less stringent biosolids application regulations within the United

States; it is unlikely that regulations will be exceeded even after 20 years of biosolids application.!-348
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As a condition of the default biosolids application scenario, the biosolids were exported if more
than 5% of available agricultural land was required to dispose of biosolids to meet soil contaminant
loading criteria of the watersheds respective country. This value was also used to account for regional
limitations in soils and crops suited for biosolids application, as well as farmer preference for other
fertilizers. Highly urbanized regions such as London, Los Angeles, and New York have to transport a
substantial amount of their biosolids to agricultural regions outside their boundaries since the local use is
limited by available agricultural area. To evaluate the sensitivity to the assumptions utilized for biosolids
application rates, two alternative scenarios were evaluated. The first assumed maximum allowable
biosolids application rate (Europe) and the high application rate for agricultural fertilization (United
States, 44.8 dry metric tons per hectare 3*). The second maintained constant application rates for the
simulation period, but no biosolids were exported (i.e. >5% of agricultural land was utilized to dispose of

the biosolids within the region).

Sensitivity was also evaluated in the aquatic compartment, which may exhibit high volume
variability during precipitation events. To explore the sensitivity of PECs to changes in freshwater
compartment volume, the Los Angeles freshwater compartment was evaluated. The fluctuations in
compartment size in Los Angeles were estimated based on the regional flow rates observed during
precipitation events. In Los Angeles, the flow frequently increases by 4-fold during rain events®, thus to
evaluate compartment size effects, the default compartment depth (0.17 m) was increased to 0.68 m
(4xDepth scenario). Since nanoFate cannot currently account for variability in compartment size during a

simulation, the 4-fold compartment size was held constant for each day of the scenario.

RESULTS AND DISCUSSION

Predicted release to the environmental compartments within each region is strongly dependent on
land use, population density and other local characteristics (see Table S13 S/ Section 3: Release Data).
Within each region, landfills were predicted to receive the highest loads of nanoTiO,. The compartment
with the second highest load varied by region, but the cumulative release from all regions was greatest in
urban soil (Figure 1). For all U.S. regions except New York City, the biosolids compartments were
predicted to receive the second highest load of nanoTiO,, however, this was not observed for European
regions due to more stringent regulations for biosolids application. In Zurich, the freshwater compartment
received the second highest load, while in London, Rome, and New York, the second highest load was
released to urban soil due to the high urban population density. Of note for the urban soil compartments

of European regions, lower fractions of release were predicted relative to U.S. regions. This is attributable
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to the high fraction of septic systems in urban environments within the U.S. regions (10-23%). Although
Rome also has a high fraction of septic systems (39% of wastewater treatment), a higher proportion of
residents in the U.S. study regions lived in urban areas relative to Rome, where many residents still live in
the agricultural areas of the region.*>4546:4860 Dye to the higher agricultural population in Rome, a larger
fraction of the total release was predicted in its agricultural compartment (14%) relative to other regions

(< 4%).4
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Figure 1. (a) Summary of the total nanoTiO, estimated to be released to the environment in the regions
investigated for the average release scenario and (b) the release fractions by compartment. The Zurich

WWTP load is released 100% to freshwater and is not depicted.
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Predicted Environmental Concentrations

Page 10 of 26

NanoFate generates estimated daily PECs for 26 compartments, which are aggregated into 9 bulk

compartments: air, freshwater, freshwater sediment, seawater, marine sediment, natural soil, urban soil,

agricultural soil, and biosolids treated soils. The PECs for each region’s bulk environmental compartment

as of 2014 are included in S Section 4. Predicted Environmental Concentrations. The highlights are

discussed below, with comparisons where feasible to previous studies. All values reported in this study

are the arithmetic mean for the concentration of nanoTi10, observed in 2014.

Table 1. PECs for the bulk compartments of the average release scenario in 2014. Bolded values indicate

the far-field regions with the highest mean, bolded and italicized values indicate maximum concentrations

Freshwater Marine  Undeveloped Urban Biosolids

Air Freshwater  Sediment Marine Sediment Soil Soil Agricultural  Treated Soil

Region  Statistic | (ng/m3) (ng/L) (mg/kg) (ng/L) (mg/kg) (ng/kg) (ng/kg)  Soil (ug/kg) (mg/kg)
Rome mean 22.8 35.0 38.2 0.328 0.63 49.9 61.1 46.2 2.63
max 37.1 92.1 42.5 0.340 0.68 51.6 62.2 47.0 2.68

min 2.58 15.8 359 0.313 0.56 48.2 59.8 45.0 2.56

Zurich mean 9.38 0.926 1.79 NA NA 16.6 21.4 18.8 NA
max 14.6 0.96 1.86 NA NA 17.2 21.9 19.5 NA

min 3.43 0.899 1.71 NA NA 15.9 20.6 18.1 NA

London mean 30.3 58.7 93.0 5.20 5.60 59.2 124 242 6.26
max 46.2 87.2 97.4 5.25 5.95 61.4 127 25.1 6.49

min 14.6 43.7 89.6 5.03 498 57 121 234 6.03

Des mean 0.146 0.479 0.759 NA NA 2.16 7.03 0.264 6.66
Moines  max 0.234 5.71 0.809 NA NA 221 7.21 0.269 6.78
min 0.026 0.243 0.720 NA NA 2.09 6.80 0.257 6.48

Los mean 17.2 61.9 111 1.02 0.662 9.00 95.1 10.1 23.7
Angeles max 19.9 1,490 116 1.03 0.688 9.33 98.8 10.5 24.7
min 3.89 334 106 0.998 0.637 8.69 91.8 9.66 22.7

New mean 6.24 335 66.7 0.0449 0.0284 47.6 198 23.6 77.8
York max 10.3 62.4 69.3 0.0460 0.0295 49.4 206 24.5 80.7
min 1.09 275 63.9 0.0440 0.0273 45.9 191 22.8 75.1

Zurich mean NA 613 324 NA NA NA NA NA NA
WWTP  max NA 619 39.8 NA NA NA NA NA NA
min NA 603 23.4 NA NA NA NA NA NA
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observed for each compartment. Note that the units are ug/kg for most soils except biosolids-treated soil

which is reported in mg/kg.
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Freshwater and Freshwater Sediment

NanoTiO, PECs in the freshwater column of the more densely populated regions (Rome, London,
New York, and Los Angeles) were similar (34-62 pg/L), while the PECs in Zurich and Des Moines were
1-2 orders of magnitude smaller, 0.9 and 0.5 pg/L respectively (see Table 1). PECs for the less densely
populated regions and/or large compartment sizes with respect to population, Zurich and Des Moines,
were generally within an order of magnitude of PECs presented in other studies for freshwater
compartments (central tendency (metric varied by study) 0.021-2.17 pg/L).!6-18.20-2 Iy the more populated
regions (London, Rome, Los Angeles, and New York), PECs in this study exceeded previous estimates by
0.5-3 orders of magnitude since previous analyses considered larger environmental compartments
(national or continental) and thus much lower population densities and estimated release rates per unit
area. 9182022 This finding highlights the importance of estimating PECs at a more local scale, as large
scale estimation methods fail to account for variability in release in sub-watersheds of the study area,

which may be subject to significantly higher or lower nanoparticle release rates.

Substantial daily variability was predicted within the freshwater column in most regions, driven
by the transport of ENMs in storm runoff (Figure 2), since we assumed no variability in WWTP
discharge. Substantial loads of nanoTiO, are predicted in storm water runoff as a result of (1) the large
urban and agricultural areas relative to the freshwater compartment; and (2) the accumulation of ENMs
from paints and coatings in urban soils, and from agricultural lands subject to biosolids application. There
is empirical evidence that ENMs are retained near the surface of soils, releasing particles (possible
attached to soil particles) during high runoff events.°! In light of these factors, nanoTiO, concentrations
were predicted to briefly increase following precipitation, by up to two orders of magnitude in some
regions. The highest variability was observed in Los Angeles (62-1490 pg/L) and the lowest in Zurich
(0.90-0.96 pg/L). The high variability observed in Los Angeles is attributable to infrequent precipitation,
very small freshwater compartment volume relative to overall area, and low flow. Low variability in
Zurich is due to the large size of the freshwater compartment relative to land area (Lake Zurich was
included). When the low and high release were considered for the far-field scenarios (S7 Section 3:
Release Data), PECs for freshwater are 0.38-37 pg/L and remain similar to the concentration range of the
default release scenario (0.5-62 pg/L). This finding demonstrates low model sensitivity for the ranges of

releases considered here.
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Figure 2. PECs of nanoTiO, in freshwater for 2005-2014 relative to the concentrations at which negative
effects have been observed in freshwater organisms (Tox 1 — Tox 5). Tox1 (0.1 mg/L): Gill inflammation
in rainbow trout (Oncorhynchus mykiss).* Tox 2 (0.62 mg/L): NOEC modeled from multiple species
ecotoxicological studies.®> Tox 3 (1 mg/L): Inhibition concentration of 25% of green algae
(Pseudokirchneriella subcapitata)." Tox 4 (2.5 mg/L) and Tox 5 (3 mg/L): IC25 and LC50 respectively
for the invertebrate Ceriodaphnia dubia.*
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In the Werdholzi WWTP near-field analysis, we estimate a freshwater PEC of 613 pg/L, which is
at least an order of magnitude higher than all far-field regions and two and a half orders of magnitude
higher than in the broader Zurich region (note the only load considered in the near-field scenario was
from the Werdholzi WWTP effluent, since no runoff was considered; daily variability was smaller).
While the ecotoxicological threshold exceedances of the PECs for Los Angeles serve to illustrate the
importance of considering unique regional release of nanoparticles and compartment characteristics, the
PECs of the Werdholzi WWTP demonstrate how spatial resolution can have significant implications in

PECs of nanoparticles and should be considered in the evaluation and mitigation of risk.

PECs predicted here for nanoTiO, in population dense regions (average annual concentration of
34-62 pg/L for Rome, London, Los Angeles, and New York) were similar to WWTP effluent PECs in
previous studies (central tendency 3.5-44 pg/L), and measured Ti concentrations in WWTP

effluent.!618.20-22 Tn highly urbanized regions, freshwater flows may be wastewater effluent-dominated
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(e.g. Los Angeles and some freshwater reaches of large cities such as New York, London, and Rome),
and may explain the similarity to predicted surface water concentrations within the urbanized regions and
WWTP effluent concentration predictions and observations of the aforementioned studies.*>63-6¢ These
findings suggest surface water PECs for nanoTiO, may be similar to wastewater effluent for highly

urbanized regions.

The fraction of nanoTiO, estimated to be removed by WWTPs in this study was based on
removal rates for Ti measured by Westerhoff et al. ¢7 and Kiser 8. The annual mean PECs for freshwater
in the more populated regions investigated here (Rome, London, Los Angeles, and New York) were
higher than the modal Ti (<9 um in diameter) concentrations measured in WWTP effluent by Kiser et al.
67 (<10 pg/L), and the mean concentration of 20 pg/L measured for Ti particles( < 7 um in diameter) by
Westerhoff et al. 8. This was noteworthy in that TiO, ENMs would be expected to have significantly
lower concentrations with respect to Ti particles, as Ti is produced and used at substantially higher levels
than nanoTiO,. Titanium pigments alone are produced in quantities two orders of magnitude greater than
the high end of current production estimates for all nanoTiO,.3'%° PECs reported here and in previous
studies!'®!8:20-22 are similar to measured Ti concentrations in WWTP effluent, which suggests release rates

currently used in ENM risk assessments may be too high.

Freshwater sediment PECs were 3-4 orders of magnitude higher than the freshwater column
PECs, and were typically the highest of all environmental compartments due to the high release fraction
to water, small compartment size with respect to the load received, and sedimentation of nanocolloids
from the water column (Table 1). Sediment PECs are estimated to be higher than the water column, 0.7-
76 mg/kg (modeled density for sediment and freshwater 2400 kg/m? and 1000 kg/m3 respectively) due to
continuous deposition of nanocolloids that accumulate over time and due to the negligible dissolution of
nanoTiO,. Low daily variability was predicted for nanoTiO, in sediment with respect to the water column
due to reduced compartment transport rates. Sediment PECs were similar to previous estimates for
Europe and Switzerland presented by Sun?? (21.3-43.1mg/kg) and Sani-Kast?’ (0-2.7 mg/kg). The near-
field freshwater sediment PEC for the Zurich WWTP, 32 mg/kg, was an order of magnitude higher than
the far-field PEC for Zurich. However, unlike the freshwater compartment, the near-field sediment PEC
was not substantially higher than the far-field analyses due to the short time for the particles to settle prior
to being transported from the compartment via stream flow. Again, concentrations in the Zurich WWTP
freshwater and freshwater sediment compartments reflect only the effects of the Werdholzi WWTP
effluent to the local freshwater environment. The total concentrations for freshwater near-field analyses
within urban environments need to consider other variables such as upstream effects, industrial effluent,

and storm water infrastructure, which were not evaluated here due to lack of information.
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Seawater and Marine Sediment

For the seawater column and marine sediment compartments, lower variability and PEC values
(0.9-5 pg/L and 0.7-5 mg/kg respectively) were predicted with respect to the corresponding freshwater
column and sediment due to the larger sizes of the marine compartments (S/ Section 1: Regional
Summaries and Section 4: PECs, Figure S2). Variability was also reduced due to the assumption in
nanoFate that runoff first enters the freshwater compartment and is then transferred by advection to
coastal waters, which dampens the signal. The highest nanoTiO, PECs in seawater and marine sediment
were for the Thames River estuary downstream from London, which had the highest per capita to

compartment size ratio.

Soil

The agricultural compartment subjected to the application of biosolids had the highest PECs
(Table 1), and PECs continued to increase throughout the analysis period (SI Section 4: PECs, Figure
§2). The agricultural land to which biosolids were applied received 8-15% of the total regional nanoTiO,
released (Figure 1b), and this compartment was predicted to have 1 to 4 orders of magnitude higher
nanoTiO, PECs relative to soils in other land uses (note difference in units between biosolids soils
(mg/kg) and the other soils (ng/kg) in Table 1). This reflects the large mass fraction of ENMs predicted
to pass through WWTPs and end up in biosolids, and highlights the significance in accounting for the
different land uses and corresponding soil compartments in ENM risk assessment.!17:2467.68.70 For the
biosolids treated soil, the range of PECs for the regions investigated was 2-81 mg/kg, with the U.S.
regions predicted to have higher PECs due to less stringent legislative standards. In previous work by Sun
et al.?? | the concentration of nanoTiO, in sludge treated soils in Europe was predicted to have similar
concentrations (reported mean 61 mg/kg). PECs for nanoTiO, in biosolids (distinct from biosolids treated
soils) in previous studies ranged from 107-7,007 mg/kg!3:16:17.22.70.71 and are similar to concentrations of
total Ti measured in biosolids in other work, 19-7,020 mg/kg?*33-6872 again suggesting current release

estimates from WWTPs for nanoTiO, presented here and in other work are likely too high. 16.18.20-22

To better understand the effects of nanoTiO, release estimates and their sensitivity on PECs in
different regions, we evaluated two scenarios. The first scenario assumed maximum application rates of
biosolids that abide regulations and the second assumed default biosolids application rates with no
biosolids export in population dense regions. In the maximum allowable application analysis, PECs
increased by factors of 2-7.4 in biosolids treated soils (see S/ Section 4: PECs). The increase in applied

biosolids affected PECs in other compartments by a factor of 1-1.6, with the freshwater sediment
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predicted to have the highest increase, as a result of runoff from agriculture. In the “no biosolids export”
scenario, the application rate was the same as the default, but biosolids were not exported from the region.
Biosolids were disposed of into the biosolids soil compartment, and the biosolids land area was increased
(and agricultural land with no biosolids decreased) to maintain the estimated biosolids application rate.
For this scenario, PECs were expected to increase by a factor of 1-1.1 in all compartments, demonstrating
low sensitivity to biosolids export assumptions (see S/ Section 3: PECs). The small increase in PECs for
other compartments is attributable to the small size of the biosolids compartment relative to the size of the
other compartments, even when expanded to accommodate all regional biosolids. The highest increase in
PECs for the “no exports” scenario was observed for the freshwater and freshwater sediment
compartments within Los Angeles due to the smaller size ratio of the compartments with respect to the

biosolids compartment.
Air

The air compartment had the lowest PECs of all compartments reviewed, 0.1-30 ng/m?. The low
concentrations are attributable to the small loading rates, about 2% or less of the total, the low predicted
contribution from resuspension of ENMs from soils to the atmosphere, and the large compartment size.
High intra-annual variability was predicted in the compartment due to wet deposition during precipitation

events.
Uncertainty and Limitations

Uncertainty is a measure of the disparity between data with respect to the true value. The uncertainty
of concentrations predicted here is not quantifiable due to the high innate variability of environmental
characteristics for which insufficient spatiotemporal monitoring data is available (e.g. suspended
particulates, aerosols concentration, and soil moisture), and the absence of data for some input parameters
which required expert judgment (e.g. sediment advection). Previous work has sought to address
uncertainty in nano PECs with probabilistic modeling.!*-2°-22 Although these methods are useful in
quantifying uncertainty and likely outcomes given sufficient data, they fail to prove effective for
quantifying PEC uncertainty when data is limited. In our efforts, the input to which models are most
sensitive is ENM release. As previously mentioned, there is significant variability (and likely uncertainty)
in ENM production reports, even in countries that mandate reporting of ENMs, such as France*®. Previous
work by Sun et. al (2016), amidst uncertainty in release data, modeled the uncertainty of PECs based on
probabilistic distributions of model inputs, including ENM release. However, only 7 release estimates
were available during their study, 3 of which were assigned a degree of belief of 20%.7* Given highest

model sensitivity to release, and limited spatiotemporal availability for environmental characteristic data,
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1

2

2 the evidence for the calculated uncertainty representing true uncertainty in the PECs is limited. Although
5 we were unable to quantify data uncertainty, we are utilizing representations of relevant environmental

? processes and best available data to provide an estimate of Zow nanoTiO, ENM risk varies with

8 characteristics of the environment, e.g. high urban land use, high land surface area to water ratio, and

?O biosolids application. We believe the discussion of predicted concentration flux, differences between

1 regions, and loading in respective compartments elucidates important considerations for future monitoring
g efforts and mitigating risk.

14

15 Limitations to the current assumptions for PECs include:

16

17 1) The high uncertainty associated with current TiO, ENM production estimates. For instance, the
12 production estimates for TiO, used in this study for 2011 in the United States, was 7,654

;? tonnes/year. This value was in agreement with the lower limit to the production range calculated
22 for the United States by Hendren et al. 2011, 7800 tonnes/year.” Other work by Piccinno’ and
;i published in 2012 has suggested notably lower production quantities globally, 3,000 tonnes/year.
25 2) Data for the release of TiO, ENMs from products and waste management is limited and

;? uncertain, and estimates from production and manufacturing processes, accidental spills,

;g transport, and stocks were not included.

30 3) The population distribution was calculated utilizing geospatial population datasets that were

;; constructed based on census block data.*? The integrity of the dataset has not been evaluated

33 utilizing ground-truth surveys and may not accurately reflect population densities per given land
36 4) Watersheds were used as a proxy for regional boundaries, although advective transport (inflows
2573 and outflows) are considered in nanoFate. However, different watershed scales can be considered
z g arbitrarily, and there are no clear boundaries for airsheds. Thus there is importance in considering
41 both near- and far-field scales.

fé 5) In predicting the concentration of nanoTiO, in the freshwater compartment, we currently assume
44 wastewater effluent enters all freshwater in the region, although in reality not all freshwater

22 segments may be subjected to wastewater effluent. The appropriate scale may be needed for

173 different regions and subregions to account for WWTP discharge correctly, as shown in the

49 Zurich WWTP nearfield analysis.

g? 6) Many environmental characteristics are variable and have limited spatiotemporal data, such as
52 suspended particles, pH, and the organic fraction of material in the water column, and simulated
gi daily variability in the environment only accounted for release, climate, and hydrology.

55

56

57

58

59
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Risk Assessment

PECs of nanoTiO, were evaluated for ecotoxicological concerns within the freshwater
compartment. Ecotoxicological data available for other compartments were limited, and available effect
concentrations were generally greater than PECs in this study by an order of magnitude, indicating
generally low risk. Notably however, sediment, soil, and atmospheric toxicological data were more
limited than for aquatic data. Coll et al.”® conducted a probabilistic risk assessment and predicted the soil
NOEC for nanoTiO, to be between 2-4 mg/kg, which is generally exceeded by biosolids soil PECs in this
study (2-81 mg/kg). However, other soil toxicity studies reviewed and compared to the soil PECs in this
study suggest low risk for soil dwelling organisms, as observed effect concentrations were 1,000-10,000
mg/kg.7>7683 Further toxicological research in soils is needed to better assess risk within the

compartment.

Of the regions evaluated, the freshwater compartment in Los Angeles and downstream of the
Zurich WWTP had PECs at which adverse effects have been observed in laboratory studies (Figure 2).
The following acute and chronic endpoints were exceeded between 2005-2014: NOEC, LOEC,
respiratory inflammation, EC50, and the inhibition concentration of 25% (IC25) of organisms for one or
more of the following taxa: unicellular organisms, algae, invertebrates, and vertebrates.3->-2425.6234-93 Of
the exceeded endpoints, only three are discussed here as they were exceeded by PECs. Within the Los
Angeles freshwater compartment, the mean days of continuous exceedance in 2014 of the endpoints gill
inflammation in rainbow trout (Oncorhynchus mykiss)’, NOEC modeled from multiple species
ecotoxicological studies®?, and IC25 of green algae (Pseudokirchneriella subcapitata) were 4, 3, and 2
days respectively, while the maximum days of continuous exceedance was 13, 5, and 4 days respectively
(see Figure 2). Notably, had we assumed no daily meteorological variability, Los Angeles would not
have exceeded any of these toxicological endpoints. In the Zurich WWTP nearfield analysis, the
concentrations for the 10-year simulation period exceeded the rainbow trout gill inflammation
toxicological endpoint each day and nearly exceeded the green algae IC25 toxicological end point in

2014.

In most models, including nanoFate, the freshwater compartment size is held constant, although it
may change significantly during major precipitation events. Although this assumption will have a small
effect at a large scale (e.g. country or continental), for smaller regions/compartments, assuming a constant
volume may yield unrealistic PECs during precipitation events when the compartment size expands
substantially. In some regions, such as Los Angeles, the freshwater compartment is known to change
significantly. To evaluate the sensitivity of PECs to changes in the freshwater compartment size, events

where concentrations of nanoTi0O, exceeded ecotoxicological thresholds were counted for the 4xDepth
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1
2
i scenario (compartment size increased by four times relative to the default) and default scenario (see
5 Figure 3). Events are defined here as an increase in nanoTiO, concentration relative to the previous day,
? as attributable to changes in meteorological or hydrological factors. The maxima PECs decrease for the
8 4xDepth scenarios, due to the larger compartment size, and there were fewer exceedances of the
10 ecotoxicological endpoints at higher nanoTiO, concentrations. The trout gill inflammation
n ecotoxicological endpoint for the 4xDepth scenario was exceeded during 28 events, while the default
12
13 compartment depth scenario exceeded the endpoint in 46 events. The NOEC endpoint was exceeded
12 during 1 event in the 4xDepth scenario and 15 events in the default, while the IC25 of green algae was not
16 exceeded in the 4xDepth scenario, but 7 events exceeded the threshold in the default scenario. The
17 . . . .. . .
18 reduction in exceedance events in the 4xDepth scenario illustrates the significance in accounting for
19 compartment size variability which is not accounted for in previous surface water nanomaterial risk
20
2 assessments, 12-27:94-9
22
23 Figure 3. Effects observed to freshwater compartment variability in consideration of compartment size
;g expansion during precipitation events. See Figure 2 for Tox 1-Tox 3 endpoint descriptions.
26 Freshwater Compartment Size Effects Los Angeles 2005-2014
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50
51 Based on current use and waste handling of nanoTiO,, the highest predicted environmental release is
52
53 to freshwater, urban soil, and soil to which biosolids are applied, but this is highly dependent on local
g;" conditions that may not be valid for all urban regions in a state/province, country, or larger scales. Due to
56 the transport of nanoTiO, via runoff from urban and agricultural soils to surface water, we estimate higher
57
58
59
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PEC:s in surface waters of regions with greater fractions of urban areas or soils receiving biosolids
application, relative to surface water compartment size. We predict based on available toxicological data
and PECs, that nanoTiO, may pose some ecotoxicological concerns to freshwater compartments
downstream of WWTPs and near urbanized regions, especially in areas of infrequent precipitation events
and small land to freshwater compartment ratios such as Los Angeles. Furthermore, we have

demonstrated that more accurate risk assessment of contaminants requires specific consideration of the:

near field region downstream of large WWTPs and waters isolated from WWTPs;

e differences in land use that can result in differential accumulation of ENMs in various soils;

e potential change in the volume of the freshwater compartment during large storms,
particularly in drier regions (e.g. Los Angeles);

e ratio between urban land area and receiving freshwater volume, which varies significantly

between regions.

Within the atmospheric and terrestrial compartments, we have predicted orders of magnitude
differences in PECs of the regions evaluated that are attributable to differences in population density, land
uses, and waste management practices. As we seek to understand and mitigate the potential effects of
ENMs in the absence of reliable environmental monitoring methods, regional propensities for the release
and accumulation of nanoTiO, need to be evaluated via modeling. Awareness of regional and
compartmental vulnerability to ENMs would provide opportunities to risk managers to prepare effective
mitigation strategies and evaluate whether adverse effects observed in an environment may be influenced

by high concentrations of ENMs.

ACKNOWLEDGEMENTS

Thanks to Dr. Kendra Garner for her efforts to develop nanoFate and to provide consultation for
work performed here within and to Peter Paige for aiding in the delineation and aggregation of data for
the regions which were evaluated for nanoTiO, risk. This project was funded by the USEPA Star Grant
83557907.

REFERENCES
(D) Sharma, V. K. J. Environ. Sci. Heal. 2009, 44 (14), 1485—-1495.

2) Bai, W.; Zhang, Z.; Tian, W.; He, X.; Ma, Y.; Zhao, Y.; Chai, Z. J. Nanoparticle Res. 2010, 12
(5), 1645-1654.



Page 21 of 26

oNOYTULT D WN =

3)

4)
)
(6)

(7

(®)

©)

(10)

(11
(12)
(13)
(14)
(15)
(16)
(17)

(18)
(19)

(20)

Environmental Science: Nano

Sharma, V.; Shukla, R. K.; Saxena, N.; Parmar, D.; Das, M.; Dhawan, A. Toxicol. Lett. 2009, 185
(3), 211-218.

Yang, H.; Liu, C.; Yang, D.; Zhang, H.; Xi, Z. J. Appl. Toxicol. 2009, 29 (1), 69—78.
Federici, G.; Shaw, B. J.; Handy, R. D. Aquat. Toxicol. 2007, 84 (4), 415-430.

Farré, M.; Gajda-Schrantz, K.; Kantiani, L.; Barcelo, D. Anal. Bioanal. Chem. 2009, 393 (1), 81—
95.

Mao, Z.; Xu, B.; Ji, X.; Zhou, K.; Zhang, X.; Chen, M.; Han, X_; Tang, Q.; Wang, X.; Xia, Y.
Nanoscale 2015, 7 (18), 8466—8475.

Wang, J.; Liu, Y.; Jiao, F.; Lao, F.; Li, W.; Gu, Y.; Li, Y.; Ge, C.; Zhou, G.; Li, B.; Zhao, Y ;
Chai, Z.; Chen, C. Toxicology 2008.

Jin, C.; Tang, Y.; Yang, F. G.; Li, X. L.; Xu, S.; Fan, X. Y.; Huang, Y. Y.; Yang, Y. J. Biol. Trace
Elem. Res. 2011, 141 (1-3), 3-15.

Keller, A. A.; Adeleye, A. S.; Conway, J. R.; Garner, K. L.; Zhao, L.; Cherr, G. N.; Hong, J.;
Gardea-Torresdey, J. L.; Godwin, H. A.; Hanna, S.; Ji, Z.; Kaweeteerawat, C.; Lin, S.; Lenihan, H.
S.; Miller, R. J.; Nel, A. E.; Peralta-Videa, J. R.; Walker, S. L.; Taylor, A. A.; Torres-Duarte, C.;
Zink, J. 1.; Zuverza-Mena, N. Nanolmpact 2017, 7 (May), 28—40.

Sahu, S. C.; Hayes, A. W. Toxicol. Res. Appl. 2017, 1,239784731772635.

Garner, K. L.; Suh, S.; Keller, A. A. Environ. Sci. Technol. 2017, 51 (10), 5541-5551.
Keller, A. A.; Lazareva, A. Environ. Sci. Technol. Lett. 2013, 1 (1), 65-70.

Tiede, K.; Westerhoff, P.; Foss Hansen, S. 2011, 15.

Koelmans, A. A.; Nowack, B.; Wiesner, M. R. Environ. Pollut. 2009, 157 (4), 1110-1116.
Sun, T. Y.; Gottschalk, F.; Hungerbiihler, K.; Nowack, B. Environ. Pollut. 2014, 185, 69-76.

Gottschalk, F.; Sondere, T.; Schols, R.; Nowack, B. Environ. Sci. Technol. 2009, 43 (24), 9216—
9222.

Mueller, N. C.; Nowack, B. Environ. Sci. Technol. 2008, 42 (12), 44447-44453.
Gottschalk, F.; Scholz, R. W.; Nowack, B. Environ. Model. Softw. 2010, 25 (3), 320-332.

Meesters, J. A. J.; Quik, J. T. K.; Koelmans, A. A.; Hendriks, A. J.; van de Meent, D. Environ. Sci.



oNOYTULT D WN =

e2y)

(22)

(23)

24

(25)
(26)

27

(28)

(29)
(30)
G

(32)

(33)

(34

(35)
(36)

(37

Environmental Science: Nano Page 22 of 26

Nano 2016, 3 (4), 715-727.

Meesters, J. A. J.; Koelmans, A. A.; Quik, J. T. K.; Hendriks, A. J.; Van De Meent, D. Environ.
Sci. Technol. 2014, 48 (10), 5726-5736.

Sun, T. Y.; Bornh6ft, N. A.; Hungerbiihler, K.; Nowack, B. Environ. Sci. Technol. 2016, 50 (9),
4701-4711.

Dumont, E.; Johnson, A. C.; Keller, V. D. J.; Williams, R. J. Environ. Pollut. 2015, 196, 341-349.

Johnson, A. C.; Bowes, M. J.; Crossley, A.; Jarvie, H. P.; Jurkschat, K.; Jiirgens, M. D.; Lawlor,
A. J.; Park, B.; Rowland, P.; Spurgeon, D.; Svendsen, C.; Thompson, I. P.; Barnes, R. J.;
Williams, R. J.; Xu, N. Sci. Total Environ. 2011, 409 (13), 2503-2510.

Musee, N. Hum. Exp. Toxicol. 2011, 30 (9), 1181-1195.
O’Brien, N. J.; Cummins, E. J. Risk Anal. 2011, 31 (5), 706—726.

Sani-Kast, N.; Scheringer, M.; Slomberg, D.; Labille, J.; Praetorius, A.; Ollivier, P.; Hungerbiihler,
K. Sci. Total Environ. 2015, 535, 150-159.

Praetorius, A.; Scheringer, M.; Hungerbiihler, K. Environ. Sci. Technol. 2012, 46 (12), 6705—
6713.

Quik, J. T. K.; de Klein, J. J. M.; Koelmans, A. A. Water Res. 2015, 80, 200-208.
Dale, A. L.; Lowry, G. V; Casman, E. A. 2015.
Future Markets, 1. The Global Market for Nanomaterials 2002-2016; 2012.

Giese, B.; Klaessig, F.; Park, B.; Kaegi, R.; Steinfeldt, M.; Wigger, H.; Von Gleich, A_;
Gottschalk, F. Sci. Rep. 2018, § (1), 1-18.

NEA. Product Register http://www.miljodirektoratet.no/en/Areas-of-activity 1/Chemicals/The-
Product-Register/Guide-to-Completing-the-Form/ (accessed May 1, 2018).

FPS. Nano Registry https://www.health.belgium.be/en/environment/chemical-

substances/nanomaterials/register (accessed May 1, 2018).
Virk. Nano Product Register https://indberet.virk.dk/myndigheder/stat/MST/Nanoproduktregister.
ANSES. R-Nano https://www.r-nano.fr/?locale=en (accessed May 1, 2018).

USETox http://www.usetox.org/ (accessed Nov 22, 2017).



Page 23 of 26

oNOYTULT D WN =

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(5D

(52)

(53)

Environmental Science: Nano

SimpleBox4Nano https://www.rivm.nl/en/Topics/S/Soil and water/SimpleBox4nano (accessed

Nov 22, 2017).

EEA. EEA Catchments and Rivers Network System ECRINS v1.1 - Rationales, building and
improving for widening uses to Water Accounts and WISE applications; 2012.

Hijmans, R.; Kapoor, J.; Wieczoreck, J.; Garcia, N.; Maunahan, Aileen, Rala, A.; Mandel, A.
Global Administrative Areas http://gadm.org/country (accessed Jan 1, 2016).

EEA. CORINE Land Cover 2000 Raster Data http://www.eea.europa.cu/data-and-maps/data/clc-
2000-raster-4#tab-european-data (accessed Jan 1, 2016).

SEDAC. Grided Population of the World (GPW), v4

http://sedac.ciesin.columbia.edu/data/collection/gpw-v4/documentation.

UNDESA. World Population Prospects http://hdr.undp.org/en/content/population-total-both-sexes-
thousands (accessed Jan 1, 2017).

Gottschalk, F.; Nowack, B. J. Environ. Monit. 2011, 13 (5), 1145.

OECD. Municiple Waste-Generation and Treatment
https://stats.oecd.org/Index.aspx?DataSetCode=MUNW (accessed Jan 1, 2017).

Eurostat. Eurostat-Data http://ec.europa.cu/eurostat/data/database (accessed Jan 1, 2017).

USCB. United States Census Bureau: Historical Census of Housing Tables - Sewage Disposal

https://www.census.gov/hhes/www/housing/census/historic/sewage.html (accessed Apr 3, 2017).

USCB. United States Census Bureau: State Population Totals Tables 2010-2016
https://www.census.gov/data/tables/2016/demo/popest/state-total.html (accessed Jan 1, 2017).

Michaels, T.; Shiang, 1. 2016 Directory of Waste-To-Energy Recovery Facilities; 2016.

EEC. 86/278/EEC Sewage Sludge Directive http://eur-lex.europa.cu/legal-
content/EN/TXT/?uri=LEGISSUM:128088.

USEPA. 4 Plain English Guide to the EPA Part 503 Biosolids Rule; 1994.

Inglezakis, V.; Zorpas, A. A.; Karagiannidis, A.; Samaras, P.; Voukkali, I.; Sklari, S. In
Proceedings of teh 3rd International CEMPE & SECOTOX Conference; 2011.

USEPA. Targeted National Sewage Sludge Survey Sampling and Analysis Technical Report; 2009.



oNOYTULT D WN =

(54
(55)
(56)
(57)

(58)

(59)

(60)

(61)
(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

Environmental Science: Nano Page 24 of 26

USEPA. Biosolids Technology Fact Sheet Land Application of Biosolids; 2000.
European Commission. Disposal and Recycling Routes for Sewage Sludge; 2002.
Kelessidis, A.; Stasinakis, A. S. Waste Manag. 2012, 32 (6), 1186—1195.

FOEN. Swiss Environmental Law - A Brief Guide; 2013.

Beecher, N.; Crawford, K.; Goldstein, N.; Kester, G.; Lona-Batura, M.; Dziezyk, E.; Peckenham,
J.; Cheng, T. A National Biosolids Regulation, Quality, End Use, and Disposal Survey - Final
report; 2007.

USGS. USGS Surface-Water Daily Data For the Nation

https://waterdata.usgs.gov/nwis/dv/?referred module=sw (accessed Jan 22, 2017).

USEPA. Septic Systems Fact Sheet

https://nepis.epa.gov/Exe/ZyNET.exe/P1004624. TXT?ZyActionD=ZyDocument&Client=EPA &I
ndex=2006+Thru+2010&Docs=&Query=& Time=&EndTime=&SearchMethod=1&TocRestrict=n
&Toc=&TocEntry=&QField=&QFieldY ear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&Ex
tQFieldOp=0&XmlQuery= (accessed Jan 1, 2017).

Conway, J. R.; Keller, A. A. Water Res. 2016, 98, 250-260.
Gottschalk, F.; Kst, E.; Nowack, B. Environ. Toxicol. Chem. 2013, 32 (6), 1278—1287.

Solley, W. B.; Pierce, R. R.; Perlman, H. a. Estimated Use of Water in the United States in 1990:
U.S. Geological Survey Circular 1081; 1993.

Henry, J.; Heinke, G. Environmental Science and Engineering; 1989.

Sedlak, D. Water 4.0: The Past, Present, and Future of the World’s Most Vital Resource; Yale
University Press, New Haven & London, 2014.

Rezaie Boroon, M. H.; Con L Coo, C. Water Quality Assessment of the Los Angeles River
Watershed, California, USA in Wet and Dry Weather Periods; 2015.

Westerhoff, P.; Song, G.; Hristovski, K.; Kiser, M. A. J. Environ. Monit. 2011, 13 (5), 1195-1203.

Kiser, M. A.; Westerhoff, P.; Benn, T.; Wang, Y.; Pérez-Rivera, J.; Hristovski, K. Environ. Sci.
Technol. 2009, 43 (17), 6757-6763.

USGS. Titanium Statistics and Information

https://minerals.usgs.gov/minerals/pubs/commodity/titanium/.



Page 25 of 26

oNOYTULT D WN =

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)
(83)
(84)

(85)

Environmental Science: Nano

Lazareva, A.; Keller, A. A. ACS Sustain. Chem. Eng. 2014.

Boxall, A.; Chaudhry, Q.; Sinclair, C.; Jones, A.; Aitken, R.; Jefferson, B.; Watts, C. Environment
2007, 89.

Kim, B.; Murayama, M.; Colman, B. P.; Hochella, M. F. J. Environ. Monit. 2012, 14 (4), 1129.

Coll, C.; Notter, D.; Gottschalk, F.; Sun, T.; Som, C.; Nowack, B. Nanotoxicology 2016, 10 (4),
436-444.

Hendren, C. O.; Mesnard, X.; Droge, J.; Wiesner, M. R. Environ. Sci. Technol. 2011, 45 (7),
2562-2569.

Piccinno, F.; Gottschalk, F.; Seeger, S.; Nowack, B. J. Nanoparticle Res. 2012, 14 (9).

Nogueira, V.; Lopes, I.; Rocha-Santos, T.; Santos, A. L.; Rasteiro, G. M.; Antunes, F.; Gongalves,
F.; Soares, A. M. V. M.; Cunha, A.; Almeida, A.; Gomes, N. N. C. M.; Pereira, R. Sci. Total
Environ. 2012, 424, 344-350.

Canas, J. E.; Qi, B.; Li, S.; Maul, J. D.; Cox, S. B.; Das, S.; Green, M. J. J. Environ. Monit. 2011,
13 (12), 3351.

Hu, C. W.; Li, M.; Cui, Y. B,; Li, D. S.; Chen, J.; Yang, L. Y. Soil Biol. Biochem. 2010, 42 (4),
586-591.

Lapied, E.; Nahmani, J. Y.; Moudilou, E.; Chaurand, P.; Labille, J.; Rose, J.; Exbrayat, J. M.;
Oughton, D. H.; Joner, E. J. Environ. Int. 2011, 37 (6), 1105-1110.

Gomes, S. 1. L.; Caputo, G.; Pinna, N.; Scott-Fordsmand, J. J.; Amorim, M. J. B. Environ. Toxicol.
Chem. 2015, 34 (10), 2409-2416.

Heckmann, L. H.; Hovgaard, M. B.; Sutherland, D. S.; Autrup, H.; Besenbacher, F.; Scott-
Fordsmand, J. J. Ecotoxicology 2011, 20 (1), 226-233.

Ge, Y.; Schimel, J. P.; Holdena, P. A. Appl. Environ. Microbiol. 2012, 78 (18), 6749—6758.
Wang, H.; Wick, R. L.; Xing, B. Environ. Pollut. 2009, 157 (4), 1171-1177.
Cherchi, C.; Gu, A. Z. Enviornmental Sci. Technol. 2010, 44 (21), 8302-8307.

Aruoja, V.; Dubourguier, H.; Kasemets, K.; Kahru, A. Sci. Total Environ. 2008, 407 (4), 1461—
1468.



oNOYTULT D WN =

(86)

(87)

(88)

(89)

(90)

oD

(92)

(93)

(94)

(95)

(96)

Environmental Science: Nano Page 26 of 26

Zhu, X.; Chang, Y.; Chen, Y. Chemosphere 2009, 78 (3), 209-215.

Kim, K. T.; Klaine, S. J.; Cho, J.; Kim, S. D.; Kim, S. D. Sci. Total Environ. 2010, 408 (10),
2268-2272.

Wang, J.; Zhang, X.; Chen, Y.; Sommerfeld, M.; Hu, Q. Chemosphere 2008, 73 (7), 1121-1128.

Warheit, D. B.; Hoke, R. A.; Finlay, C.; Donner, E. M.; Reed, K. L.; Sayes, C. M. 2007, 171, 99—
110.

Lovern, S.; Klapper, R. 2006.

Dabrunz, A.; Duester, L.; Prasse, C.; Seitz, F.; Rosenfeldt, R.; Schilde, C.; Schaumann, G. E.;
Schulz, R. PLoS One 2011, 6 (5), 1-7.

Hall, S.; Bradley, T.; Moore, J. T.; Kuykindall, T.; Minella, L. Nanotoxicology 2009, 3 (2), 91-97.

Bang, S. H.; Le, T.-H.; Lee, S. K.; Kim, P.; Kim, J. S.; Min, J. Environ. Health Toxicol. 2011, 26,
€2011002.

Johnson, A. C.; White, C.; Besien, T. J.; Jiirgens, M. D. Science of the Total Environment. 1998,
pp 271-282.

Buzea, C.; Pacheco, I. I.; Robbie, K.
Biointerphaseshttp://www.tandfonline.com/author/Sharma%2C+Virender+K 2007, 2 (4), MR17-
MR71.

Sun, T. Y.; Conroy, G.; Donner, E.; Hungerbiihler, K.; Lombi, E.; Nowack, B. Environ. Sci. Nano
2015, 2 (4), 340-351.



