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Nano impact statement: This critical review identifies the most critical data gaps that
should be filled before comprehensive ecological risk assessments for nanoceria can be
performed. It provides a review of the sources and sinks of nanoceria in the environment,
detection and characterization methods, fate and transport processes and a review of the

toxicity literature.

Abstract

Recent interest in the environmental fate and effects of manufactured CeO2 nanomaterials
(nanoceria) has stemmed from its expanded use for a variety of applications including fuel
additives, catalytic converters, chemical and mechanical planarization media and other
uses. This has led to a number of publications on the toxicological effects of nanoceria in
ecological receptor species, but only limited information is available on possible
environmental releases, concentrations in environmental media, or environmental
transformations. Increasing material flows of nanoceria in many applications is likely to
result in increasing releases to air, water and soils however; insufficient information was
available to estimate aquatic exposures that would result in acute or chronic toxicity. The
purpose of this review is to identify which areas are lacking in data to perform either
regional or site specific ecological risk assessments. While estimates can be made for
releases from use as a diesel fuel additive, and predicted toxicity is low in most terrestrial
species tested to date, estimates for releases from other uses are difficult at this stage. We
recommend that future studies focus on environmentally realistic exposures that take into
account potential environmental transformations of the nanoceria surface as well as chronic

toxicity studies in benthic aquatic organisms, soil invertebrates and microorgansims.

Abbreviations:

AFM - atomic force microscopy,

BET - BET surface area measurement

CCC - critical coagulation concentration
cydAB - cytochrome terminal oxidase
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DW - dry weight



ECx - x% effect concentrations

EDS- energy dispersive x-ray spectroscopy,
EELS - electron energy loss spectroscopy,

EPS - exopolysaccharides

EXAFS - extended X-ray absorption fine structure
FCC - fluid catalytic cracking

FCS - fluorescence correlation spectroscopy,
FFF- Field flow fractionation,

FT-IR - fourier transform infrared spectroscopy,
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ICP-MS - inductively coupled plasma spectrometry
ICP-OES - inductively coupled plasma optical emission spectrometry
IS - ionic strength
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NOM - natural organic matter

NP- nanoparticle

NTA - nanoparticle tracking analysis,

PE - population equivalents

PZC - point of zero net charge

ROS - reactive oxygen species

SEM - scanning electron microscopy

SOD - superoxide dismutase

STXM - scanning transmission X-ray microscopy
TEM - transmission electron microscopy,

TGA- thermogravimetric analysis,

TOC - total organic carbon

UV-Vis - ultraviolet-visible spectroscopy

WWTP - wastewater treatment plants

XANES - X-ray Absorption Near Edge Structure,
XAS - X-ray absorption spectroscopy

XPS - X-ray photoelectron spectroscopy,

XRD - X-ray diffraction,

Zeta - zeta potential,

uXRF - micro X-ray fluorescence



Introduction

Due to their increasing use in a wide variety of beneficial industrial and consumer
applications, ranging from use as a fuel catalyst, to chemical and mechanical planarization
media, there have been increasing concerns about the potential environmental health and
safety aspects of manufactured ceria (CeO2) nanomaterials." > Ce is among the most
abundant of the rare earth elements making up approximately 0.0046% of the Earth’s crust
by weight (similar in abundance to Cu).? For example, Ce concentration in soils range from

2 to 150 mg/kg.* In Europe, the median concentrations of Ce were 48.2 mg/kg in soils, 66.6

mg/kg in sediment and 55 ng/l in water (http://www.gsf.fi/publ/foregsatlas/). There are
many naturally occurring Ce containing minerals include rhabdophane, allanite, cerite,
cerianite, samarskite, zircon, monazite and bastnasite.> ® The existence of naturally
occurring ceria nanoparticles is also likely and may play a key role in controlling dissolved
Ce concentrations,’ but precisely how the properties of naturally occurring ceria
nanoparticles compare to manufactured ceria (CeO2) nanomaterials (nanoceria) is unclear.
There is concern that nanoceria, due to its small particle size and enhanced reactivity by
design, may present unique hazards to ecological receptor species. Of critical importance
are the redox properties of ceria which enables it to transition between Ce (III) and Ce (IV),
which are the key to understanding its potential toxicity.” While there has been somewhat
extensive investigation into the mammalian toxicity of ceria (as well as it’s therapeutic
uses),® based on the present review, there has been considerably less effort invested into
investigation of the environmental fate and effects of nanoceria. In this critical review, we
discuss the likely points of environmental release along product life-cycles and resulting
environmental exposure to nanoceria, methods of detection in the environment, fate and
transport, as well as the available toxicity literature for ecological receptor species. We
identify key the data gaps that need to be filled in order to proceed with meaningful
ecological risk assessments, whether they are more global/regional in nature, or for site
specific assessments. Finally, we attempt to draw conclusions from the literature about the
relative sensitivity of different model organisms, as well as the importance of particle
properties on fate, transport and effects.

Production, use and environmental releases of ceria



Estimation of production volume

The European Commission estimates the global production of nanoceria to be
around 10,000 tons.” Similarly, a comprehensive market study provides an estimate of
7,500 to 10,000 tons for the year 2011.!° According to the US Geological Survey (USGS),
over 80% of the global CeO: supply originates from China.!! The major nanoceria
producers are located in Asia, Australia, and Europe. It is estimated that only 35-700 tons

are produced per year in the US.!2

Applications

Nanoceria is used in electronic and optical devices, polishing agents for glass and
of silicon wafers, exterior paints, metallurgy, and diesel fuel additives.” Additionally,
nanoceria is used in automotive catalytic converters.'® It is also used in catalysts in
petroleum refining, in the fluid catalytic cracking process (FCC). Based on the amount of
total global CeO2 annual production and global nanoceria production rates,'® roughly 15-
25% of total CeO: production is nano (unverified industry sources). Cerium oxide is used
in these applications in both nano and non-nano form and quantitative estimates of cerium
oxide use within specific applications do not distinguish between nanoceria and its bulk

counterpart.

Catalytic Converters

Nanoceria is used to improve catalytic reactions in catalytic converters.!! However,
studies of CeO2 use in catalytic converters do not distinguish between nanoceria and its
bulk counterpart. According to the USGS, approximately 80 g of CeO2 are contained in an
average catalytic converter, and roughly 85% of cars and light-duty trucks are equipped
with catalytic converters.!! By combining these estimates with global automotive sales
reports'® the global demand for CeO: for use in catalytic converted was estimated to be

roughly 4,900 tons/year.

Fuel Additives



Park, et al projects as much as 1,255 tons of CeO2 will be used as a combustion
enhancement additive in diesel fuel in the EU.!* According to a global oil industry report,
Europe diesel consumption accounts for 29% of world consumption.!> Assuming that the
use of CeO:2 as a diesel fuel additive is proportional to regional diesel use, global
consumption of CeO: as a fuel additive was estimated to be 4,400 tons/year with 15-25%

of CeO2 being present as nanoceria.

Release during use

There are few studies that quantify the release of engineered nanomaterials during
use, and even less nanoceria specific studies. One of the few studies by Park et al, indicates
that 6-100% of CeO2 will be released during the use phase of diesel fuel additives.'* This
has not yet been validated by other researchers. In laboratory conditions, particles filters
from diesel cars removed 99.9% of Ce present in fuel additives.'® However the manuscript
does not specify whether the Ce additive was in the nanoscale. Considering the applications
and the likelihood that the nanomaterials are released to the environment, the following
assumptions were made. For example, nanoceria in batteries is enclosed within a protective
casing, which is likely to minimize release during use. If the batteries are disposed of
improperly, the most likely environmental compartment would be soil, with negligible
release to air, water or wastewater treatment plants (WWTP). Similar assumptions were
made for metallurgical products, catalysts in FCC, polishing powders used in industry
(which may be released to air or in wastewater), and other applications. Experimental
studies have been conducted to measure the release of various manufactured nanoparticles
from surface paints on exterior facades. Kaegi et al measured concentrations as high as 600
ng/L of nano-TiO: in runoff from newly-painted building facades,'!” and estimated that as
much as 30% of nano-Ag is released from surface paints within a year of paint
application.'® However, no data exist on nanoceria released from paints.

Based on similar information, estimated nanoceria concentrations in treated WWTP
effluent discharged to waterbodies are expected to be in the range of 0.003—1.17 pg/L."" In
biosolids, nanoceria concentrations are expected to be around 0.53—9.10 mg/kg.!® These

estimated concentrations are expected to increase as nanoceria is used more widely, and



there will likely be accumulation of CeO: in soils and sediments, further increasing

exposure concentrations in these media.



Detection and characterization of nanoceria in complex media

The detection and characterization of nanoceria under conditions relevant to
environmental, toxicological and biological systems remains a challenging, and frequently
impossible, task. However, there is little or nothing that is ceria-specific, but applies to all
nanomaterials. However, aspects of characterization are included here since it is
fundamental to understanding of all nanomaterials, including nanoceria. Essential general
aspects are listed below:

1) In environmental systems, the specific and accurate detection and
characterization of manufactured nanoceria remains essentially impossible,?® 2! due
to the gap between metrology and analysis and the complexity of the system (low
concentrations, background Ce in many forms, presence of natural colloids and
nanoparticles, spatial and temporal variability etc.). Total Ce detection is useful as
it acts an upper limit of nano-ceria concentrations for risk assessment, but is not
synonymous with manufactured nanoceria. The discussion below applies primarily
to spiked materials, mainly in the laboratory or mesocosm.

ii) As with other nanomaterials, nanoceria should be fully characterized using

suitable preparation methods and a multi-method metrological approach. In a multi-

method approach, independent techniques operating on independent measuring
principles provide cross-validation of measured properties. The source of the
nanomaterial also needs to be fully reported, given the likely effects on properties.

Fuller discussion is given elsewhere. !4
iil) A number of properties require characterization which can be grouped as
size, shape, morphology, aggregation/agglomeration, surface charge and
dissolution (and related parameters). These groups, or classes, contain several
individual properties. For instance, for size, an average size (mean or median)
should be reported, along with some measure of spread (standard deviation,

polydisperity).?



iv) Given the changes that are well known to occur upon storage or changing

26-29

media, it is essential to perform appropriate measurement over temporal and

spatial scales which adequately capture the dynamics of the nanomaterial system.

Although, none of the points above are ceria specific, nanoceria is capable of
oxygen storage, which is size and shape dependent.*® Nanoceria is generally thought to
have low solubility in water,’' although this is size and oxidation state dependent. Where
dissolution and solubility are low, study is rendered simpler because dissolved ions should
have little impact on toxicity. However, recent work has shown potential effects of even
low level dissolution.*?> Nano-ceria has two stable oxidation states (Ce(IIl) and Ce(IV))
under environmental conditions* and cerium has the ability to transition readily between
these two states.>*>® This redox activity gives nanoceria some of its key properties.’’
However, oxidation state and morphology are usually poorly controlled or defined and
spatially variable within an individual particle,*® giving rise to poorly reproducible data
and uncertainties in understanding toxicity or exposure. These uncertainties, along with
dynamic changes that occur in complex media, could explain the variable environmental
and toxicological results that are seen in the literature for nanoceria.?’-*°

Table 1 shows a non-definitive selection of studies of nanoceria in a variety of
different environmental, toxicological and standard complex media. These studies are
examples of some of the most complete characterization in the litterature, although there is
still little consistency between studies and it is often not clear which nanomaterial
properties require analysis because it is not well understood how each affects biological or

environmental processes. Lastly, because of logistical or other constraints, characterization

is often not performed as fully as necessary to interpret such processes.

Table 1. Studies showing the variability of nanoparticles characterization in studies
involving complex media. (*particles brought in characterization from manufacturer stated,
*particles brought in characterized in house. TEM-transmission electron microscopy, STEM-
Scanning transmission electron microscopy, DLS-Dynamic light scattering, FFF-Field flow
fractionation, AFM-atomic force microscopy, FCS-fluorescence correlation spectroscopy,
NTA-nanosight tracking analysis, LD-laser diffraction, TGA- thermogravimetric analysis,
BET, Zeta-zeta potential, XRD-x-ray diffraction, XPS-x-ray photoelectron spectroscopy,



XANES- X-ray Absorption Near Edge Structure, EELS-electron energy loss spectroscopy,
EDS- energy dispersive x-ray spectroscopy, ICP-MS- inductively coupled plasma mass
spectrometry, FT-IR — Fourier transform infrared spectroscopy, UV-Vis — ultraviolet-visible

spectroscopy).
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Some of the most powerful techniques for the visualization of nanoparticles

are transmission electron microscopy (TEM), atomic force microscopy (AFM) and

scanning electron microscopy (SEM). These techniques not only provide direct

11



visual images but can be used to quantify other properties such aggregation, dispersion,
sorption, size, structure and shape of the nanoparticles,* although the sample preparation
(e.g. the drying) may alter considerably the sample. These techniques have been

146

extensively applied to nanoceria, occasionally in complex media. Van Hoecke et al*® and

1*7 used TEM to visualize the interaction between the nanoceria and

Rodea-Palomares et a
algal cells in order to test whether the nanoparticles are taken up or adsorbed by the algal
cell wall. Zhang et al*® used TEM to further investigate the needle like clusters on the
epidermis and in the intercellular spaces of cucumber roots after treatment with nanoceria
over 21 days. In some cases, TEM has been coupled with spectroscopy, for instance TEM
coupled with EDS was used to determine the elemental composition of ceria clusters on
both the root epidermis and in the intercellular regions of the cucumber plant.*® Merrifield

et al®®

used AFM to image and quantify the size of PVP-coated nanoceria while compared
them using TEM and DLS in toxicology exposure media. TEM confirmed that the larger
particles (ca. 20nm) are aggregates composed of smaller individual particles (4-5nm), but
that nanoceria properties did not measurably change in the exposure media tested. In the
same study, EELS was used to quantify the oxidation states showing that the smallest and
the largest samples were composed of entirely Ce (III), with only small amounts of Ce
(IV) present in the largest sample. Such spectroscopy is essential to microscopy imaging
in complex media and is required to unambiguously identify the nanoparticles of interest
in the presence of materials with similar sizes, shapes and electron densities/tip
interactions. Microscopy, although a powerful single particle method, remains
challenging when attempting to provide statistically meaningful measurements. Much
data reported in the literature is pictoral and non-quantitative; careful design and time
consuming analysis are required to be able to determine representative parameters with
confidence.

Nanoparticle tracking analysis (NTA) is another widely used characterization
technique which utilises microscopy to determine size distributions and number
concentration of nanoparticles in liquid samples. NTA has been infrequently used for
nanoceria, for instance to determine the mean size of nanoceria in green alga and

crustaceans*® and to better understand the effect of natural organic matter (NOM) on the

12



particle-size distribution of nanoceria settling in model fresh water as a function of time.**
However, the methodology has some limitations in complex and realistic media.*?

X-ray photoelectron spectroscopy (XPS) has been used in only one relevant study, to our
knowledge, in this case to understand the antioxidant capacity of nanoceria to DNA. The
calculation of Ce (III):Ce(IV) ratios was performed,*® in an analogous manner to EELS,
within a multi-method approach. Similarly, synchrotron-based X-ray spectroscopy has
been used in several studies to assess Ce speciation. Studies using micro X-ray
fluorescence (WXRF) coupled with X-ray absorption near edge structure (XANES) in
natural matrices have been conducted concluding that nanoceria can undergo
biotransformations within a matrix, so the modifications, the mechanism and extent of
these transformations should be fully addressed.> *> %° Scanning transmission X-ray
microscopy (STXM) is an analytical microscopy which, with extended X-ray absorption
fine structure (EXAFS) spectroscopy, provided 2D quantitative maps of chemical species
at concentrations which are environmentally relevant.’® X-ray microscopy can in principle
provide a spatial resolution down to ~30 nm while imaging the specimen in the aqueous
state without the need for sample preparation.’!>>> Synchrotron-based techniques provide
direct structural information regarding the nanoparticles and their interaction with the
environment.>3- It is clear that X-ray spectroscopy, XPS and EELS are complementary

methods for oxidation state analysis and combination may prove fruitful.

Field flow fractionation (FFF) has also been used on nano-ceria to measure the
size distribution of nanoceria in synthesized samples®® as well as to understand the
aggregation behavior of other nanoparticles (such as TiO2 and ZnO) in the presence and
absence of humic substances.?? ICP-MS can be used as a detector for FFF, but has not
been for environmental or toxicological studies of nano-ceria, to our knowledge.
Preliminary studies®® have shown the feasibility of ICP-MS for nanoceria analysis in
single particle mode, although its further application in real systems has yet to be
demonstrated. Infrared spectroscopy (IR) has also been used*’ to study biotransformations
in plants by comparing the molecular environment of the sample before and after exposure
hence concluding that cerium speciation changes after incubation of nanoceria in different

exposure media over 21 days. Ultraviolet-visible spectroscopy (UV-Vis) has been used*

13



to monitor the dynamic aggregation process of nanoceria in various waters with time along

with DLS and TEM

14



Fate and transformations of nanoceria in the environment

Nanoparticles properties are altered by the water chemistry such as pH, ionic
strength, nature of electrolytes or presence of NOM. One of the most important changes
may be aggregation of nanoparticles: between the same nanoparticle, homoaggregation,
or between nanoparticles and an environmental particle, heteroaggregation. The increase
in size of the aggregates affects their transport, behavior, reactivity, uptake by organisms,
and toxicity. In pure water, the stability of non-coated nanoparticles in solution depends
on their surface charge. Nanoparticles brought into close contact via Brownian diffusion
processes will repel each other if the charge is strong enough to overcome attractive
forces. Nanoceria surface charge is dependent of the pH; nanoceria are positively charged
at low pH, negatively charged at high pH and have an isoelectric point at approximately
pH 8.2! The methods of synthesis and the cleanup of nanoceria have been shown to play
a role in affecting the experimental point of zero net charge (PZC) for nanoceria
suspensions, which range from 6.5 to 8.1.2%-37-3 Differences in the reported PZC may also
come from differences in the method applied to determine the PZC, the order of titration
process, and sorption of anions used in the titration.?! The presence of monovalent (Na*)
or divalent (Ca*") cations controlled the stability of non-coated nanoceria in aquatic
system.? These authors measured the aggregation kinetic of nanoceria and compared to
the theoretical prediction of Derjaguin-Landau-Verwey-Overbeek (DLVO). AtpH 11, the
experimental critical coagulation concentration (CCC) was higher for the monovalent
(NaCl), than the divalent (CaClz) salts, 80 mM and 16 mM respectively. They showed
that DLVO theory could predict quite well the stability of nanoceria at this pH. However,
this model fails to explain aggregation behavior as solution conditions become more
environmentally relevant and non- DLVO forces may also play important roles between
particles.” > In a water-saturated column packed with sand, water composition has also
been shown to control the transport and deposition of nanoceria.®® Transport was
significantly hindered at acidic conditions (pH 3) and high ionic strengths (10 mM and
above), and the deposited nanoceria may not have been re-entrained by increasing the pH
or lowering the ionic strength of water. At neutral and alkaline conditions (pH 6 and 9),

and lower ionic strengths (below 10 mM), partial breakthrough of nanoceria was observed

15



and particles could be partially detached and re-entrained from porous media by changing

the solution chemistry.%

In a more complex system, heteroaggregation, i. e. between a nanoparticle and
another particle in the environment, is more likely to occur due to the greater concentration
of environmental particles.?’” It has been shown that in various solutions, the
agglomeration and sedimentation rate of nanoceria were dependent on NOM content and
ionic strength.*> * In freshwater, with a high TOC, and low ionic strength, nanoceria
dispersion were stable with a low rate of sedimentation.* In algae medium, Quick et al.**
showed that the sedimentation decreased with increasing NOM content. The fraction of
nanoceria that remained suspended in algae medium increased with increasing NOM
content. The main mechanism explaining the increased stability is the adsorption of NOM
to the particle surface. Recently, Li and Chen®' measured and modeled the aggregation
kinetic of nanoceria in the presence of humic acid (HA), in monovalent and divalent
solutions. HA has been shown to stabilize nanoceria in all KCI concentration. However at
high CaClz concentration HA enhanced the aggregation of nanoceria probably owing to
the bridging attraction between nanoceria, which is induced by the HA aggregates formed
through intermolecular bridging via Ca** complexation. The stability and mobility of
nanoceria in dilute NaCl solution was also greatly enhanced in the presence of humic acid,
fulvic acid, citric acid, alginate and CMC due to electrostatic effect.®?

Even in the presence of NOM in the media, homoaggregation was measured in
several studies. Keller et al.** measured > 500 nm aggregates formed in sea water (low
TOC and high ionic strength conditions) whereas ~300 nm aggregates were stable in

suspension for a high TOC. Van Hoecke et al.%*

measured nanoceria aggregation in algal
test media, between 200 and 1000 nm but the extend of the agglomeration was dependent
on pH, NOM, IS. Increasing pH and ionic strength enhanced aggregation, while NOM
decreased mean aggregate sizes. Organic molecules that can adsorb onto the particle
surfaces provide a barrier to aggregation but were not able to overcome the van der Waals
forces holding small nanoparticles aggregates together.%®

Available reports on the behavior of nanoceria in complex natural ecosystem are

scarce. In a simulated freshwater ecosystem in laboratory, sediments were measured as
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the major sink of nanoceria with a recovery of 75.7 % of total nanoceria after 15 days.*!
In several types of soil, Cornelis et al.* showed, by investigated the retention (K:) of
nanoceria, that nanoceria retention in soil is low. The retention of nanoceria in soils was
proposed to be associated with naturally occurring colloids, such as Al, Si, and Fe
oxides.®

Contrary to some other manufactured nanoparticles (such as Ag, ZnO, CuO),
nanoceria have an inherently low solubility. Negligible solubility was reported; e.g. in
freshwater system over 72h,% in moderately hard reconstituted water for 48h? or in algal
medium for 3 days.*® Similarly, Rohder et al measured a low dissolved Ce concentration
in different algae exposure media ranging from 0.01 to 0.11 % total Ce, and 0.47 to 1.13
% in the presence of EDTA. However, they show that the dissolved Ce may be responsible
for the observed toxicity in Chlamydomonas reinhardtii.*> The dissolution of nanoceria
(20 nm) has been shown to be very low in 16 different types of soil spiked with
nanoceria.®* Dissolution of nanoceria studied in an artificial soil solution was only

significant at pH 4 and was less than 3.1% of total Ce.

Ce redox state is affected by environmental transformation. A reduction of Ce(IV)
to Ce(IIl) in nanoceria has been observed during the contact between nanoceria and E.
coli,” in C. elegans,’ in cucumber plants,*’ and to a lesser extent in corn® and soybean®’.
The Ce reduction may explain the toxicity induced by these nanoparticles by suggesting
oxidative damage of macromolecules or generation of ROS?. The reduction of Ce was not
observed in all studies: Ce was found as Ce(IV) in the roots seedlings of cucumber, alfalfa,
tomato, corn and soybean seedling exposed to 4000 mg/l of nanoceria.’® ® However,
nanoceria interaction with HA (Suwannee River Humic Acid) and with biological media
induced a decrease of Ce(Ill) proportion measured by EELS.”" This may indicate that

nanoceria had been oxidized in the presence of humic substances and biological media.

The presence of phosphate in media can modify nanoceria properties. Zhang et
al.** identified the formation of cerium phosphate from a nanoceria suspension, KH2PO4

and a reducing substance (ascorbic acid). Singh et al.”!

suggested that the interaction of
nanoceria with phosphate may have caused the formation of cerium phosphate at the

particle surface, in which cerium is mainly present as Ce(IIl). They showed that binding
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of phosphate anions to nanoceria leads to the complete disappearance of superoxide

dismutase (SOD) activity and concomitant increase in catalase mimetic activity.”!

To summarize, the few available studies showed that the properties of
environmental media modifies the stability and the chemical state of nanoceria. But we
lack sufficient knowledge to understand and predict the extent of transformations in the

environment and the risks associated with the release of nanoceria on biological systems.
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Transformation and toxicity in waste water treatment plant

Wastewater treatment plants (WWTP) are an important intermediate pathway for
NP to soil and water.”> NPs may undergo transformations before being discharged with
treated effluent or biosolids. Transformations of two varieties of nanoceria, pristine and
citrate-functionalized, were followed in an aerobic bioreactor simulating wastewater
treatment by conventional activated sludge.” This study indicates that the majority of
nanoceria (>90%) was associated with the solid phase where a reduction of the Ce(IV)
NPs to Ce(Ill) occurred. After 5 weeks in the reactor, 44 + 4% reduction was observed for
the pristine nanoceria and 31 + 3% for the citrate-functionalized nanoceria, illustrating
surface functionality dependence. The authors suggest that the likely Ce(IIl) phase
generated would be Ce2S3. At maximum, 10% of the CeO2 will remain in the effluent and

be discharged as CeOz, a Ce(IV) phase.”

Nanoceria can also be toxic and/or provoke changes in the microbial communities
involved in wastewater treatment therefore affecting the performance of the wastewater

treatment process. Garcia et al’*

evaluated the effect of nanoceria on the activity of the
most important microbial communities of a WWTP: ordinary heterotrophic organisms,
ammonia oxidizing bacteria, and thermophilic and mesophilic anaerobic bacteria. A great
inhibition in biogas production (nearly 100% at 640 mg/l) and a strong inhibitory action
of other biomasses were caused by nanoceria coated with hexamethylenetetramine
(HMT). On the contrary, the study of Limbach et al, 2008, showed that an ordinary
heterotrophic organisms biomass from a municipal WWTP in Switzerland was not
affected by 1000 mg/l of non-coated nanoceria. This discrepancy could be related to

differences in the characteristics of the bacterial community and the nanoparticles

properties (such as coating) used in both studies.
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Bioavailability and toxicity in terrestrial organisms

The literature assessing the fate and effects of nanoceria on terrestrial plants is not
extensive, and far less work has been done with other terrestrial organisms such as soil
invertebrates. The existing work will be reviewed in terms of three separate parameters or
endpoints; toxicity, translocation, and transformation. Papers reporting findings under
hydroponic exposure in plants will be covered first, followed by plant studies done under

soil conditions.

Hydroponic exposures in plants

Ma et al.”® were among the first to investigate potential nanoceria phytotoxicity.
The authors reported that the seed germination of 7 different species (radish, canola,
tomato, wheat, lettuce, cabbage, cucumber) was completely unaffected by 2000 mg/1 of
nanoceria suspension. Similarly, subsequent root elongation tests with these plant species
was largely unaffected by nanoceria; only lettuce root growth was suppressed by 34% at
this concentration. Lopez-Moreno et al® also showed that nanoceria at 2000-4000 mg/I1
had no overt toxicity on soybean, although particles were detected within root tissue by
synchrotron X-ray absorption spectroscopy (XAS). The authors did report genotoxicity as
measured by random amplified polymorphic DNA assay; however, the precise nature of
the molecular effects is not known. In a follow up study, the same group reported the
effects of 0-4000 mg/l nanoceria exposure on alfalfa, corn, cucumber and lettuce growth.®
The germination and root elongation of several of the species were enhanced at lower
concentrations but were significantly inhibited (20-30%) at 2000 and 4000 mg/l.
Interestingly, shoot elongation was enhanced in nearly all cases. ICP-OES was used to
confirm ceria presence within the seedlings, although root and shoot tissues appear to not
have been separated prior to analysis. After dilute acid rinsing, XAS confirmed that the
oxidation state was unaltered in the root tissues of these four plant species. Zhang et al.*°
reported a concentration-dependent sorption of nanoceria to cucumber roots in a 14-day

hydroponic exposure. Most of the adsorbed nanoceria were only loosely bound to the root
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surface and more than 85% of the nanoparticles could be washed off with deionized water.
Translocation of the particles to shoot tissue was minimal but measurable, and
interestingly, 7 nm size particles were found at significantly higher amounts than 25 nm
nanoceria. In a follow up 21-day hydroponic study, exposure to 2000 mg/1 bulk CeO2 and
nanoceria resulted in no toxicity to cucumber.*’ Although minimal root to shoot
translocation was noted, soft X-ray scanning transmission microscopy (STXM) and
XANES were used to show measurable biotransformation to CePOs in roots and cerium
carboxylates in shoot tissue. Notably, the authors hypothesize that root exudate mediated
dissolution of nanoparticles precedes ion uptake, subsequently followed by in planta
reduction to nanoceria and/or biotransformed products. Similarly, Schwabe et al”’
observed plant exudate induced changes in solution pH, nanoceria agglomeration and
particle size. However, they reported no phytotoxicity to pumpkin and wheat after 8-day
exposure at 100 mg/l nanoceria; no cerium was detected in wheat shoots but minimal
translocation in pumpkin yielded tissue levels of 15 mg/kg (60-450 times less than root
content). Interestingly, the association of cerium with the roots of both plant species was
reduced in the presence of NOM. Rice exposed to nanoceria at 63-500 mg/l experienced
no visible signs of phytotoxicity, although altered lipid peroxidation, electrolyte leakage,
and other enzyme activity suggested possible oxidative stress.”® Wang et al. ” noted that
tomato seeds harvested from plants previously exposed to nanoceria yielded a “second
generation” of individuals that produced less biomass, transpired less water, possessed
differential root morphology, and exhibited overall higher levels of reactive oxygen

species that did seeds from unexposed plants.

Soil exposures in plants

Birbaum et al.®° were the first to report on nanoceria exposure to terrestrial plants
(corn) under soil conditions. The authors reported that after 14-day exposure with the
nanoceria in the irrigation water (50 ml of 10 pg/ml per day), no ceria was found in the
leaves or sap of corn plants. However, no mention was made of toxicity or of root ceria
content. Interestingly, the authors included an aerial exposure on leaves and although

nanoceria could not be washed from the tissue, the particles were not internalized or
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transferred to new growth. Similarly, Wang et al.®!

grew tomato in the presence of
nanoceria-amended (0.1-10 mg/1) irrigation water and reported either no impact or slight
enhancements in plant growth and yield. The authors did observe ceria in the shoots,
including edible tissues, which suggests translocation, but the mechanism and form of

element transfer is unknown. Zhao et al.

observed that after one month of growth in soil,
corn roots accumulated significantly greater quantities of alginate coated nanoceria than
uncoated particles but no mention was made of toxicity. These authors also noticed that
soils with high organic matter generally enhanced the association of nanoceria with roots
but reduced the translocation to shoots, regardless of the surface properties of nanoceria.
However, the effect of soil organic matter was more significant on uncoated nanoceria
than alginate coated nanoceria. Although translocation in general was low, uXRF did
confirm the presence of nanoparticles within vascular tissues, as well as in epidermal and
cortex cell walls, suggesting an apopolastic uptake pathway. A separate study with
cucumber showed that up to 800 mg nanoceria /kg soil did not demonstrate any adverse
effect on a suite of plant physiological indictors such as the net photosynthesis rate, leaf
stomatal conductance, but nanoceria at this concentration did lower the yield of cucumber
by 31.6%. The authors also observed nanoceria in the vasculature of leaf veins, providing

further evidence that nanoceria may be transported from roots to shoots with water

through vascular tissues.®

Priester et al®® noted that soybean exposed to 100-1000 mg/kg nanoceria had root
ceria content of up to 200 mg/kg but that translocation was minimal. Plant growth and
yield were modestly reduced but importantly, nitrogen fixation was almost entirely
eliminated. Nodule content of ceria approached 11 mg/kg in some instances and electron
microscopy confirmed the complete absence of symbiotic bacteria. Similarly, Hernandez-
Viezcas et al®” used synchrotron uXRF and uXANES to observe nanoceria within soybean
root nodules and pods, although up to 20% had been transformed from Ce(IV) to Ce(III).
However, the inhibition of bacterial nitrogen fixation did not necessarily result in nitrogen
shortage for the plants; soybeans exposed to high doses of nanoceria actually grew better
those exposed to low doses of nanoceria in the Priester study,®* suggesting that the plants

successfully used an alternative source of nitrogen for growth. In a related study,
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Bandyopadhyaya et al.%

observed that nanoceria at 31-125 mg/1 significantly inhibited
the growth of Sinorhizobium meliloti, the primary symbiotic nitrogen fixing bacteria of
alfalfa. The authors reported that the negative impact of nanoceria on nitrogen fixing
bacteria resulted from nanoparticle adsorption on the extracellular surface and the
subsequent alteration of certain surface protein structures. These changes could potentially
affect colonization of symbiotic bacteria on root surfaces and therefore negatively impact
plant nitrogen cycling. Notably, this study was conducted in cell culture and more
investigation in soil-based systems will be needed. In a final soil study, Morales et al®
noted that nanoceria at concentrations up to 500 mg/kg had no impact on cilantro shoot
biomass and in some instances, increased root growth. However, the authors did report
FTIR-detected changes in carbohydrate chemistry, which raises the potential for altered
nutritional content in edible tissues. A recent study with rice confirmed that exposure of
500 mg nanoceria/kg soil throughout the life cycle of rice substantially altered the
nutritional values of rice grains.’® For examples, the authors reported that nanoceria
generally reduced the sulfur and iron content of rice grains and the extent of reduction
depended upon the variety of rice types. The authors also reported the alteration of
macromolecule contents (e.g. fatty acid or proteins) in rice grains by nanoceria exposure,

providing the first direct evidence on the mitigation of nutritional values of agricultural

grains by nanoceria.

Soil microbial toxicity

Due to their small sizes, nanoparticles can move through the macro and
microporosity of the soil and be detrimental for soil microbial communities.?’” Currently
very little information is available on how nanoparticles affect the soil microbial
community. They may have an impact on soil microorganisms via a direct effect
(toxicity), changes in the bioavailability of toxicants or nutrients, indirect effects resulting
from their interaction with natural organic compounds and interaction with toxic organic
compounds which would amplify or alleviate their toxicity.” In two soils contaminated
with nanoceria at 100 mg Ce/kg of dry soil, no significant effect on both microbial biomass

C and N were observed after 60 days.®® However nanoceria decreased microbial C/N ratio

23



and increased the metabolic quotient (qCOz2), probably due to microbial stress and changes
in the composition of microbial communities inhabiting soil. They found that nanoceria
were associated to small aggregates rich in both labile organic C, microbial biomass and
clays, suggesting that nanoparticles can interact with most of microbial communities

inhabiting soil.

Terrestrial invertebrates

So far, the only two terrestrial organism to have been used to assess nanoceria soil
toxicity are the earthworm Eisenia fetidia and the nematode Caenorhabditis elegans.
Lahive et al* compared the toxicity of cerium salt (ammonium cerium nitrate) and three
different nanoceria to E. fetida in exposed in standard Lufa 2.2 soil. While median lethal
concentration (LCso) and effective concentration (ECso) values of 317.8 and 294.6 mg Ce
/kg were found for survival (at day 28) and reproduction (at day 56), respectively, neither
of these endpoints were affected by even the highest Cerium particle concentrations of
10000 mg Ce /kg. The three nanoceria used varied in size ranges (5—-80 nm), with one
larger particle (300 nm) and the cerium salt used as controls. However, there was a dose-
dependent increase in cerium in the organisms at all exposure concentrations, and for all
material types. With earthworms exposed to CeO: particles interestingly having higher
concentrations of total cerium compared to those exposed to ionic cerium, without
exhibiting the same toxic effect. Additionally, histological observations in earthworms
exposed to the particulate forms of CeO2 showed cuticle loss from the body wall and some
loss of gut epithelium integrity. The data overall suggesting that while nanoceria do not
affect survival or reproduction in E. fetida over the relatively short standard test period,
then there were histological changes that could indicate possible deleterious effects over
longer-term exposures. In contrast to E. fetida, then C. elegans is most often exposed in
aquatic media rather than soil and so it is also often considered an aquatic toxicity testing
organism *°. Roh et al.”! assessed the interaction between nanoceria and C. elegans and
encountered a marked size-dependent effect on the fertility and survival of C. elegans.
Zhang et al.?? evaluated the in vivo effects of a positively charged coated nanoceria (8.5

nm) on C. elegans at low concentrations (from 0.172 to 17.2 pg/l). The results indicated
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that nanoceria induced ROS accumulation and oxidative damage in C. elegans, and finally
lead to a significant decreased lifespan even at the exposure level of 0.172 pg/l. Collin et
al? showed that the toxicity and bioaccumulation of coated nanoceria in C. elegans were
dependent on the surface charge of the nanoceria. The positively charged nanoceria were
significantly more toxic to C. elegans and bioaccumulated to a greater extent than the
neutral and negatively charged nanoceria. They measured a LCso of 15.5 mg/1 for L1 stage

C. elegans exposed during 24h to the positively charged coated nanoceria.

Influence of NOM on nanoceria bioavailability and toxicity on terrestrial invertebrate

The presence of NOM has been shown to influence the bioavailability and toxicity
of other nanoparticles.”® ** The presence of humic acid (HA) in the exposure media had
been shown to influence Ce bioaccumulation in C. elegans exposed to positively charged
coated nanoceria.> Ce bioaccumulation was influenced by the ratio between HA and
nanoceria. For a relevant scenario, i.e. when the concentration of HA was higher than the
nanoceria concentration, Ce bioaccumulation decreased. Interestingly, for all tested
concentration, the presence of HA in the exposure media significantly decreased the
toxicity of nanoceria to C. elegans. The decrease of toxicity was explained by the profound
modifications induced by the adsorption of humic acid such as a change of the ZP or the

formation of p size aggregates, which were too large to be absorbed by C. elegans.
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Bioavailability and toxicity in aquatic organisms

This section presents few studies carried out on aquatic microorganisms and
macroorganisms in order to highlight some of the bioavailability and ecotoxicity
mechanisms of nanoceria. Table S1 summarizes the published toxicity data in aquatic and

terrestrial organisms along with the nanoceria characterization data.

First of all, the aggregation state appears to be an important parameter to consider
when dealing with exposure of aquatic organisms to nanoceria due to their low solubility.
On a large scale, aggregation/ sedimentation of nanoceria in aquatic environments will
leave a small portion of the total mass of nanoceria available for direct uptake by
planktonic organisms (micro- or macro-), while the majority will be in contact with
benthic organisms (micro- or macro-). In this case, sediments should be regarded as a sink
for nanoceria discharged to the aquatic environment. Not only can the exposure pathway

be different upon aggregation, but the mechanisms of internalization can also vary.

Like the aggregation, the chemical stability of nanoceria can change in
environmental biological pH/Eh conditions. Metals such as Ce exhibit various possible
redox states (Ce(IIl), Ce(IV)) for which stability is a function of Eh and pH values.
Intracellular Eh is controlled by metabolic processes as the oxidative phosphorylation
(respiration) in mitochondria. It is based on a series of redox reactions at near
circumneutral pH for which potentials are in a -0.32 (NAD" / NADH) to 0.29 V
(cytochromes). Extracellular Eh is generally controlled by thiol/disulfide redox systems
(mainly GSH/GSSH and Cys/CySS) for which Eh vary in a -0.140 / -0.08 V range. In
such intra- and extra-cellular Eh conditions, Ce can be redox unstable which lead to
electron exchange between nanoparticle surface and surrounding media. This could be the
starting point of disequilibrium of the redox balance and then to oxidative stress toward

micro-and macro-organisms.

Regarding microorganisms, up to now, no undisputable evidence of nanoceria

uptake by cells has been obtained. The nanoceria were either found in direct contact with
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the bacterial wall*”*°

or trapped in the exopolysaccharides (EPS) layer surrounding the
microorganisms.”> For instance, studies have shown that Escherichia coli exposed to
nanoceria in a simplified exposure media were covered by a thin and regular monolayer
of nanoceria surrounding the cell wall. But for Synechocystis, nanoparticles could not
form a shell at the cell surface because they were adsorbed onto the protecting layer of
EPS bound to cell membranes. These nanoparticles-trapping EPS likely explains the

higher level of nanoceria adsorption onto Synechocystis as compared to E. coli.

Several studies have been conducted investigating toxicity in microorganisms. The
toxicity of nanoceria was found to be strain- and size-dependent for E. coli and B. subtilis,
whereas they did not affect S. oneidensis growth and survival.’® ECso was near 5 mg/l for
E. coli*’ and ranged from 0.27 to 67.5 mg/1 for Anabaena in pure water.*’ Chronic toxicity
to algae P. subcapitata with 10% effect concentrations (ECi0) between 2.6 and 5.4 mg/1
was observed. Van Hoecke et al.®* observed that the presence of NOM decreased the
toxicity of nanoceria to P. subcapitata. They assumed that the adsorption of NOM to the
nanoceria surface prevented the particle from directly interacting with algal cells thereby
decreasing the bioavailability of the particles. Under exposure to nanoceria, N. europaea
cells show larger sedimentation coefficient than the control.’” The toxicity of nanoceria

47,49, 95 membrane damage,” cell

was either exerted by direct contact with cells,
disruption,*’ release of free Ce(IlI).”> No oxidative stress response was detected with E.
coli or B. subtilis, but nanoceria and CeCls alter the electron flow, and the respiration of
bacteria.”® Pelettier et al.”® also observed the disturbance of genes involved in sulfur
metabolism, and an increase of the levels of cytochrome terminal oxidase (CydAB)

1. % also monitored the

transcripts known to be induced by iron limitation. Rodger et a
growth inhibition of P. subcapitata and reported ECso value of 10.3 mg/l of a 10- to 20-
nm nanoceria. This inhibitory mode of action was mediated by a cell-particle interaction
causing membrane damage and likely photochemically induced. Even if free Ce(IIl) is
toxic, release of Ce(II) from the nanoceria did not explain by itself the toxicity observed
in these studies (e.g.> **47). However, the reduction of the Ce(IV) into Ce(IIl) at the
surface of the nanoceria correlates with the toxicity. Using XANES at Ce Ls-edge, Thill

et al.*> %% and Auffan et al.”® showed that the cytotoxicity/genotoxicity of nanoceria could

be related to the reduction of surface Ce(IV) atoms to Ce(IIl). But, further research is
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needed to find out whether the oxidative activity of ceria could be responsible.

Regarding inverterbrates, one of the most favorable routes for nanoceria uptake by
aquatic organisms is ingestion. For instance, ingestion via food chain was the main route
of nanoceria uptake by the microcrustaceans Daphnia pulex.”® The adsorption of
nanoceria on algae (Chlorella pseudomonas) during the exposure to sub-lethal doses of
nanoceria enhanced by a factor of 3 the dry weight concentration of Ce on the whole D.
pulex. Nanoparticles were localized in the gut content, in direct contact with the
peritrophic membrane,” and on the cuticle.” ' Interestingly, the depuration (24h) was
not efficient to remove the nanoceria from the organisms. From 40% to 100% (depending
on the feeding regime during exposure) of the nanoceria taken up by D. pulex was not
release after the depuration process. However, the authors demonstrated that the shedding
of the chitinous exoskeleton was the crucial mechanism governing the released of
nanoceria regardless of the feeding regime during exposure.”” Moreover, interspecific
toxic effects of nanoceria toward daphnia were explained by morphological differences
such as the presence of reliefs on the cuticle and a longer distal spine in D. similis acting
as traps for the nanoceria aggregates. Acute ecotoxicity testings showed that D. similis
was 350 times more sensitive to nanoceria than D. pulex with 48-h ECso for D. similis
about of 0.3 mg/1.'%° In addition, D. similis has a mean swimming velocity twice as fast as
D. pulex and thus initially collide with twice more nanoceria aggregates. The effect of the
exposure methods, direct and through sorption to phytoplankton was tested on the mussel
Mytilus galloprovincialis.'® Ce uptake was enhanced by the ingestion via the
phytoplankton in the first 5 days of exposure but was similar to a direct exposure after 2
weeks. The authors showed that with increasing nanoceria concentration, mussels
increased their clearance rates as well as the pseudofeces production in order to prevent
the ingestion of nanoceria. Due to these responses Ce concentrations in the tissue and

pseudofeces remain constant with increasing exposure concentrations.

Studies on nanoceria toxicity and uptake on fish are really scarce. Nanoceria has
been shown to be accumulated in the liver on the zebrafish Danio rerio exposed to 500
pg/l during 14 days, however no significant uptake were measured for a higher

concentration (5000 pg/1).'% No cerium was detected in gill, brain and skin. Nanoceria
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was found to be non toxic for Danio rerio embryos exposed up to 200 mg/l nanoceria

during 72h. 46

Table S1 illustrates the diversity in the measured effect concentration of nanoceria.
Even for a given species, the results varied widely between studies. For example, Lee et
al. showed significant mortality of D. magna after 96h of exposure to 1 mg/l of 15 and 30
nm nanoceria'®® while no toxicity was measure in D. magma after the same duration at 10
mg/1'% or a 48 h exposure at 1000 mg/l nanoceria.*® Van Hoecke et al. exposed D. magna
to higher concentrations of 14, 20, and 29 nm nanoceria for 21 days, and found an LCso
of approximately 40 mg/l for the two smaller particles and 71 mg/l for the 29 nm
particles.*® When combining all aquatic toxicity data, including C. elegans (Table S1), no
trends were observed between the nanoparticle size and the toxicity. We observed one
extreme value, which is a report of reduction in life span of C. elegans at a concentration
of 0.172 1 g/L.°* Some have suggested that the toxicity at low concentration can be
explained by differences in the aggregation state as a function of concentration. NPs may
be less aggregated at lower concentration.!” However, the nanoceria used in this study
were positively charged, coated with hexamethyleneteramine (HMT). It is possible that
this coating rendered nanoceria much more toxic. Another Figure 1 depicts the median of
the lowest observed effect concentration (LOEC) and the EC10 or LC1o toward different
species. This figure illustrates the high variability of the observed LOEC/ECio between
studies for a same organism (e.g Daphnia magna). Based on the LOEC/EC1o, the more
sensitive species is the cyanobacterium Anabaena, while the least sensitive is Daphnia
magna. No toxicity was observed up to 5000 mg Ce/L for the zebrafish Danio rerio and

Thamnocephalus platyurus Figure 1.

It is noteworthy that exposure models predict concentrations significantly lower
than those for which ecotoxicity investigations have encountered toxic effects. Therefore,
nanoceria might not have any impact at environmental concentrations, despite the fact that
some results are more worrying. Moreover, most of the nano-ecotoxicology performed on
aquatic organisms used a single species or a short trophic links and do not take into

account important parameters such as the colloidal destabilization (hetero- vs homo-
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aggregation) of the nanoceria, their interactions with (in)organic molecules/particles
naturally occurring or bio-excreted, or the flux between compartments of the ecosystems
(aqueous phase, sediments, biota). To work under more realistic scenario of exposure, few
nano-ecotoxicological studies are now performed in aquatic mesocosms with low doses
of nanoceria, chronic and long-term exposure. Such studies will allow obtaining reliable
exposure and impact data and their integration into an environmental risk assessment

model that is currently missing.

Thamnocephalus platyurus <

Danio rerio *

Daphnia magna
Pseudokirchneriella subcapitata '_D
Escherichia coli »—D:l-u

Chironomus riparius

Caenorhabditis elegans

L
Anabaena »—E[I—u

0.0001 0.001 0.01 0.1 1 10 100 1000 10000
Concentration mg Ce/L

Figure 1. Boxplots of published aquatic toxicity data (LOEC and LCio/ECi). The
diamonds represents the HONEC (highest observed no effect concentration). Each box
represents the lower and the upper quartiles, the middle bar represents the median, and the
end of the whiskers indicates the minimum and maximum values. Available LOEC or
LC10o/ECyoof all the studies reported in Table S1 were included. Only one value is available

for Chironomus riparius.
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Potential acute risks to the environment for selected environmental release

pathways: United Kingdom as a case study.

Although the data on environmental effects are far from complete, it is useful to
consider case studies in order to gain knowledge about key data gaps and to give a first
impression of relative risks based on current knowledge. While this case study is useful
to point out areas where research is most needed, it is critical to point out the limitations
of this case study. First, nanoceria have not yet been detected or measured in
environmental media, and the actual environmental concentrations are not known.
Second, very little is known about the fate and transport of nanoceria in the environment.
Third, the toxicity data base is still very limited. Only a select few ecological receptor
species have been tested to date and few if any sub-chronic or chronic exposures have
been performed in longer lived organisms or in environmentally realistic exposure
scenarios. The following case study characterizes the likely exposure concentrations and
compares them to toxicity values for soil and water based on emissions due to combustion
of fuels containing nanoceria additives and for discharge of chemical mechanical

planarization media into sanitary sewers.

Acute exposures in aquatic environments

Based on Table S1, with the exception of HMT coated nanoceria, which do not
apply to this case study and for which coating controls are lacking, the lowest ECi0 value
measured so far is 8000 ng/l for luminescence inhibition in cyanobacteria.*’ Previous
estimates have been made for nanoceria used as a fuel catalyst and arriving in soil and
water following atmospheric discharge ! in the UK based on known market size for this

product.
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Table 2. Assessment of proximity of water nanoceria particle concentrations to a

harmful effect level

Loss route \Water concentration (ng/l)  [Proximity to 8000 ng/l effect
level

General aerial 0.003-0.023 S-order of magnitude

deposition direct to difference

'water courses

Loss from landmass to 0.001-0.008 6-order of magnitude
water courses assuming difference

1% entrainment in

runoff
Loss from landmass to 0.0005-0.004 6-order of magnitude
water courses assuming difference

loss through soil
erosion

Direct loss to adjacent 40-293 27-fold difference

ditch from
contaminated road

surface

Clearly there is a wide disparity between concentrations likely to occur due to fuel
catalyst combustion'® and the lowest toxicity values observed so far (Table 2). However,
there remains concern that nanoceria may enter water courses through its uses in
specialized industrial polishing or chemical/mechanical planarization.!”” Without
specialized local knowledge on where these industrial concerns are located, the quantities
of nanoceria used, that are disposed of from the premises, and the capacity of the
associated sewage treatment plant, the local receiving water concentrations cannot be
predicted. Unfortunately, knowing global or national consumption of nanoceria in the

polishing industry would not allow us to predict water concentrations. This is because the
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use of the product would not be evenly geographically spaced, or linked directly to human
population density. However, it is possible to ask: what discharge would be needed to
exceed the 8000 ng/L toxicity threshold for aquatic exposures?

The dilution factor for sewage effluent recommended by EU risk assessment is 10.
So effluent would need to contain 80 pg/L nanoceria. However, it is estimated that on
entering an WWTP 95% of the nanoceria would enter sludge and only 5% pass through
into the effluent.”” In that case the influent concentration would need to be 1.6 mg/l
nanoceria. WWTPs are designed around population equivalents (PE) which tend to be
around 160-200 L/PE/d in the UK !9 19 50 a PE unit would need to discharge 256-320
mg Ce/d to receiving waters. Given the current uses of nanoceria, this only seems likely
to occur if a large industrial facility is directly discharging wastewater containing high
concentrations of nanoceria directly into a sanitary sewer. Note that a population
equivalent is a unit describing a given biodegradable load as measured by its biological

oxygen demand.

Acute soil exposures

Growth inhibition in the nematode C. elegans has been noted down to a level of 2.5 mg/1
which could be considered as a pore water concentration equivalent to 2.5 mg/kg. As a
conservative assumption this may be used as a lower effect level for soil.!'°

Previous estimates have been made for nanoceria used as a fuel catalyst and arriving in
soil following atmospheric discharge ' in the UK based on known market size for this
product. The highest soil concentration assumed all the particles would be deposited
within a band of 20 m distant from UK roads and that over 7 years (since the application
started in the UK) would be 0.016 mg/kg. This is over 2 orders of magnitude below the
effect level of concern. There is evidence to suggest that when nanoceria particles enter
the soil they will not remain permanently fixed but form new charged heterocoagulated

64, 111

colloids giving them some mobility in the pore water . Thus, assuming a year on

year accumulation in topsoil could be seen as an overly conservative assumption.

The other scenario to consider is an industrial facility which discharges nanoceria

particles to the sewer. This may occur where factories use nanoceria particles for

33



polishing. What level of nanoceria particles in sewage sludge would be needed to exceed
the 2.5 mg/kg threshold in soil given that the majority of these particles are likely to

partition to sludge?”®

Good agricultural practice advises limiting total N applications to
250 kg/ha/year N, so as sludge is considered to contain a minimum of 3% N by dry weight
(DW)!'"'2 up to 8.3 tonnes DW/ha sludge may be applied. This is the same as applying 830
g DW sludge/m? of soil. In the UK the mean soil bulk density is considered to be 1.28
g/em?.'!® It is reasonable to assume that sewage sludge applied to land would be
incorporated into the top 20 cm of soil. Thus, a 1 m? of block of soil that is 20 cm deep
would contain 256 kg of soil in the UK.

Thus, for the soil to receive an exposure of 2.5 mg/kg nanoceria the 1 m? block of
soil would need to receive 640 mg nanoceria in the sewage sludge application of 830 g
DW sludge/m? of soil. This would require a presence of 771 mg/kg nanoceria in sludge
DW, or almost 1g/kg. Whilst this appears to be technically possible, to put this in some
context back in 1997 the median metal content of UK sewage sludge was 792 mg/kg Zn,
568 mg/kg Cu, 221 mg/kg Pb, 157 mg/kg Cr, 3 mg/kg Cd, and 2 mg/kg Hg.!'* So to reach
a level of 771 mg/kg from a single application nanoceria would make Ce almost the most
abundant metal in sewage sludge. Given the toxicities of the other metals, it seems that
nanoceria would not be the most hazardous element of sewage sludge, even if it did reach
that concentration. Generally speaking, so far the application of sludge or compost to
soils, even with the relatively high metal content, appears to generally stimulate soil

microbial processes.!!

Conclusions and recommendations for further research

We have comprehensively reviewed what is known for nanoceria about the
environmental releases, methods for detection and characterization, fate and transport,
toxicity and likelihood of toxicity in soil and water from acute exposures. Initial estimates
of releases suggest that the majority of nanoceria will ultimately end up in landfills, with
lesser amounts emitted to air, soil and water in that order. The largest fluxes of nanoceria
to the environment are predicted to be in Asia, while lower fluxes in North America and

Europe are expected to be similar. Once nanoceria enters the environment, it has been
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shown that NOM will have a major impact on their fate, transport and toxicity. As with
other nanomaterials, aggregation is a key consideration and this has been shown to be
influenced by water chemistry and interactions with natural coatings such as NOM. An
important feature of nanoceria with respect to its behavior and toxicity is its valence state.
There are several techniques that can characterize this property in environmental and
biological media, such as XAS, but most require relatively high concentrations. While we
didn’t identify studies that detected nanoceria in natural environments or environmental
media, a suite of techniques have been used to detect and characterize them in complex
toxicity testing media and in controlled laboratory studies. Thus, a major data gap and
area for future research is the prediction and measurement of actual nanoceria

concentrations in the environment, either from point sources or non-point sources.

As a whole nanoceria appears to exhibit similar aquatic toxicity values other
commonly studied manufactured nanomaterials. For example, a recent review found that
species average LCso values for Ag nanoparticles ranged from 0.01 mg/L to 40 mg/L while
species mean LCso values for ZnO ranged from 0.1-500 mg/L!'®. The range of ECso values
reported for Ce are similar to those for ZnO. Although reported toxicity data here uses
LCi0 and LOEC values, the range of species means 0.05 -25.9 mg/L and many of the
reported LCso values are within the range of 0.1-100 mg/L, suggesting similar acute
toxicity to ZnO NPs in aquatic exposures. This is of course based on the available data,
which are predominantly on the toxicity of nanoceria to aquatic organisms, with sediment
and terrestrial organism data severely lacking. For example, few if any studies have
investigated toxicity in sediment dwelling organisms, which are likely to be exposed to
nanoceria in the aquatic environment due to aggregation, settling and accumulation of
nanoceria in sediment. Given the persistence of nanoceria, chronic studies are lacking as
we are aware of only the C. elegans study®>. Equally important, very few species (aquatic
and terrestrial) from few taxonomic groups have been tested. Large taxonomic groups
such as insects and gastropods have not been tested and only one non-mammalian
vertebrate species has been tested (zebrafish). Another difficulty is that most of the studies
were performed with different nanoparticles, doses, duration, organisms, exposure media,

and their results are not directly comparable. Perhaps due to these differences, there are
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no apparent patterns to suggest that, as a whole, particle size has a major impact on
toxicity. A problem in conducting realistic toxicity studies is the likely transformation of
the free particles into homo or heteroaggregates or even organic complexes in the real
environment. There have been few studies that investigated the impact of size across a
wide range of systematically varied particle sizes within a single study. Such studies are
needed to definitively establish weather size is important. On the other hand coating may
be an important variable given the extreme sensitivity seen with HMT coated particles in
C. elegans.”? Coating was demonstrated to be a major determinant of toxicity in a more
well controlled study that systematically varied coating properties and used coating

controls.?

Of all of the taxonomic groups, toxicity is most well studied in vascular terrestrial
plants. Overt phytoxicity of nanoceria seems minimal and, while root to shoot
translocation of these particles is often measurable it is generally quite low. In summary,
although the literature on nanoceria impacts on terrestrial plants is not extensive, it is clear
that overt phytotoxicity is minimal, even at excessive exposure concentrations. The data
do suggest accumulation of nanoceria within plant tissues, although the precise form of
the element that crosses into the plant and the mechanism driving that process remains
unknown. The potential transgenerational effects noted in the literature,” as well as the
complete lack of information on trophic transfer, are areas of concern. In addition, studies
investigating environmentally relevant concentrations, potentially secondary effects from
nanoceria exposure, including impacts on symbiotic microorganisms or on edible tissue

nutritional quality, certainly warrant further investigation.

As a whole, the aquatic and terrestrial toxicity testing data for animals and
microorganisms spans multiple orders of magnitude for acute toxicity values (ECio and
LOEC:S). This large variation can be exhibited within a single species exposed to similar
nanoceria. For example, toxicity values for D. magna range from around 1-100 mg/1 for
fairly similar particles. Based on the overall toxicity database, it appears that C. elegans
is the most sensitive animal and Anabaena is the most sensitive microorganism tested to

date, although an important caveat is that the same endpoints were not compared across
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all species and that exposure systems varied. Interestingly no toxicity was observed in the
fish species that has been tested (D. rerio) even at extremely high exposure concentrations
(Figure 1). Unfortunately, only two fish studies have been reported in the literature. There
is a complete lack of toxicity testing data for sediment dwelling organisms, and extremely
limited data for soil invertebrates. As a whole the data suggest that acute toxicity is
possible at low pg/L concentrations in the water column. Data are lacking on soils and

sediments, but toxicity values are likely to be far lower.

One study indicated toxicity at lower concentrations than these values (at 172
ng/L) when 8 nm nanoceria were coated with HMT. Since no coating controls were used,
it is critical that the influence of this coating and other similar positively charged coatings
be studied using a similar endpoint (lifespan) and suitable controls. The use and disposal
of any nanoceria containing products with this coating should also be evaluated. It is not
clear whether the chronic nature of this exposure or the influence of the coating on uptake
and toxicity explain why this toxicity threshold is so low. Although this coating may not
persist on the particles in the environment, what is clear is that the effects of chronic
dosing and the effects of coating are critical data gaps that should be evaluated. Also
completely lacking are more environmentally realistic exposure scenarios, such as ones
using natural waters and soils and also multispecies microcosm or mesocosm studies,
although such studies are underway. These studies will bring the importance of
environmental transformations and indirect ecological impacts into light. It is possible that
community or ecosystem level impacts may be more sensitive than individual level
effects. Also more chronic and food chain transfer studies should be encouraged to deal
with the possible longterm effects from, or accumulations of, the likely persistent

nanoceria entities.

The current available data do not suggest an immediate risk from acute exposures
to nanoceria from use as a fuel additive or mechanical/chemical polishing or planarization.
However, the data gaps we have discussed should be addressed before a comprehensive

ecological risk assessment can be performed for ceria for chronic exposures or for other
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exposure pathways. This review lays the foundation for such assessments and clearly

identifies the areas where research is most critically needed.
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