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CONS P EC TU S

O ver the last decade, nanoparticles have been used more
frequently in industrial applications and in consumer and

medical products, and these applications of nanoparticles will
likely continue to increase. Concerns about the environmental
fate and effects of these materials have stimulated studies to
predict environmental concentrations in air, water, and soils
and to determine threshold concentrations for their ecotoxico-
logical effects on aquatic or terrestrial biota.

Nanoparticles can be added to soils directly in fertilizers orplant
protection products or indirectly through application to land or
wastewater treatment products such as sludges or biosolids. Nano-
particles may enter aquatic systems directly through industrial
discharges or from disposal of wastewater treatment effluents or
indirectly through surface runoff from soils. Researchers have used laboratory experiments to begin to understand the effects of
nanoparticles on waters and soils, and this Account reviews that research and the translation of those results to natural conditions.

In the environment, nanoparticles can undergo a number of potential transformations that depend on the properties both of
the nanoparticle and of the receiving medium. These transformations largely involve chemical and physical processes, but they can
involve biodegradation of surface coatings used to stabilize many nanomaterial formulations.

The toxicity of nanomaterials to algae involves adsorption to cell surfaces and disruption to membrane transport. Higher organisms
can directly ingest nanoparticles, and within the food web, both aquatic and terrestrial organisms can accumulate nanoparticles.

The dissolution of nanoparticles may release potentially toxic components into the environment. Aggregation with other
nanoparticles (homoaggregation) or with natural mineral and organic colloids (heteroaggregation) will dramatically change their
fate and potential toxicity in the environment. Soluble natural organic matter may interact with nanoparticles to change surface
charge and mobility and affect the interactions of those nanoparticles with biota. Ultimately, aquatic nanomaterials accumulate in
bottom sediments, facilitated in natural systems by heteroaggregation. Homoaggregates of nanoparticles sediment more slowly.

Nanomaterials from urban, medical, and industrial sources may undergo significant transformations during wastewater
treatment processes. For example, sulfidation of silver nanoparticles in wastewater treatment systems converts most of the
nanoparticles to silver sulfides (Ag2S). Aggregation of the nanomaterials with other mineral and organic components of the
wastewater often results in most of the nanomaterial being associated with other solids rather than remaining as dispersed
nanosized suspensions.

Risk assessments for nanomaterial releases to the environment are still in their infancy, and reliable measurements of
nanomaterials at environmental concentrations remain challenging. Predicted environmental concentrations based on current
usage are low but are expected to increase as use increases. At this early stage, comparisons of estimated exposure data with
known toxicity data indicate that the predicted environmental concentrations are orders of magnitude below those known to have
environmental effects on biota. As more toxicity data are generated under environmentally-relevant conditions, risk assessments
for nanomaterials will improve to produce accurate assessments that assure environmental safety.
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Introduction
Since the manufactured nanomaterials industry began its

growth less than a decade ago, concern has been raised

about the possible entry of nanomaterials into aquatic and

terrestrial environments, and their ultimate impact on biota.

A keyquestion for regulators iswhether nanomaterials require

different regulation from that for equivalent micrometer-

sized materials, i.e. does nanosize result in greater bioavail-

ability and toxicity. Here, the fate of nanomaterials entering

the natural environment, especially changes in particle size,

surface charge, and chemical form, will be critical controls of

bioavailability.

Research undertaken in syntheticmedia under controlled

laboratory conditions showed that the important processes

controlling nanoparticle behavior were dissolution and

aggregation.1�3 It was recognized, however, that, in natural

aquatic and terrestrial environments, nanomaterial fate can

differ significantly from that in synthetic media, largely

because of the dominant presence of natural nanoparticles

and colloidal materials.4 The study of these interactions

represents the major challenge which, to date, has received

little attention, largely because of the experimental difficul-

ties in undertaking studies of particle size at environmentally

relevant concentrations typically in the μg/L or μg/kg range.

This Account reviews the current status of experiments in

synthetic waters/soils and how research is beginning to

translate these to natural conditions.

Nanomaterials Definition
Nanoparticles occur naturally in aquatic and terrestrial en-

vironments, in the finer fractions of colloidal clays, mineral

precipitates (aluminum, iron and manganese oxides, and

hydroxides), and dissolved organic matter (humic and fulvic

acids). In 2008, the International Organization for Standard-

ization (ISO) classified nanomaterials into three main

groups: nanoparticles (all three dimensions between 1 and

100nm); nanoplates (one dimension between1 and 100nm);

and nanofibers (two dimensions between 1 and 100 nm).5

Manufactured nanomaterials comprise seven main classes:

carbonaceous nanomaterials (e.g., carbon nanotubes (CNTs));

semiconductors (e.g., quantum dots); metal oxides (e.g., zinc

oxide); nanopolymers (e.g., dendrimers); nanoclays; emulsions

(e.g., acrylic latex); andmetals (e.g., silver). Thesenanomaterials

may exist in single, aggregated, or agglomerated forms and

have various shapes, coatings, and surface functionality. The

regulation of nanomaterials remains a challenge for agencies

applying existing frameworks designed to address the

environmental safety of chemicals.

Nanomaterial Solubility
In nanomaterial studies, the term solubility has been loosely

applied, especially in relation to carbon-based nanomater-

ials, often meaning “forming stabilized suspensions” rather

than truly dissolving. Hydrophobic nanomaterials such as

CNTs or fullerenes are virtually insoluble in natural waters

(the solubility of fullerene has been calculated as 10�18mol/L6),

and dissolution requires extreme measures, such as solvent

addition, although lengthy sonication appears to achieve a

stable suspension. Surface functionalization is necessary to

enhance dispersion, although such derivatives were less

cytotoxic as a result of a reduced ability to generate reactive

oxygen species.7

Most metal-based nanoparticles are hydrophilic and

have a finite but often low solubility. In many studies, this

is not measured, despite the soluble ionic metal fraction

being themost toxic to aquatic and terrestrial biota. Franklin

et al.,1 investigating the biological impacts of ZnO nanopar-

ticles, found that, despite a common belief that ZnO was

“insoluble”, nanoparticulate ZnO rapidly dissolved to pro-

duce 6 mg/L of dissolved (dialyzable) Zn within 6 h and 16

mg/L in 72 h in a buffered pH 7.5 soft water, in excess of the

5 mg Zn/L that would be toxic to most aquatic biota. By

contrast, nanoparticulate ceriumoxide (CeO2) has a very low

solubility (ng/L), and so the effects of nanoparticle versus

macroparticle toxicity could be readily investigated in the

absence of the confounding process of dissolution.8 Greater

toxicity to algae was observed for nanoparticulate CeO2

compared to its macroparticulate equivalent (Figure 1).

Semiconductor quantum dots based on cadmium sele-

nide (CdSe) have been shown to release ionic cadmium (Cd)

as a result of selenide oxidation;9 however, experiments

were conducted at unnaturally highly concentrated solu-

tions (250mg/L) when as high as 80mg Cd/L was observed,

greatly exceeding accepted water quality guidelines.10

Dissolution of silver (Ag) nanoparticles involves the oxi-

dation of surface elemental Ag to Agþ and subsequent de-

sorptive dissolution. This requires oxygen and protons, and

it has been postulated that peroxide radicals are active

intermediates,11 but superoxide radicals were not detected.

Nanoparticulate Ag was shown to be more toxic than

micrometer-sized Ag (Angel et al., CSIRO, unpublished data),

largely due to the greater release of ionic Ag (Figure 1).

The toxicity to algal species shown in Figure 1 involves

adsorption to the cell surface and disruption to membrane

transport. In higher organisms, direct ingestion of nanopar-

ticles has been demonstrated (e.g. ref 12); however, trophic
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transfer, e.g. via nanoparticle-coated algae, is a viable, yet so

far poorly studied, uptake pathway.13�15 Such studies in

natural waters (and soils) at environmental concentrations

are needed.

Nanoparticle Aggregation
Aquaticand terrestrial environments containa rangeofnatural

nanoparticles, including colloidal clays, iron and manganese

hydrous oxides, and dissolved organic matter (comprising

fulvic and humic acids), fibrillar colloids (exopolymers) that

are exudates from algae, and othermicroorganisms (these are

largely polysaccharides and some proteins).16 The extensive

knowledge of colloid behavior has formed a useful basis for

understanding the fate of manufactured nanomaterials.

Natural colloids are subject to aggregation and sedimen-

tation that results in particles in the size range 100�1000

nm.17 Aggregation is controlled by surface charge, particle

size, ionic strength, pH and cation composition of the solu-

tion, and particle shape, which can affect steric interactions.

Particles with near-neutral charge aggregate rapidly.

Attempts to use DLVO and other theoretical approaches

developed for colloidal science to predict the aggregation of

nanomaterials have been largely unsuccessful because of

their polydispersivity, shapes that frequently differ from

spherical, andproperties that vary fromhydrophobic surfaces

with carbon-based materials, to core�shell structures of

quantum dots, to magnetic particles in zerovalent iron, to

metals and metal oxide materials.18

Any possible predictions are further complicated where

surface coatings (surfactants, polymers, and polyelectroly-

tes) in somenanomaterial formulations are used to enhance

dispersion stability. Depending on the nature of the surface

binding, there is the potential for desorption in somemedia.

Again, the important question will be how this stability is

affected by an excess of natural colloidal particles. Some

surface coatings may be susceptible to biodegradation,

leading to nanoparticle aggregation.19

The expected environmental concentrations ofmanufac-

tured nanomaterials in natural waters are typically below20

μg/L (Table 1). Natural colloid concentrations are typically

several orders of magnitude higher, ranging from 1 to 20

mg/L in freshwaters, higher in soil solutions, and marginally

lower in seawater. Heteroaggregation with natural colloids

is therefore likely to control the fate of most nanoparticles,

yet despite this, most studies have focused on investigations

of homoaggregation. Heteroaggregation has typically been

considered for mixtures containing high concentrations of

nanomaterials in the presence of low concentrations of

natural colloids,20,21 largely driven by the relatively high

detection limits ofmost of the techniques used to investigate

FIGURE 1. Comparison of the toxicities of micrometer and nanosized ZnO, CeO2, and Ag and their ionic equivalents Zn2þ, Ce3þ, and Agþ to the
freshwater alga Pseudokirchneriella subcapitata in a synthetic soft water (toxicity values are IC50s, the concentrations causing a 50% growth inhibition
in μg/L) (respectively from refs 1, 8, and Angel et al., CSIRO, unpublished results).
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particle size and/or aggregation kinetics, including dynamic

light scattering, differential centrifugal separation, nanopar-

ticle tracking analysis, and field flow fractionation.22

To understand interactions with natural organic matter

(NOM), numerous laboratory studies have investigated the

effects of humic acid (HA) on manufactured nanomaterials,

but few with the more relevant fulvic acid. The addition of

standard Suwannee River HA greatly enhanced the disper-

sion of multiwalled carbon nanotubes in ultrapure deionized

water,23 with the same effects also seen in suspensions in

Suwannee River water samples. The dispersion was greater

than that observed in the presence of the surfactant sodium

dodecylsulfate. Themechanismof theenhanceddispersion is

likely to again involve both steric and electrostatic compo-

nents, as was seen for natural colloids. Fullerene nanoparticle

stability was also enhanced by HA, except in the presence of

elevated (>10�2 M) calcium chloride concentrations when

calcium complexation resulted in intermolecular bridges in-

volving HAs and fullerenes that enhanced aggregation.24

Stabilization of iron oxide, alumina, titanium dioxide, gold,

and Agnanoparticles byHAhas also been demonstrated,25�30

again, largely dependent on surface charge. The point of zero

charge for iron oxide occurs near pH 7.8, with positively

charged particles at low pH neutralized by HA. At higher pH,

where the nanoparticles are negatively charged, adsorption of

HA can still occur through hydrophobic interaction, with the

result being an enhanced negative charge and enhanced

stabilization, supplemented by a degree of steric stabilization.

A unique finding was the role of HA in facilitating disaggrega-

tion of iron oxide particles at near neutral pH values.25

Similar findings were obtained in studies of fulvic acid

interactions with titanium dioxide nanoparticles.31 From

experiments at mg/L concentrations of both, it was sug-

gested that these nanoparticles might persist in natural

waters, for longer than predicted by laboratory studies.

In natural systems, the ratio of NOM to nanomaterial con-

centration is likely to be higher than 10:1, with the interactions

less likely to be based on adsorption of NOM to the nano-

materials, but rather adsorption of NOM- or humic-coated

nanomaterials to HA or NOM colloids, clusters, or aggregates.

This phenomenon was demonstrated by Bae et al.32 for Ag

nanomaterials of differing surface areas. The implication is

that, despite the theoretical and laboratory-based predictions

that humic acids (and by implication NOM) will generally lead

to stabilization of environmental nanoparticles in aquatic

systems (and in some instances involve disaggregation of

aggregated nanoparticles), in the presence of environmental

concentrationsofnatural colloids, that typically involvehetero-

geneous mixtures of NOM and inorganic binding phases,

further adsorption of nanoparticles to these is likely, leading

to the formation of larger and potentially unstable clusters.

The above discussion applies principally to freshwater

systems of low ionic strength. In marine waters, most

nanomaterials will be aggregated, unless sterically stabilized

with surface coatings. This has been well demonstrated for

citrate and polyvinylpyrrolidone (PVP) coated Ag nano-

particles.33 Both particle types were negatively charged and

stableover awide rangeof salt concentrations. Consistentwith

DLVO theory, with increasing salinity (ionic strength), the

electrophoretic mobility of the particles becomes less negative

due to an increase in charge screening by the NaCl, to a point

where the screening is complete andaggregation rates reacha

maximum. The noncharged PVP coating assists in steric repul-

sion of particles, conferring greater stability against aggrega-

tion. This meant that slightly higher salt concentrations were

required to induce aggregation, but this occurred below 0.1 M

NaCl, aboutone fifth the salinityof seawater, compared to0.03

MNaCl for the citrate-coated particles. The same studydemon-

strated the effect of humic acid in adding stability to the citrate-

coated particles.

An excellent recent study by Quik et al.34 demonstrated

the significant role of heteroaggregation with natural col-

loids in the aggregation of nanomaterials (tested with CeO2)

in river waters, compared to greater stabilization by homo-

aggregation in filtered waters. Research attention is now

being focused on the toxicity of nanomaterials in sediments,

although sediment toxicity is likely to be less of an issue than

aquatic toxicity.

The majority of the surface area and electrostatic charge

in soils resides in the <1 μm size fraction.35 Since the major

part of the soil surface area is in the colloidal fraction, almost

all surface-controlled processes, including adsorption reac-

tions, nucleation, and precipitation/dissolution, involve

colloids.36 The importance of natural nanoparticles and

colloids regarding the fate of manufactured nanoparticles

TABLE 1. Estimated Environmental Concentrations of Manufactured
Nanomaterials Compared to Predicted No Effects Concentrations

nanomaterial PEC, μg/L water body ref PNEC, μg/L ref

TiO2 0.7�16 freshwater 41 40 61
<5�15 WWTP effluent 51 50 in 46
1�10 freshwater 45
<8 Swiss rivers 47

n-C60 0.0005�19 WWTP effluent 62 7.9 61
CNT 0.0005�0.0008 freshwater 41
Ag 0.03�0.08 freshwater 41 40 41

0.04�0.32 freshwater 45 1 in 46
<0.03 Swiss rivers 47

CeO2 0.1�1 freshwater 45 3000 in 46
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in soils has been recognized.20,37,38 Cornelis et al.20 investi-

gated the retention (Kr) of CeO2 nanoparticles (nominal

particle size 20 nm) in soils and found a positive correlation

with the clay content of soils and not with parameters that

increase the homocoagulation rate of CeO2 nanoparticles,

suggesting that negatively charged CeO2 nanoparticles

were adsorbed preferentially by clay surfaces at positively

charged sites. Examination of filtered soil suspensions using

transmission electron microscopy (TEM) confirmed that het-

eroaggregation likely occurs (Figure 2).

Risk Assessment of the Environmental
Impacts of Manufactured Nanomaterials
Given the limited availability of information on nanomater-

ial fate in the environment, the most appropriate assess-

ment of risk is a simple comparison of predicted environ-

mental concentrations (PECs) with predicted no effects con-

centrations (PNECs). The evaluation of both parameters

presents major challenges.

Predicted Environmental Concentrations. The deriva-

tion of PECs requires the measurement or prediction of

nanomaterial concentration and size, based on the fate

and transport pathways once the nanomaterials are re-

leased to the environment. The possible pathways that will

introduce nanomaterials to the environment are illustrated

in Figure 3. With virtually no available measured environ-

mental data, attempts have been made to model exposure.

The earliest life cycle assessment attempts suggested that

direct entry of nanomaterials into aquatic systems via spil-

lage, discharge, atmospheric deposition, or soil runoff was

small compared to the fraction that proceeds to sewage

treatment and might be in STP discharge waters.39�41

In deducing mass flows, estimates of total product usage

and release rates must be obtained, that can then be related

to the time of exposure. Knowledge of the behavior of the

nanomaterials in the environment (colloidal forms, attach-

ment to particles, etc.) is used in coupled fate models to

predict sediment/water partitioning during treatment and in

the aquatic environment.

Boxall et al.40 used a series of simple algorithms to predict

the likely environmental concentrations from a limited

range of manufactured nanomaterials in soils and waters.

For waters, routes of entry included the following: direct

entry intowater bodies; inputs from spray drift of agrochem-

icals; runoff from contaminated soils; aerial deposition; and

emissions from STPs. For soils, routes comprised the follow-

ing: the application of remediation technologies; the appli-

cation of plant protection products; the excretion of nano-

medicines in veterinary products; aerial deposition; and the

application of sewage sludge as a fertilizer.

The difficulty with some of these approaches is in cover-

ing the full range of potential sources of nanomaterials and

not a limited selection, as well as reasonably estimating

market usage.

Existing models of exposure for soluble contaminants

have little applicability to nanoparticles, while the applic-

ability to real systems of preliminary approaches to predic-

tive modeling of the suspension stability and kinetics

of aggregation of nanoparticles is, as yet, untested.42

Arvidsson et al.43 acknowledged that the biggest limitation

of exposure modeling remains a lack of understanding of the

interactions of nanomaterials with NOM, and, where these

have been studied, it has usually been under conditions that

are not representative of the natural environment; however,

FIGURE 2. TEM image and energy dispersive (EDS) X-ray analysis of CeO2NPs aggregatedwith natural colloids in 0.45 μm filtrates of soil spikedwith
12.6 mmol/kg CeO2 NPs. The EDS spectra of the aggregates show peaks for Al, Ca, Fe, K, and Si that suggest that the aggregates also contain natural
colloids (from Cornelis et al.20).
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other transformations, such as the sulfidation of silver, may be

much more important

O'Brien and Cummins proposed a 3-level model to de-

termine exposure risk,44 beginningwith laying out exposure-

related concerns (level 1); determining particle characteristics

(size, surface area, surface change, solubility, etc), behavior

(aggregation, adsorption), and treatment (level 2); and relat-

ing these to exposure scenarios (level 3). This is a sound start,

but trying to populate these levels with real environmentally

relevant data again proved difficult.45,46 The approach ended

up being highly subjective with difficulty in separating un-

certainty from variability. The authors then defaulted to what

amounted to a best professional judgment in a “black box”

semiquantitative approachusing “best available data” to rank

exposure risk in aquatic systems. This was applied to nano-

TiO2 in paints, nanosilver in food packing, and nano-CeO2 in

fuels. Calculated exposure concentration ranges of 1�10 μg

of TiO2/L, 10�100 ng of Ag/L, and 0.1�1 μg of CeO2/L were

not dissimilar from the equally subjective predictions of other

studies (Table 1).39,41,47

The most recent estimates of nano TiO2, Ag, and ZnO

release, in Swiss rivers,47 gavemore detailed considerations

to population density and river flow, in both a conservative

scenario with no agglomeration and an optimistic scenario

with rapid and complete deposition. For TiO2, concentra-

tions typically ranged from 11 to 1620 ng/L for the con-

servative scenario and from 2 to 1620 ng/L for the optimum

scenario. The corresponding estimates for ZnO and Ag were

smaller again by factors of 14 and 240, respectively. There is

an urgent need for data to validate the model predictions.

Coming out of the fate studies is the realization that, apart

from accidental spillage of nanomaterials directly into

waters or on land with subsequent washing into waters,

wastewater treatment remains the largest source of nano-

materials either in the effluents or in the sludge whichmight

be applied to land. Atmospheric deposition of nanomater-

ials is likely to be a small contributor to waters and soils,

while, in developed countries at least, any effluents contain-

ing nanomaterials will require discharge licenses and will be

more likely to go to a wastewater treatment plant.

Fate in Wastewater Treatment. Several studies have

considered how nanomaterials partition during wastewater

treatment. In the absence of suitable data, Mueller and

Nowack assumed that 97% of the particles were removed,

with 90% removal in a high exposure scenario,41 based

largely on published data for the efficiency of removal of

FIGURE 3. Pathways and transformations of nanomaterials in the environment.
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particles <0.1 μm. It has been suggested that the presence of

household or industrial detergents would result in the dis-

aggregation of nanoparticles.48 In a study of CeO2 nanopar-

ticles in a model wastewater treatment system, Limbach et

al.49 found that a small but significant fraction (6%) avoided

aggregation and was released in the effluent (at 2�5 mg/L

concentrations), largely as a result of stabilization in the

presence of protein breakdown products and surfactants in

the wastewater changing the ζ potential.

An examination of 10 wastewater treatment plants by

Westerhoff et al.50 showed removal of over 96%of titanium

in influent sewage, with effluents typically containing <25

μg/L. Using TEM and energy dispersive X-ray analysis,

spherical TiO2 nanoparticles (crystalline and amorphous)

of the order of 4 to 30 nm in diameter were detected in

the effluents. An earlier study at one plant confirmed that

tertiary filtration removed on average 82 ( 21% of TiO2 as

biosolids, leaving 10�50 μg/L TiO2 in the effluent.51 Nano-

particles were observed in the effluent but typically aggre-

gated to several hundred nanometers in size.

Benn and Westerhoff noted that socks containing nano-

particulate Ag added as a deodorant releasedmost of the Ag

after repeatedwashings, with 70�90% in an ionic form, and

the remainder as large nanoparticles (100�200 nm).52 In a

simulated water-treatment process, all of the Ag was shown

to be removable in the sludge, raising concerns about the

impacts of application of sludge to land.

More recent studies of silver nanoparticles have demon-

strated the presence of nanosized silver sulfide (Ag2S) in

sewage sludge products, formed by sulfidation reactions in

sulfur-rich environments.53 Both aggregated and nanosized

Ag2S were identified by high resolution TEM. Levard et al.54

suggested that interaction of PVP-coated Ag nanoparticles

with sodium sulfide resulted in strongly aggregated chain-

like structures with Ag sulfide bridges between nanoparti-

cles. It was proposed that the PVP desorbs and then

readsorbs on the aggregated products.

The fate of hydrophobic nanoparticles and their aggre-

gates (e.g., CNTs, fullerenes, quantum dots) may bemodified

throughwastewater treatment if they undergo surfacemod-

ifications to make them dispersible in water (e.g., carboxyl-

conjugated quantum dots)55 or are stabilized through HA

adsorption.56 There has been limited research into the fate

and behavior of CNTs and quantum dots through waste-

water treatment. Colloidal aggregates of fullerenes were

effectively (up to 97%) removed in laboratory “jar tests”,

by a series of alum coagulation, flocculation, sedimenta-

tion, and filtration processes, with an efficiency dependent

on the pH, alkalinity, organic matter content, and coagulant

dosage.57

The presence of nanoparticles in sewage sludge has

implications for its use on land as a fertilizer, and very little

work has been reported to date in this area. Biosolids

contain both clay minerals and solid organic matter, that

could bind nanoparticles strongly through heteroaggrega-

tion, and soluble organic matter, which could potentially

mobilize nanoparticles through changes in surface charge.

Cornelis et al.20 found little difference in retention of CeO2

nanoparticles to soils due to biosolids addition.

Several studies have indicated a potential for nanoma-

terials to interact with bacteria in sewage treatment plants.

Choi et al.58 showed that Ag nanoparticles were toxic to

nitrifying bacteria and that this could imply detrimental

effects to themicroorganisms inwastewater treatment, with

dissolved Ag responsible for the majority of the observed

AgNP toxicity.58,59 Titanium dioxide nanoparticles in the

presence of ultraviolet light were toxic to E. coli inhibiting

the fouling of water treatment membranes.60

Predicted No Effect Concentrations. Only limited toxi-

city data have been published that enable calculation of no

effects concentrations and the development of reliable

guidelines for nanomaterials in the environment.4,61 Most

data exist for n-C60 and nano TiO2 in aquatic systems, and it

was possible to derive a chronic PNEC value of 7.9 μg/L for

n-C60 and 40 μg/L for TiO2 dispersed by sonication.61

A comparison of some of the estimated PEC values with

the latest toxicity data for aquatic systems is given in Table 1.

Again it is apparent that the environmental concentrations

are well below levels of environmental concern. As yet,

there are too few terrestrial toxicity studies to derive good

threshold effects concentrations.

Ecological Risk Assessment. Despite the above uncer-

tainties, a comparison of estimated exposure data with

known toxicity data indicates that the PECs are currently

orders of magnitude below those known to have environ-

mental effects on aquatic biota (Table 1). In most countries,

nanoparticle releases will ultimately be captured by waste-

water treatment plants where they will partition to sludges,

with a smaller concentration being released in the effluent

and subject to dilutionwhere these discharges enter rivers or

coastal waters. Nanomaterials that escape treatment are

likely to ultimately accumulate in benthic sediments, and

their accumulation has yet to be fully investigated.

The application of biosolids or sludges to land is highly

regulated in most countries through existing environmental

guidelines.63 Assessment of the potential ecological risks



Vol. 46, No. 3 ’ 2013 ’ 854–862 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 861

Nanomaterials in Aquatic and Terrestrial Environments Batley et al.

from nanoparticles in land-applied biosolids may need a

more detailed consideration of the life cycle and transforma-

tions of the nanomaterials duringwastewater treatment. For

example, the recently highlighted formation of highly in-

soluble Ag2S in sewage sludge fromAg nanoparticles during

wastewater treatment was shown to be an unexpected yet

important immobilization pathway.53

Where nanomaterials are stabilized by surface coatings,

indications are that where these enter natural waters di-

rectly, they might nevertheless interact with larger colloidal

suspensions.

Conclusions and Outlook
The overall findings of minimal environmental risk from

manufactured nanomaterials should give regulatory agen-

cies some reassurance, especially since the assumptions in

estimations are conservative. This could change if nanoma-

terials find widespread use as fuel additives, pesticides, or

other applications that lead to diffuse inputs. On-going

research is therefore required to better define no-effect

concentrations through increased toxicity testing. The chal-

lenge will be to undertake these and other fate studies in

natural water, sediment, and soil systems at nanomaterial

concentrations that are realistic and environmentally rele-

vant, thus avoiding artifacts associated with very high con-

centrations.

This research was funded as part of CSIRO's Nanosafety Program
in the Advanced Materials Transformational Capability Platform.
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