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Nanoparticles in the Environment

The production and use of nanoparticles leads to the emission of
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manufactured or engineered nanoparticles into the environment.

Those particles undergo many possible reactions and interactions in
the environment they are exposed to. These reactions and the resulting

behavior and fate of nanoparticles in the environment have been

studied for decades through naturally occurring nanoparticulate (1-

100 nm) and colloidal (1-1000 nm) substances. The knowledge gained

from these investigations is nowhere near sufficiently complete to
create a detailed model of the behavior and fate of engineered nano-

particles in the environment, but is a valuable starting point for the risk

assessment of these novel materials. It is the aim of this Review to
critically compare naturally observed processes with those found for
engineered systems to identify the “nanospecific” properties of
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manufactured particles and describe critical knowledge gaps relevant
for the risk assessment of manufactured nanomaterials in the envi-

ronment.

1. Introduction

The behavior and fate of naturally occurring nanoparticles
(1-100 nm) and colloids (1-1000 nm) has been intensively
studied for decades. However, the knowledge gained from
these investigations is nowhere complete enough to create
a detailed model of nanoparticulate behavior and their fate in
the environment. It is known that processes such as surface
reactions, stability, mobility, and dissolution play a major role
in controlling their fate and behavior in the aqueous environ-
ment (Figure 1). The extent of these processes is regulated,
among other things, by surface properties of the particles and
environmental conditions such as pH value, ionic strength,
and natural organic matter. Nowadays, the release of
engineered nanomaterials (ENMs) as a consequence of
increased production, use in consumer products, and indus-
trial applications provokes questions regarding appropriate
risk assessment strategies for the prediction of their fate and
behavior in various environment media. The pivotal question,
whether existing knowledge can be applied to predict the fate
and behavior of ENMs, or if ENMs exhibit a distinct fate from
natural nanoparticles, can be addressed by identifying the
controlling processes of their fate and behavior in the
environment. It is the aim of this Review to critically compare
processes of naturally occurring nanoparticles with those
observed for ENMs to identify the “nanospecific” properties
of the latter and describe critical knowledge gaps relevant for
their risk assessment in the environment. Furthermore,
a decision tree model is presented, which enables us to
decide what ENM-specific tests are required to determine the
nanospecific properties.

The processes which affect the fate and behavior of nano
iron oxide particles (NIOPs) are illustrated in Figure 1.
NIOPs can dissolve or grow, can aggregate or be deposited
on surfaces, can be coated with organic and inorganic
constituents of water and/or can be transfomed in terms of
their crystal structure. The fate and behavior of the iron
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particles is controlled by the hydro-

chemical conditions and the properties

of the NIOPs. For example, the trans-

port of natural NIOPs is regulated by

the Ca®" concentration.'"! Engineered NIOPs have a distinct
shape, which is very homogeneous between particles com-
pared to naturally occuring NIOPs (Figure 2). The question of
whether this specific particle shape may control the fate and
behavior of the engineered NIOPs is adressed in this Review.
The Review is based on a literature search, which
followed the workflow depicted in Figure 3a. Literature was
collected from a Scopus search (search criteria: keyword:
engineered nanomaterials; environment, publication date
after 2010). Additionally, a list of the most prominent authors
in the field of the fate and behavior of engineered nano-
materials and natural colloids in the environment was
compiled. Publications from these authors were added to
the collection if missed by the keyword search. Collected
publications were screened for relevant references, including
publications before 2010. The selection process of publica-
tions and the subsequent topic-related catagorization into
subgroups was subdivided in three steps: I) A total number of
376 publications were evaluated according to the predefined
quality criteria, which are listed in Figure 3a. IT) All publica-
tions, which fulfilled the quality criteria were assigned to one
of the main categories of natural colloids or engineered
nanomaterials (Figure 3b). III) Both groups were further
classified to one or more of the four subcategories (release,
stability/transport, surface modification, and dissolution). The
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temporal development of the number of publications in the
subcategories is depicted in Figure 3c.

2. Release

The overall environmental concern that may result from
the use of nanotechnology in consumer and industrial
products is a function of both the potential hazards related
to the nanomaterials and the environmental exposure, that is,
the concentrations at which these materials will be present in
the environment. Besides newly developed specific nano-
materials, a number of materials which contain a nanoparti-
culate size fraction have been produced for a long time. A
typical example is pyrogenic silica (SiO,), which has been
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commercially available since 1942 (Aerosil). Without knowl-
edge of the specific environmental behavior of a given
particle type, an equal distribution in the aquatic environment
must be assumed, which completely neglects the potential of
elevated exposure at places where those particles accumulate
predominantly (sinks). Although much research has focused
on the hazard aspect of nano risk assessment, little is known
about the potential exposure, that is, the current and future
concentrations of ENMs in the environment and the hetero-
geneity of the distribution.! These concentrations are
proportional to the amounts of ENMs released either inten-
tionally or unintentionally from human activities (Table 1).
Even though the importance of quantifying release levels is
globally acknowledged, there are few data available because
of issues related to market practices and technical obstacles.
Information about how ENMs are distributed within consu-
mer product categories is scarce; release coefficients during
use, recycling, and disposal of products are unknown, while
most release sources are nonpoint sources, for example,
humans, households, etc.”! The lack of data is substituted by
modeling studies that utilize a fair amount of assumption- or
probability-based approaches.!! Comprehensive models are
vital for estimating release levels; however, it must be noted
that their validation is hampered by the current lack of
techniques that are able to measure ENMs in real-world
systems and distinguish them from a plethora of naturally
occurring nanomaterials.”! Furthermore, test procedures that
are tailored for dissolved constituents are not likely to
succeed for nanomaterials.!
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Figure 1. Graphical representation of possible reactions of nanoparticulate materials in natural
aquatic media, with a nano iron oxide particle (NIOP) used as an example.
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materials found in such locations.'”

Variations in the operation procedures
at such facilities further complicate
modeling efforts.”) However, most
challenging of all is determination of
the accidental release at nonpoint sour-
ces, such as normal use and washing of
ENM-containing sunscreen, cosmetics,
and textiles.'” The monitoring of such
sources is restricted due to the large
spatial and temporal variations in the
use of ENM-containing products. How-
ever, as the need for environmental risk
assessment increases, more detailed
information is becoming available on
global and regional levels, which will
improve the material flow analysis of
ENMs. ! Besides production volumes,
transfer factors of ENMs between the
life-cycle stages are input parameters
for such calculations. Examples of pro-
duction volumes of ENMs are given in
Refs. [12¢,15,16], and [17]. SiO,, TiO,,
and iron oxide (FeOx) belong to the
group with highest production volumes
and the predicted environmental con-

Table 1: Production volumes, predicted environmental concentration
(PEC), environmental concentration (EC).

manufactured

and natural iron oxide nanoparticles

Figure 2. Electron micrographs of manufactured iron oxide nanoparti-
cles applicable as contrast agents in magnetic resonance imaging (a,b,
adapted from Hofmann et al.) and natural iron oxide particles
extracted from a floodplain sediment (c—f, adapted from Plathe

et al.bl).

Modeling the environmental concentrations of ENMs
requires taking into account all the possible sources of ENMs
released in the environment. This release can be intentional,
for example, for remediation,” agricultural,'” or water
purification purposes.'!! These sources can be directly incor-
porated in release models, because of the availability of
information regarding the amounts and characteristics of the
ENMs used. More challenging is the unintentional release at
point sources, such as wastewater treatment plants, waste
incineration plants, manufacturing facilities, and possibly, in
the near future, hospitals or clinics, because of the lack of
information regarding the source and concentration of nano-
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NP Production within EU" [t/a] PEC in sur- Measured EC
median (25/75 percentile)  face water
(Qoass Qosgs)
TiO, 550 (55-3000) 0.53 (0.4; 0.55-
1.4) ugl™'  6.48 pgL PO
ZnO 55 (5.5-28000) 0.09 (0.05; n.a®
0.29) pglL™'
Sio, 5500 (55-50000) n.a. n.a.
FeOx 550 (30-5500) n.a. n.a.
CeOx 55 (0.55-2800) 5.1- n.a.
54.2 ngL'#
CNTs 550 (180-550) 0.23 (0.17- na.
0.35) ngL™'
fullerenes 0.6 (0.6-5.5) 0.11 (0.07- n.a.
0.28) ngL™
Ag 5.5 (0.6-55) 0.66 (0.51- n.a.
0.94) ngL™
quantum 0.6 (0.6-5.5) n.a. n.a.

dots

[a] < 0.45 um filtered. [b] n.a.=not available.

centrations are in the pugL™' range (Table1). Much less
significant in terms of production quantity are quantum dots,
fullerenes, and Ag NPs. Determining the release levels of
ENMs into the environment is a complicated task that
requires not only the development of realistic modeling
approaches but also their validation by techniques that are
able to measure ENMs in complex real-world matrixes.
Release of nanomaterial has been verified from paints that
incorporate ENMs, either intentionally (silver nanoparticles)
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observed particle con-
centrations in street can-
yons (2.5x10*1.5x
10° em~3)."% The appli-
cation of ENMs, mainly
Ag ENMS, in textile
industries derives from
the antimicrobial prop-
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Figure 3. a) Selection and categorization scheme for evaluated publications, b) number of publications in the
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or unintentionally (titanium dioxide colloids with a fraction in
the nano range).'"® Furthermore, there are a number of
studies that report release data of ENMs during mechanical
abrasion, for example, from a surface coated with ZnO or
Fe,0,." Particle release from a coated surface as a result of
mechanical abrasion was found to be dependent on the type
of coating and the surface. For example, mechanical abrasion
by sanding of a polyurethane ZnO coating revealed maximum
local particle concentrations between 6.15x 10% and 6.36 x
10* ecm~ in the surrounding atmosphere, which was obtained
under laboratory conditions. In practice, lower numbers
would be expected because of particle aggregation and
precipitation occurring in the sanding machine. However,
the predicted concentrations are comparable with commonly
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tion of ENMs from
solid polymers is of
interest in the field of
food packaging and has
already been investi-
gated for several ENMs,
such as Ag, TiO,, and
TiN*! The maximum
release rates of Ag
from food containers
under acidic conditions
is 3ngcm?day' at
20°C.* These findings
were confirmed by our
own investigations. The
rates of Ag ion release
from an ENM-contain-
ing solid polymer were higher at elevated temperature (25
and 60°C) and decreased as the particle size increased
(project Nano-FCM, Austria, final report in preparation). A
quantitative release of particles even after the application of
mechanical stress was not observed. This contradicts litera-
ture data, where stress conditions such as thermal, mechanical
(e.g. abrasion), or chemical stress caused a low level migration
of the particles from a polymer into an overlaying liquid.*>**
Carbon nanotubes (CNTs) are typically embedded in a solid
matrix, such as composite polymer materials, and so their
release is only expected during manufacturing, subsequent
processing, and recycling.” Accordingly, their predicted
environmental concentrations are in the ngL™' range
(Table 1). Materials such as quantum dots are mostly

2011 2012 2013 2014
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incorporated in electronic products. Therefore,
release scenarios into the environment do not
exist.

All these studies tested samples in a rela-
tively simple matrix, which were taken directly
after the release and before they enter natural

recrystalllzatlon‘
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transformation
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occurring nanomaterials of often very similar
composition. Recent studies have shown that
the use of elemental ratios of bulk measure-
ments is a promising tool for determining the
amount of ENMs, as it takes advantage of the pristine nature
of ENMs compared to their natural counterparts.*!
Considering the inaccuracy of the calculated environ-
mental concentrations, which is caused by the large variation
in the release data, risk evaluations, which are commonly
based on PEC/PNEC ratios (PEC = predicted environmental
concentration; PNEC = predicted non-effect concentration),
have to be interpreted carefully.” Additionally, risk evalua-
tion has to consider that concentrations of the natural
counterparts can be several orders of magnitude higher than
the ENM concentration.’!] However, the risk of ENMs may
originate from their distinct behavior compared to their
natural counterparts, even if they are present in much lower
concentrations. In the following sections, such differences will
be elucidated by contrasting properties of natural colloids and
ENMs. Subsequently, possible differences in the fate and
behavior of ENMs and natural colloids will be identified.

3. Surface Modifications

The surface of nanoparticles and colloids is likely to
undergo modifications in natural water sources through biotic
and abiotic processes. Examples of such processes are the
adsorption and desorption of organic and inorganic com-
pounds, chemical reactions (e.g. reduction and oxidation), as
well as recrystallization and oriented aggregation (Figure 4).
All of these processes are dependent on the hydrochemistry
of the waters and are strongly influenced by the presence of
ligands, reducing or oxidizing agents, and the properties of
natural organic matter (NOM).!'"! Surface properties are
critical for the fate and bioavailability of particles in natural
waters because they regulate particle interactions with
colloids, surfaces, and biota (as investigated by e.g. Yoshida
et al.).’” Here, we summarize the current state of knowledge
on the surface modification of ENMs, compare it with
knowledge on naturally occurring colloids, and attempt to
identify the processes that may produce modified ENMs that
differ from modification products of their natural counter-
part.
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Figure 4. Main processes resulting in surface modifications of ENMs.

3.1. Adsorption and Desorption

ENMs are often coated with engineered organic substan-
ces (often termed “organic coating”), whose role is to keep
the particles evenly suspended in the product. This is achieved
by inducing electric and/or steric repulsion between the
particles or by increasing the viscosity of the media to
minimize particle movement (e.g. in paints). These organic
compounds are likely to be quickly desorbed or decomposed
in natural aquatic systems. At the same time, because of their
natural abundance in surface waters, NOM and inorganic ions
are likely to adsorb on the surfaces of ENMs. The simulta-
neous desorption of nonpersistent engineered organic com-
pounds and the adsorption of naturally occurring components
strongly affects the fate and transport of ENMs by regulating
the surface structure, charge, and charge homogeneity—
properties that are critical for the dispersion, flocculation, and
deposition of nanoparticles in the environment.

Several studies have dealt with the effect of the type of
organic coating on the stability and reactivity of ENMs.P
Low-molecular-weight organic coatings with charged func-
tional groups induce electrostatic repulsive forces on par-
ticles, while long-chain polymers induce steric repulsion. The
mode of attachment of the organic coating to the ENM
surface, that is, inner- or outer-sphere complexes, the hydro-
phobicity, and the (bio)degradability of the organic coating
are the most important properties that control the relative
persistence of the organic coating on the ENMs. For example,
polyethylene oxide is biodegradablel* and polydimethylsil-
oxane (an organic coating that is used on titanium dioxide
nanoparticles in cosmetic products) is readily removed from
the surface of the particles in a simple water matrix.”!
However, organic ligands that form inner-sphere complexes
with surface atoms of metal-containing nanoparticles are
expected to be highly persistent.*®) TiO, ENMs used in
sunscreen products contain two types of coatings: an inor-
ganic layer, which is typically comprised of aluminum oxide or
silica, to protect from surface reactions on the photochemi-
cally active TiO,, and an engineered organic coating to help
keep the particles suspended in the product. The engineered
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organic coating of the ENMs is readily removed in a simple
water medium, but the inorganic coating is persistent.*”

The extent of removal of the engineered coating from the
surface of ENMs is partly dependent on the presence and
properties of the NOM present. NOM is a large family of
organic compounds that comprises a wide range of molecules
and macromolecules, including humic and fulvic acids,
extracellular polymeric substances, proteins, and low-molec-
ular-weight organic compounds and ligands such as carboxy
compounds, amines, and thiols. Therefore, it is very challeng-
ing to predict the interactions of NOM with particulate matter
in natural aquatic systems. However, a lot of knowledge has
been gained from research on simple aquatic systems. NOM
may coat, stabilize, and therefore increase the mobility of
virtually all ENMs. This is true for particles ranging from
carbon-based particles, such as polystyrene NPs,*” fullerenes,
and carbon nanotubes’*! to metallic and metal-based
particles, such as Au,F™3 Ag P340 Tj0Q, ¥ and CeO,
NPs.[l Additionally, proteins and other macromolecules
may stabilize a wide range of engineered nanoparticles
(ENPs) in sludge,’”! and the interaction between proteins
and NPs is influenced by the surface heterogeneities of the
NPs, the size of the proteins, as well as the type of organic
coating.’”*! However, the formation of a protein corona on
a nanoparticle is an unstable and reversible process when the
protein and the NPs are of similar size.[*””! High concentra-
tions of NOM may favor bridging coagulation.!?!

The adsorption of NOM on NP surfaces is just as
important for the colloidal stability of natural NPs as it is
for ENMs. It can significantly affect their surface chemistry
and resulting behavior in biological, technical, and environ-
mental systems (see Ref.[44] and references therein).
Organic compounds are able to stabilize a wide range of
natural particles or particles that occur naturally in man-made
systems, such as wastewater treatment plants, and enhance
their transport in the environment. Several studies exist of the
effect of NOM on the aggregation and attachment potential
of metal-based nanoparticles, such as metal oxides (mostly
iron oxides) and metal sulfides (e.g. CuS, ZnS, and
HgS).?#284] The stabilization of NPs by NOM is an
important mechanism for the mobility of metal or organic
contaminants in surface or subsurface water.**! NOM may
also adsorb on top of organic coatings on ENMs and thus
control the particles surface properties.”*! The effect of NOM
on the surface properties of ENMs depends on the type and
properties of the organic coating and the NOM;; for example,
plant-derived NOM stabilized Ag NPs coated with polyvi-
nylpyrrolidone (PVP) in a mesocosm study, but caused Ag
NPs coated with gum arabic to be removed from the water
column, likely by dissolution and binding of released Ag ions
on sediment and plant surfaces.*”’ PVP-coated Ag NPs have
exhibited relative resistance against transformation across
a wide variety of matrices, while NPs coated with gum arabic
exhibit significantly higher transformation rates.*’) Ageing
studies on Ag NPs in fresh water and marine environments
showed that organic Ag such as thiol-bound Ag were the
dominant species of Ag*! most likely as a result of the
oxidation of Ag NPs by thiolate functional groups in the
proteins or NOM.[*)

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

F. von der Kammer et al.

In addition to NOM, common inorganic groundwater
constituents such as HCO;~, HPO,*~, SO,’~, CI, and NO;~
may adsorb on the surface of particles and induce modifica-
tions that drastically alter the reactivity of the particle. For
example, nanoscale zero-valent iron (nZVI) particles are
prone to oxidation under typical environmental conditions,
but the adsorption of NO;™ induces a passivating effect
against oxidation.®” Inorganic pollutants may sorb onto
ENPs in aquatic and terrestial environments.® For example,
in soil mesocosms enriched with biosolids spiked with Ag
NPs, TiO, NPs sorb Ag onto their surfaces.”'* The interaction
of ENPs with inorganic pollutants may lead to significant
changes in the surface chemistry of the ENPs. One possibility
is the formation of a surface layer with dimensions of several
nanometers, which has been observed, for example, during
fluoride uptake on hydroxyapatite.”® In addition to surface
chemistry, inorganic ions affect the aggregation and deposi-
tion processes of NPs. The adsorption of multivalent inor-
ganic cations, especially Ca and Mg, can suppress the
stabilization effect of NOM (as seen, for example, by
Kretzschmar et al.)."! The aggregation rates of ZnO NPs are
influenced by the adsorption of anions,*” while the precip-
itation of inorganic pollutants such as Cr and As onto nZVI
surfaces result in larger particle sizes and increased deposition
of the nZVIL.F' Finally, the presence of inorganic ligands may
influence the crystal morphology and the growth kinetics
during the oriented aggregation and transformation of
ferrihydrite NPs into goethite.”!

3.2. Chemical Reactions

Chemical reactions, for example, redox, precipitation,
adsorption, complexation, and photochemical reactions take
place on the surface of NPs when they are in contact with
organic or inorganic ligands,” as well as main or trace water
constituents.’>%*%] These reactions can result in morphology
changes, and likely formation of core—shell structures. NPs
that are susceptible to redox reactions are metallic NPs, for
example, Ag, Cu,”® and nZVI,*® and metal oxide NPs,
such as Fe oxides.”™ For example, nZVI corrosion has been
reported in laboratory studies” and in the field.® Similar to
natural NPs, reduction and oxidation reactions may occur
when ENMs are transferred from oxic into anoxic environ-
ments or vice versa. The oxidation of Fe oxides such as
magnetite may change the magnetic properties and, thus, the
magnetic forces between particles, which influence the
aggregation behavior of the material.”®! Oxidation, there-
fore, could lead to decreased aggregation rates of magnetite
NPs and a potential enhancement of their colloidal stability.
In addition, the oxidation and reduction of Fe oxide NPs may
have a large impact on the retention and release of sorbed
contaminants such as arsenic.**"!

The oxidation of surface atoms and the subsequent
complexation with ligands is an important transformation
process for metallic nanoparticles. In the case of Ag NPs,
complexation with sulfides and chloride is likely. Complete or
partial sulfidation was observed in Ag NPs that were dosed
into sewage biosolids,®! aerobic and anaerobic sludge,”" in
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raw wastewater'® (Figure 5), in a pilot wastewater plant,®!
and a simulated large-scale freshwater wetland with terres-
trial soils and subaquatic sediments.*¥! Nanosized AgS
particles were also identified in the materials of the final-
stage sewage sludge of a full-scale municipal wastewater

Ag
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Figure 5. Left: Phase contrast bright field scanning transmission
electron microscopy (STEM) image of an Ag NP collected from the
sewer batch experiments (24 h). Right: EDX spectra revealing spatial
variation in the S/Ag ratios (blue and red spectra).*?

treatment plant.) The mechanism of sulfidation has been
carefully studied. Liu et al. showed that the transformation at
low sulfide concentration occurs through an oxidative dis-
solution/precipitation mechanism, which requires dissolved
oxygen and with the creation of dissolved Ag" as an
intermediate; at high sulfide concentrations, the reaction
occurred through direct particle—fluid reactions.*®!

The degree of sulfidation of Ag NPs depends on the
available sulfide concentrations.[>%"! These results demon-
strate that the surface of metallic nanoparticles is modified
through redox reactions and the formation of a thermody-
namically very stable complex. However, Ag originating from
Ag NPs that had undergone partial or complete sulfidation
remained bioavailable to plants and microbes,®®"l eyen
though it has been shown that sulfidation may decrease the
dissolution rate und thus the release of toxic Ag* ions.’*67!
The release of Ag* ions upon oxidative dissolution of Ag NPs
can be systematically slowed by the binding of thiol and
citrate ligands, formation of sulfidic coatings, or the scaveng-
ing of peroxy intermediates, and accelerated by preoxidation
or reduction of the particle size.”® Chloride reacts with
oxidized Ag NPs to form AgCl corrosion products.[® Metallic
Cu NPs oxidize quantitatively to CuO, under low and neutral
pH values and in the presence of citric and oxalic acid, while
some of the CuO phase and even the Cu core may remain in
pre-aged Cu NPs.P*! These transformation reactions induce
changes in the surface chemistry and heterogeneities of the
surface charge, and thus affect, for example, the aggregation
and sedimentation behavior of ENMs.

In addition to redox reactions, incident light can induce
photochemical reactions of ENPs in surface environments.
These may comprise the generation of free radicals, excitation
of the photoactive material, and photodegradation. Carbon-
based NPs such as carbon nanotubes and fullerenes are
oxidized under UV irradiation.”™” Irradiation of ENPs enhan-
ces the production of reactive oxygen species, affects the
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degradation of organic contaminants,’”) and may induce
formation of aggregates,” depending on the binding energy
of the coating with the NPs. For example, Ag NPs coated with
polyvinylpyrrolidone, which is believed to bind strongly to
NPs, are stable under irradiation with sunlight. NPs coated
with gum arabic, which binds more weakly to NPs, aggregate
through strong oscillating dipole—dipole interactions.”"! Fur-
thermore, the irradiation of NOM with sunlight can produce
superoxide and hydrogen peroxide species that can reduce
ionic silver to metallic silver nanoparticles™ or could
potentially induce redox reactions on the particle surfaces,
when NOM is sorbed on the particle. Metallic silver particles
exhibited strong reactivity towards inorganic ligands, such as
sulfide and chloride; the oxidation reactions require oxygen
and result in complete oxidation of silver and the production
of insoluble AgS and AgCl particles as well as dissolved silver
chloride species./®"

3.3. Oriented Aggregation

Nanoparticle growth through oriented aggregation has
received a lot of attention in the past few years because of the
unique nature of the aggregates. Oriented aggregation results
in new NPs composed of crystallographically aligned primary
particles. A wide range of materials, including Fe
oxides,”*”! Ti0,," selenides, and sulfides may grow by
oriented aggregation, and studies showed that this trans-
formation process may also occur under environmentally
relevant conditions. Oriented aggregation may involve phase
transformation of thermodynamically less favorable minerals
into more stable mineral phases, for example, the trans-
formation of ferrihydrite into goethite,>”” with the rate of
oriented aggregation depending on the size of the primary
particles.” Such phenomena affect surface reactivity, and
thus may have important roles in geochemical cycling.
Oriented aggregation is a process that takes place in natural
environments and is relevant for both natural and engineered
nanomaterials. Burrows et al. studied the effect of ionic
strength on the oriented aggregation of goethite nanorods
from ellipsoidal ferrihydride nanoparticles.’® The size of the
primary particle of the precursor was critical for the size and
shape of the final product. Levard etal. observed that
exposure of Ag ENMs to sulfide resulted in AgS being
quickly formed on the surface of the particles."”® The
resulting aggregated structures were mixed amorphous and
crystalline AgS as well as the original form of metallic Ag,
with the extent of sulfidation being dependent on the sulfide
concentration. The final product particles were linked
through AgS crystal bridges and demonstrated significantly
less release of dissolved silver species compared to the
original material.

3.4. Comparison of the Surface Transformations of Natural and
Engineered Nanoparticles

Natural nanoparticles with similar compositions and
transformation pathways as ENMs are present, and have
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been present, in the environment for millions of years. Weber
et al. demonstrated that natural NPs continuously undergo
transformations when the biogeochemical conditions are
changed in the pore water of a contaminated floodplain
soil: Metallic Cu® colloids are formed through biomineraliza-
tion. Sulfate reduction results in the transformation of the Cu’
colloids into hollow copper-rich sulfide particles associated
with bacteria, as well as into dispersed copper-rich sulfide
NPs, which are probably formed through homogeneous
precipitation.“! In addition, metallic silver nanoparticles
are formed in natural conditions, under irradiation with
sunlight, and metallic mercury may be formed under anoxic
conditions by the reduction of Hg" from NOM." The
formation and transformation of sulfide colloids in the
environment is strongly dependent on the biological activ-
ity.®™ For example, in sediment pore water, Hg'"" associates
with sulfides and NOM to form chemical species that include
organic-coated mercury sulfide NPs as reaction intermediates
of heterogeneous mineral precipitation. Bacteria can meth-
ylate the mercury of HgS NPs and thus transform the mineral
NPs.[¥!

Studies on the reactions that may take place on the surface
of ENMs go hand in hand with studies on the surface of
naturally occurring particles. For example, zero-valent iron is
oxidized in the environment to form iron minerals that are
abundant in nature. NPs from Fe minerals are among the best
studied natural NPs, and many transformation reactions have
been documented. For example, schwertmannite (an iron
oxyhydroxysulfate) recrystallizes into goethite (an iron oxide)
when aged in water. However, adsorbed trace elements and
organic macromolecules may suppress the transformation.®!
The oxidation of water that contains Fe-rich NPs may lead to
extensive agglomeration of the Fe NPs and affect the
interaction of Fe with NOM.® The adsorption of macro-
molecules on both natural and ENM surfaces can significantly
affect their surface chemistry as well as their resulting
behavior in biological and environmental systems (see
Ref. [44] and references therein). This is, for example,
important for the colloidal stability of natural NPs[®
Interaction with common water constituents such as sulfide
may decrease the surface charge of silver-, mercury-, copper-,
and zinc-containing nanominerals and lead to aggregation.'**!

It can be concluded that persistent organic coatings and
core-shell structures differentiate ENMs from their natural
counterparts through their surface transformations. Trans-
formations of the NP coating modify the NP fate and
behavior, since they control the NP flocculation and deposi-
tion. Another potential route to breaking down the coatings is
biologically mediated transformation, for example, by bio-
degradation of polymer coatings covalently bound to nano-
materials.’¥! Irrespective of the degradation mechanism,
studies showed that the loss of the coating leads to aggrega-
tion of the particles.® Oriented aggregation results in new
NPs composed of crystallographically aligned primary par-
ticles.™ Evidence for oriented aggregation has been de-
scribed for iron oxide coated sands,®™ and there are many
examples where oriented aggregation plays an important role
in, for example, biomineralization (see Ref. [74] and refer-
ences therein).
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4. Particle Stability and Mobility

Mobile natural colloids include silicates such as clay
minerals, oxides and hydroxides of Fe and Al, colloidal silica,
carbonates, organic matter, and “biocolloids” such as viruses
and bacteria. These entities may interact with dissolved
compounds, thus explaining the major importance of natural
colloids for the transport of matter in aquatic environments.
Such natural colloids can be mobilized (translocated), immo-
bilized, or generated by changes in the geochemical and
hydraulic parameters in aquifers or in surface waters (see
Ref. [85] and references therein). The NP transport behavior
in aquifers is governed by several processes (e.g. deposition,
dissolution, filtration, aggregation; Figure 6). These processes
are controlled by the properties of the NPs and the chemical
conditions of their surroundings.

Numerous studies identified the surface-charge properties
of colloids, in addition to their size and the Stokes settling
velocity, as one of the quantitatively most relevant parameters
for their transport behavior (e.g. the colloidal transport of
natural clay and iron oxides studied by Kretzschmar
etal.).®>® In surface waters, the surface charge of the
particles determines the aggregation of the particles, which
is one of the decisive processes for the stability of natural
colloids (Figure 7). Unstable suspensions will aggregate,
which leads to an increase in the particle size, and eventually
to gravitational settling of the particles and a decrease in the
particle number concentration. Particle transport in porous
media is not only controlled by aggregation, additional
processes such as particle deposition onto the porous media
and size exclusion might affect the particle transport.*
Particle transport in porous media is a function of particle
surface charge, particle size, surface charge of the porous
media, and spatial heterogeneity of the charge. These
parameters are dependent on the composition of the particle
and solid matrix as well as chemical and physical boundary
conditions such as pH value, ionic strength (IS), and natural
organic matter (NOM), which are termed key environmental
factors. The significance of the listed key environmental
factors for particle stability and mobility will be discussed in
the following sections, followed by elucidation of the distinct
behavior of ENPs.

4.1. Aggregation and Deposition

The extent of aggregation and deposition is determined by
the surface chemistry of the particles and the porous media, as
well as by the chemistry of the bulk solution.™ If the
aggregation occurs between similar surfaces, it is termed
homoaggregation (Figure 7). In natural systems, there is
a wide variety of different colloids with different surfaces
and the environmental concentrations of natural counterparts
are between one and seven orders of magnitude higher than
ENPs.P!! Therefore, quantitatively more relevant is hetero-
aggregation, which is the aggregation of various particles such
as environmental colloids.”” The fundamental drivers of
aggregation are Brownian motion, fluid motion, and differ-
ential settling. Brownian motion is the most significant
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(<300nm) and it determines the
perikinetic aggregation rate. A par-
ticle suspension is always thermody-
namically unstable and aggregation
takes place as a result of particle—
particle collision. Not every collision
leads to aggregate formation
because of repulsive forces between
the particles. The origin of repulsive
forces between particles can be elec-
trostatic. Electrostatic interactions
are attributed to the electrical
double layer (EDL), which carries
either a negative or a positive net
charge, and are repulsive between
similar surface charges. If the net
charge is partially neutralized by
increasing the ionic strength, the
EDL will be compressed and the
height of the energy barrier is
affected. Particles can approach
closer to each other and attractive
forces acting on a shorter length
scale, such as van der Waals inter-
actions, might destabilize the parti-
cle suspension. Essentially, the
height of the energy barrier between
the particles controls the aggrega-
tion as well as the deposition.
Assuming there is an increasing salt
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concentration, there will be a limit (critical coagulation
concentration, CCC) where the particles are completely
destabilized and the aggregation rate reaches its maximum
(each particle—particle collisions results in attachment). A
further increase in the aggregation rate by increasing the salt
concentration is not possible because each collision results in
attachment and the collision rate is limited by diffusion. These
processes are combined in the DLVO theory, which balances
the attractive (van der Waals) and repulsive (electrostatic)
forces acting on two particles.”!! Other interactions, such as
hydrophobic interactions, steric repulsion, polymer bridging,
magnetic, and hydration effects, might affect the aggregation/
deposition and are termed non-DLVO processes.] Steric
stabilization by surface orientation, binding of surfactant
molecules, or polymers might overcome the attractive forces,
thus causing a stabilization of the particle suspension.

In addition to aggregation, there are a number of other
processes, such as deposition, which control the mobility of
particles in porous media.®® Deposition is, similar to
aggregation, controlled by the charge properties and steric
effects between two surfaces. Physical entrainment (straining)
is described as particle retention because of the size of the
particles and the size of the pores, despite the solution
chemistry being favorable for transport. It has been suggested
that down-gradient pore throats are too small to allow particle
passage, which is typically observed for CNTs (see Ref. [92]
and references therein). Size exclusion, where large particles
or particle aggregates are excluded from small pore spaces
and can only be transported through larger pores, can
certainly be relevant for colloids and ENPs.®-%! For an
improved understanding and prediction of the transport
behavior of natural colloids in porous media and surface
waters, it is important to know which key environmental
factors, such as pH value, ionic strength, and dissolved organic
matter, control their surface charge and surface chemistry.
Most of the available data for this purpose were obtained in
laboratory experiments under well-defined conditions. How-
ever, a direct comparison of the data is not possible because of
variations in the boundary conditions, which were not unified
among studies. The transfer of the information from the
laboratory to field conditions is not possible. Therefore, there
is an increasing number of studies which focus on simulating
natural conditions (e.g. studies on heteroaggregation).””
Differences in the behavior of natural colloids and ENPs
will be identified on the basis of the available process-
oriented understanding, and applied to environmental con-
ditions.

4.2. Key Environmental Factors Affecting Aggregation and
Deposition

The key environmental factors that control the colloidal
stability are pH value, ionic strength, electrolyte valence, and
particle coating.**! The pH value of a solution controls the
surface charge of the particles. Kretzschmar et al. observed
fast coagulation of natural kaolinite clay particles at pH < 5.8.
A significant reduction in the coagulation occurred at
pH values above 5.8, which is close to the point of zero
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charge (PZC).® The net charge is positive when the
pH values are lower than the PZC, which results in electro-
static attractive forces. At higher pH values, electrostatic
stabilization is introduced by negatively charged surfaces. In
the presence of humic acid (HA), negatively charged surfaces
can also occur at pH values below the PZC, thereby reducing
the coagulation. At an ionic strength <0.01M, the stabilizing
effect of adsorbed HA can be attributed solely to electrostatic
interactions, that is, that aggregation behavior can be
predicted by the DLVO theory. The aggregation behavior of
kaolinite clay colloids depends on the pH value, ionic
strength, and presence of HA. The mobility of hematite
colloids was found to increase as the HA concentration
increased (Figure 8).1

The pH dependency of the aggregation and deposition of
engineered iron nanoparticles was demonstrated, for exam-
ple, by Baalousha et al.”! These materials acted according to
the predicted behavior based on their point of zero charge
(PZC). The PZC is not only material-specific, but depends on
a number of additional factors. For oxide surfaces, such as
Goethite, it is 7.4-9.5. The PZC of TiO, particles was
determined to be between 4.2 and 6.3.°! The case-specific
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Figure 8. Influence of humic acid on the transport and deposition
kinetics of hematite colloids in a sandy soil. a) Fractions of colloids
that were recovered in the column effluents. Different column dimen-
sions were used to achieve measurable colloid breakthrough peaks (L:
column length; d: column diameter). b) Corresponding colloid deposi-
tion rate coefficients at two different water flow velocities (adapted
from Kretzschmar and Sticher).[! TOC=total organic carbon.
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PZC of iron oxide material was determined to be pH 9.1.1*/
Zeta potential measurements suggest that iron oxide NPs are
highly positively charged at pH values between 2 and 6. In
agreement with the theory, only a slight increase in the NP
size was observed as the pH value was increased from 2 to 6.
A more pronounced increase in size is reported at pH values
> 6. The maximum is reached at pH 8.5. The zeta potential
decreases with an increase in pH value from 6 to 9 and
becomes negative at pH 10. This obser-

vation agrees well with the described
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(or ionic strength).” In accordance with theory,'™ an
increase in the ionic strength (IS) generally resulted in the
aggregation of bare TiO, particles. The size of the TiO,
particles, which had an initial diameter of 50-60 nm, quickly
increased up to the micrometer range after elevating the IS
from 4.5 mMm to 16.5 mm in a NaCl solution (pH ~4.5). The
effect of increasing ionic strength on different ENPs and
natural colloids is similar, and CCCs for both groups are in
a comparable range (Figure 9).

DLVO theory. It predicts pronounced @ 20 o Ag (+PVP)
aggregation close to the point of zero 18 <&
charge for bare NPs. In most studies it 16 ¢ Ag Croirate)
was demonstrated that ENPs such as 5 14 1 A Au (+MUA)
bare metal and metal oxides behave 8 12 | AAu (+citrate)
similarly to natural colloids.®! The < 0 Ce0,
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affected by changes in the pHvalue ¢ 87 +TiO
because functional groups of the coat- 8 6 o :
. & + - hematite
ing, for example, carboxy groups, can be 4 -
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might lead to destabilization of the
particles. It is even possible that charge
reversal occurs if sufficient specifically
adsorbing ions are available. Charge
reversal and neutralization might result
in a destabilization of the particles.”
The sedimentation and aggregation of
negatively charged AuNPs was
enhanced by elevated water hardness Liu et al.").
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Figure 9. a) Critical coagulation concentrations (CaCl,) for ENMs and natural colloids/NPs with
different electrolytes and organic coatings. Ag: Huynh et al. (2013); Au: Liu et al. (2013); CeO,:
Li et al. (2011); fullerenes: Chen and Elimilech (2007); TiO,: Thio et al. (2012); Hematite:
Kretzschmar et al. (1997); Kaolinit: Swartzen-Allen et al. (1976). b,c) Influence of SRNOM on
the fast aggregation of citrate- and MUA-coated Au NPs by divalent electrolytes (adapted from
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Mixtures of cations and anions have an additive effect on
the aggregation kinetics, and the effect is controlled by the
dominant ion.'® French etal. demonstrated that, under
similar pH and ionic strength conditions, the aggregation of
TiO, NPs was faster if CaCl, was present as an electrolyte
compared to in the presence of NaCL!® Divalent cations
have, in general, a stronger influence on the aggregation of
negatively charge ENMs compared to monovalent
ions,[¥3¢98.10L102.104) Thig effect is caused by the adsorption of
cations to negatively charged surfaces. The destabilizing
effect of cations is in the order Ca’*=Mg*">Na" for the
aggregation of citrate and Au NPs coated with 11-mercap-
toundecanoic acid (MUA).'" The aggregation of single-wall
carbon nanotubes can be induced by an increase in the salt
concentration and by adding divalent calcium ions. The
electrostatic charge is reduced and thereby the electrostatic
repulsion suppressed, which is similar to observations with
aquatic colloidal particles.'™ This finding demonstrates that
DLVO theory can generally explain the aggregation behavior
of bare NPs, such as TiO, NPs,”™ ZnO NPs,'™ or CeO,
NPs,['7 as it is applied for natural colloids. The stability and
transport of NPs coated with an organic layer was very often
not predictable by DLVO theory and deviates from that of
uncoated particles. Electrosteric stabilization causes an
increased mobility compared to bare NPs.P**1%17 Ty general,
it was concluded that the coating has a stronger impact on the
ENP behavior than the core material."®! An organic coating
at the particle surface affects the aggregation behavior and
increases the CCC (Figure 9). A similar effect was observed
for the presence of NOM.

Natural organic matter (NOM), as a diverse compound
group in aqueous environments, affects the surface chemistry
of particles not solely in terms of charge and surface potential
but also in terms of the structure (steric orientation).
Numerous studies have reported that NOM has the ability
to stabilize a variety of organic and inorganic materials, such
as natural colloids. It is similar to a weak acid and, therefore,
anionic at neutral pH values. Kretzschmar et al. reported
a decrease in the collision efficiency of natural colloids with
increasing HA concentrations in column transport experi-
ments."! Similar behavior was observed for ENMs in contact
with NOM. In general, the adsorption of NOM on hydrophilic
surfaces is pH-dependent and stronger for a positively
charged particle surface under conditions where pK,poum <
pH.'"! The anionic organic material is adsorbed onto the
surface, thereby causing a rather low negative zeta potential.
It was also reported that NOM may neutralize or even reverse
the charge of NP surfaces.” In the case of charge reversal of
positively charged colloids, heteroaggregation with negatively
charged soil minerals would be inhibited.'') However, the
stability of such colloids is often higher than predicted by the
zeta potential and it is believed that steric stabilization plays
a major role. At high ionic strength or low pH value, in
particular, the compressed double layer of natural iron
colloids allows interactions which are controlled by steric
repulsion between the NOM coatings."" Sufficiently high
NOM concentrations are required for the most pronounced
effects.[1434 9410111 According to Chen et al., electrostatic
stabilization is promoted at low HA concentration, and
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a combination of electrostatic and steric stabilization enhan-
ces the stability of ENPs as the HA concentration
increases.'"™ It is known that besides the NOM concentration,
the composition of the NOM has an impact on the stability of
colloids. An enhanced stability of ZnS nanoparticles was
observed as the aromaticity and molecular weight of the
NOM increased, which is responsible for more pronounced
electrosteric hindrance between particles.**¥! Furman et al.
reported that HA reduces the deposition of AgNPs onto silica
surfaces more effectively than the fulvic fraction, which has
a lower molecular weight than HA."'” The prediction of
aggregation and deposition of ENPs in natural systems
requires that the combined effects of HA and elevated ionic
strength conditions are accounted for.'"*! Specific or electro-
static interactions between the NOM, electrolyte, and particle
coating might influence the aggregation behavior signifi-
cantly.

If the ENPs are initially coated by an organic substance,
then interactions with the NOM have to be taken into
account. The extent of the interaction between the NOM and
ENP coating are strongly related to the type of coating and its
interactions with the particle surface (see Ref. [44] and
references therein). It is, therefore, a major controlling
factor for the aggregation and deposition behavior, as
proved by a number of studies.'"™!"¥ A citrate coating of
Au NPs was partially substituted or over-coated by HA,
thereby causing an increase in the stability at low pH values
because of steric stabilization.!™ Strong coagulation as
a result of the presence of Ca*' might be inhibited in the
presence of NOM, which is not in accordance with DLVO
theory.'"™! Figure 9 depicts the importance of the type of
coating on the aggregation behavior of ENPs. Au NPs coated
with covalently bound MUA are not stabilized in the presence
of NOM if Mg”" ions are in solution. A stabilizing effect of the
NOM was, however, observed for citrate-coated Au NPs. Liu
et al. hypothesized that Mg?" ions have a lower affinity to the
carboxy groups of MUA and, therefore, cannot act as
a bridging agent between the MUA and NOM. This causes
fewer interactions between the NOM and the surface coating,
and the suspension stability cannot be increased by the
presence of NOM. Another possibility is that the MUA
coating cannot be replaced by HA, and Mg*" is less
complexed by the free HA molecules because of the weaker
interaction with carboxylic groups. Therefore, the free Mg*"
activity remains higher compared to that of Ca**, and leads to
the aggregation of the unchanged particles. This behavior
clearly contradicts the expectations derived from natural
particles.'"!

Commercial coatings might prevent homoaggregation,
but not necessarily heteroaggregation."'®! The type of NP
coating influences the stability of nanomaterials significant-
1y.*171 Not only the aggregation behavior, but also the
deposition behavior is widely influenced by the coating of the
NPs.'14118] phenrat etal. proved by applying empirical
correlations for electrostatically stabilized NPs that the
deposition of polymer-coated NPs was overestimated.!411%]
These correlations did not take into account electrosteric
repulsion and the decrease in friction caused by such coatings.
There are only a few studies which point out that the organic
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coating does not affect the fate and behavior of ENPs, for
example, PVP-coated Ag NPs in sewage.” These observa-
tions are explained by degradation or desorption of the
organic coating, which is discussed Section 3.

4.3. Quantitative Descriptors for Aggregation and Deposition

Particle stability and mobility in surface waters and in
porous media are strongly related to the aggregation and
deposition of the nanoparticles, respectively. There are
detailed modeling approaches for aggregation. This section
focuses on elucidating the most common approach to
quantitatively describe particle stability. Particle mobility in
porous media is only touched on here. The particle—particle
collision frequency is controlled by the temperature and the
particle number concentration. If the suspension is com-
pletely destabilized, each particle collision results in attach-
ment. The ratio between particle collisions resulting in
attachment and maximum possible attachments is defined
as the attachment efficiency. The attachment efficiency «,
under destabilizing conditions is equal to 1. However, the
aggregation rate constant under certain environmental con-
ditions might not reach its maximum, thereby resulting in a, <
1. The aggregation rate of a suspension is described by
Equation (1), where k, is the second-order rate constant, 7 is
the number concentration in the suspension, and £ is the mass
transport coefficient.

Z—I: = k,n* withk, = a,8 (1)

If there is no energy barrier, and the aggregation is solely
controlled by diffusion, the rate constant is expressed by the
Smoluchowski Equation [Eq. (2)], where kg is the Boltzmann
constant, 7 is the temperature in K, and # is the dynamic
viscosity.

 4kyT

k 3y

2)

a

This rate equals the maximum aggregation rate. If an
energy barrier exists, a slower aggregation rate would be
expected and the mass-transport coefficient has to be
considered. This case has to be expected for natural aquatic
systems. The determination of the mass-transport coefficient
p for aggregation has been further discussed by Buffle and
van Leeuwen.["”) A commonly applied approach is based on
the concept of the stability ratio,'” which is the inverse of the
aggregation attachment efficiency a, [Eq. (3)]. Here, k is the
inverse Debye length, a, the particle radius, V. the energy
barrier height, and T the absolute temperature.

1 Vmax
W= o~ 2 ka, exp <7 kBT> (3)

The aggregation rate constant for small and larger
particles is similar because small particles have a higher
diffusion coefficient but large particles a larger collision
radius. It can be deduced from the Smoluchowski Equation
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for perikinetic aggregation rates that the aggregation rate
constants for spherical particles of different sizes is larger than
those of particles of the same size. Therefore, the aggregation
rates of engineered NPs in aquatic environments might be
higher in the presence of larger natural colloids compared to
homoaggregation processes.

Particle deposition is especially relevant for particle
mobility in the pore space of groundwater aquifers. Factors
controlling the collision efficiency are similar to aggregation.
Therefore, the mobility in porous media is limited under
conditions favoring aggregation.'"*! There are a number of
quantitative tools for modeling the transport behavior of
ENMSs and natural colloids. All are based on the general
description of the process by Equation (4), where L is the
distance along the length of the porous media, and k, is the
first order rate constant.

di
ﬁ = kyn “)
The attachment efficiency defined in filtration theory can
be calculated as described by Tufenkji and Elimelech!” as
well as Cornelis et al.[%

4.4. Comparison of the Stability and Mobility of ENPs and
Natural Colloids

The stability and mobility of particles in aqueous environ-
ments are controlled by the particle number concentration,
the charge, and the structure of the particle surface. The most
relevant key environmental factors controlling their stability
are pH value, ionic strength, and NOM, with the pH value
and ionic strength affecting the surface charge, and the NOM
the steric particle—particle interactions."'*! It was demon-
strated that the surface charge of ENPs is similarly affected by
the key environmental factors as natural colloids.®*12! The
current state of knowledge supports the hypothesis that the
fate and behavior of bare ENPs is similar to their natural
counterparts.!'®1%114.121 Only the presence of persistent
organic coatings introduces particle properties which differ
from the core material in terms of stability and mobility. Such
coatings do not exist with natural colloids, and this clearly
differentiates the fate of organically coated ENPs and their
natural counterparts. However, there are only a few examples
which exhibit a distinct behavior (e.g. PVP-coated ENPs).
Nowadays, materials with such coatings can be found in very
specific applications such as pharmaceuticals. However, such
products are still in development, and when there is an
application it is commonly locally restricted in a controlled
environment (hospitals, electronic industry). The prediction
of the behavior of ENPs coated with a persistent organic
material is based on empirical approaches because DLVO
does not consider, amongst other things, steric interaction.
Such predictions have to date not provided reliable results.
Therefore, process-based models are required to perform
adequate prediction, which are compulsory for safety
research and hazardous assessment.
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5. Dissolution

Nanoparticles are, unlike the bulk materials, metastable
and are, therefore, likely to undergo growth in supersaturated
conditions or dissolution in under-saturated conditions.'*’
The former process is of relatively low importance in terms
of environmental fate, because the chance that engineered
nanomaterials enter natural waters which are supersaturated
in terms of the particles’ components is rather small. In
contrast, dissolution is one of the major potential pathways
that nanomaterials can follow in the environment and may
lead to full depletion of the solid phase and/or the precip-
itation of new chemical structures (Figure 10). It is an
important process for the release of not only the constituents
of a particle, but also other species that may have co-
precipitated or adsorbed on the particles’ surface.'* As with
all chemical reactions, the driving force for dissolution is
a reduction in the total Gibbs energy of the solid/liquid
system. Dissolution is typically expressed by the solubility
constant of the particles’ constituents; however this value
refers to equilibrium conditions and does not include
information on the transport phenomena between the solid
and liquid phases that may affect dissolution kinetics, for
example, space confinement as a result of aggregation'*! and
the adsorption of complex organic compounds that may
reduce the diffusion of molecules between a particle’s surface
and its surrounding solution.

Dissolution is controlled by a number of particle- and
solution-specific properties: 1) the solubility constant,
2) chemical speciation (e.g. acid-base reactions, complex-
ation, re-precipitation), and 3) the specific surface area and
mass-transfer kinetics."* Solubility (1) is a thermodynamic
property that refers to equilibrium conditions and is influ-
enced by the surface strain, crystallinity, and crystal phase, the
presence of structural anomalies, particle size, and temper-
ature. Overall, higher solubility is expected for small particles
with low crystallinity or irregularities on their surface
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Figure 10. a) Possible processes involved in the dissolution of ENPs.
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(cavities, bumps, interfacial borders). Dissolution is often
a reversible reaction (dissolved metal ions may re-precipitate
on the solid surface) and, therefore, the chemical speciation
(2) of dissolved constituents may enhance the dissolution by
depletion of the free metal ions. Finally, dissolution is a surface
reaction and is highly dependent on the available surface area
and (often diffusion-controlled) mass transfer (3) between the
surface and the bulk solution. As dissolution is dependent on
the specific surface area, dissolution rates are often reduced
by aggregation, attachment, and surface coverage by ad-
sorbed organic compounds (e.g. engineered coatings or
NOM).

The majority of studies on the dissolution of engineered
nanomaterials have focused on silver and to a lesser extent on
ZnO. In the case of metallic silver, oxidation by dissolved
oxygen is the rate-limiting step, and dissolution rates were
found to decrease as the dissolved oxygen concentration
decreased, by the addition of natural organic matter, a reduc-
tion in temperature, or an increase in the pH value.['”"]
Dissolution of zero-valent metals requires an oxidation step
and is, therefore, more complex than the dissolution of metal
oxides. For example, ZnO readily dissolves in moderately
hard water.'”®! Dissolution studies of naturally occurring
nanomaterials have focused on iron oxides, because of their
natural abundance, while other metal oxides (e.g. CuO) have
also been studied. In the previous sections we compared the
transformation, aggregation, and deposition potential of
engineered nanomaterials to their naturally occurring coun-
terparts. However, there is a large body of information
available on the dissolution of bulk materials and it seems
more appropriate to compare nanomaterials (engineered or
natural) with their respective bulk materials in terms of
dissolution processes and dissolution products. In other
words, if the dissolution process and products of nanomate-
rials do no differ from what is already known for their bulk
counterparts, there is no need for further research on the
dissolution behavior of every nanomaterial and coating that is

available in the market. Therefore, it is essential
to determine those material properties that cause
significant deviation of the dissolution potential
from that of the bulk material (e.g. surface strain,
resistant coatings, etc.).

5.1. Solubility

The solubility of a particle with known radius
can be calculated from the solubility of the bulk
material by using a modified form of the Kelvin
Equation [Eq. (5)]."* Here, S is the solubility, y is
the surface tension of the particle, V,, is the molar
volume, R is the gas constant, 7 is the temper-
ature, and r and bulk indicate the solubility of
a particle with radius r and the bulk material,
respectively.

o) (5)

S, = Spux X exp< RTr
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This calculation, however, is only possible when the
surface strain of the nanomaterial, defined as the set of
relative displacements of surface atoms from their positions
prior to energy minimization, is the same as in the bulk
material. The surface strain of silver nanoparticles as small as
5 nm was found to be the same as that of bulk silver,'** which
is consistent with the similarity of the surface-area-normal-
ized dissolution rates measured for nano and bulk silver
(Figure 11).56%]

However, that is typically not the case for particles smaller
than 20-30 nm, where the atomic structure on the surface is
especially distorted.'™ Echigo et al. studied the reductive
dissolution of hematite and demonstrated that surface defects
are responsible for the enhanced dissolution rate of 30 nm
rhombohedral crystals, while aggregation is responsible for
the decreased dissolution rate of 7 nm pseudohexagonal
plates, even though the surface-normalized initial dissolution
rate of the latter was higher than the former by a factor of
almost two.”®! Furthermore, amorphous structures are less
stable than crystalline phases with lower density and higher
surface strain (Figure 12, compare crystalline P25 and amor-
phous TIPO TiO, particles), and are much more prone to
dissolution than crystalline material."?! Solubility, as depicted
in Figure 12, is also affected by solution chemistry such as the
pH value and the presence of other ions in solution (e.g. CI7).

The ratio S,/S,, may be a useful tool for predicting the
fate of nanomaterials in terms of their tendency to dissolve.
Measurements of the surface tension are needed to determine
the solubility; however such measurements are technically
challenging and are rarely reported.
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Figure 11. a) Time-resolved mass-based measurements of the release
of soluble silver in air-saturated acetate buffer (pH 4), [Ag], is the total
silver atom concentration (all forms) in the system. b) The same
release of soluble silver as in (a) but normalized to the surface area
(adapted from Liu et al.F®)).
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Figure 12. Solubility of crystalline titania (P25, DT51D, G5) and amor-
phous titanium hydrous oxides (TRONOX, TIPO) as determined by
AdSV, and their dependence on the pH value (0.1 molL™" NaCl; 25°C).
Solid line: solubility of titanium dioxide (/=0.1 molL™"; 25°C) calcu-
lated with the equilibrium constants determined in this study (from
Schmidt and Vogelsberger").

5.2. Solution Chemistry and Kinetics

Solubility may provide useful information about the
tendency of a material to withstand weathering, but it refers
to equilibrium conditions that are unlikely to be reached in
natural systems. Kinetic effects need to be considered in the
context of environmental fate. Dissolution rates are influ-
enced by several parameters, such as pH value, specific
surface area, hydrochemistry (especially concentrations of
ligands in the solution), and the adsorption of organic or
inorganic compounds. As a result of their complexity,
empirical models are usually employed to describe dissolution
kinetics. The solution hydrochemistry dictates the chemical
speciation of dissolved species and thus exerts a significant
amount of influence on dissolution processes. The complex-
ation or precipitation of atoms dissolving from a solid surface
leads to a reduction in the concentration of the free dissolved
species and drives the dissolution of more atoms from the
solid phase, thus favoring dissolution. The higher the concen-
tration and variety of ligands which are able to bind free
species present in solution, the faster the dissolution of the
solid surface. For example, the dissolution of silver nano-
particles is enhanced when the free silver ions bind to sulfur-
L1 chloride-,"*?' amine-,"** or thiol-containing organic
compounds.*’ Similarly, the dissolution of goethite particles
is enhanced by oxalate.['"

An empirical kinetic law has been derived by Liu and
Hurt that takes into account the thermodynamic and hydro-
chemical parameters that affect the dissolution of nano-Ag,
namely temperature, pH value, concentration of the NOM,
and the concentration of silver, as shown in Equation (6).'*")
Here, m is the concentration of particulate silver, T is the
temperature, [NOM] the concentration of natural organic
matter, and constants A, E, and a are parameters that were
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calculated after fitting the above equation to experimental
data.

+ 0.18
_ %da%l — Ae EIRT <1([)I:I7 1]\/[) ¢4INOMJ (6)

Such empirical equations may be very useful for compar-
ing dissolution kinetics and depletion of the nanomaterials
from other processes, such as aggregation, deposition, and
surface transformation reactions.

Dissolution rates are also proportional to the available
surface area. It has often been observed that aggregation
leads to reduced dissolution rates, possibly because of
a decrease in the reactive surface area (e.g. see Ref. [129b]).
A reduction in dissolution rates has also been observed
between nanomaterials with adsorbed synthetic coatings or
natural organic compounds. The driving force for adsorption
is the reduction of the surface free energy (the same holds
true during crystal growth). Coverage of the particles’ surface
by the adsorbed compounds reduces the total free energy of
the surface and results in partial isolation of the solid from its
surrounding solution. The extent and persistence of this
isolating layer is a function of the surface complexation
between the organic and the surface ions (inner- or outer-
sphere complexation) and the hydrophobicity of the organic
material. However, ligands may not only adsorb on the
nanomaterial surface, but also enhance its dissolution.
Ligands that bind specifically on metal atoms on the surface
of nanomaterials may be present in the water medium or as
engineered coatings on the original nanomaterial, and their
effect on dissolution necessitates further research and needs
to be incorporated in empirical dissolution models. Important
parameters for the dissolution of materials are the pH value,
concentration of NOM, and the presence of specific-binding
ligands."®! Liu and Hurt developed an empirical model that
predicts dissolution rates of Ag ENMs under these condi-
tions.'?” Dissolution rates of ENMs are also affected by
engineered organic coatings. For example, Gondikas et al.
observed that PVP-coated Ag ENMs dissolved more slowly
than citrate-coated ones.””! Parameters such as the organic
coating material were also observed not to affect the
solubility.*

5.3. Comparison of the Dissolution Behavior of Engineered and
Natural Particles

Experiments conducted in environmentally relevant sys-
tems (e.g. mesocosms, microcosms, or simulated wastewater
treatment plants) have shown that metal-containing nano-
particles may undergo several modifications in the environ-
ment. For example, silver nanoparticles have been detected as
silver sulfides, silver chlorides, or silver-NOM complexes,
which can be thought of as metabolites of the original
particles.*%%1 These reported differences between the
original and the modified material may be a result of surface
modifications or dissolution followed by re-precipitation of
the dissolved species. The former case is addressed in
Section 3. The dissolution of nanomaterials can result in the

www.angewandte.org

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

F. von der Kammer et al.

precipitation of structures that would not occur in an over-
saturated system or in a system where there is re-precipitation
after dissolution of bulk materials. For example, ZnO nano-
wires have been shown to dissolve and re-precipitate as
ZnCO; nanowires.'* Silver nanoparticles dissolve in the
presence of inorganic ligands such as chloride and sulfur, and
re-precipitate as AgCl or Ag,S NPs;”®7!in the latter case,
dissolution and re-precipitation leads to aggregates that
consist of nanoparticles linked through “nano bridges” of
silver sulfide. At low sulfur to silver molar ratios, silver first
dissolves to form silver ions, which then precipitate as silver
sulfide.® The same process leads to the re-precipitation of
nano-ZnS$ after dissolution of nano-ZnO.["**! The dissolution
and re-precipitation of nanomaterials are important processes
that influence the transport and bioavailability of metals in
the environment*®! and are heavily regulated by the NOM.
Recent studies have shown that specific properties of the
NOM and the presence of metal-binding ligands are primarily
responsible for this effect.**) These products are unique
for nanoparticles and their formation mechanisms require
further examination. A more complex process takes place in
biological systems, where it is hypothesized that silver nano-
particles undergo complete dissolution in the GI tract of the
human body to form organo-Ag complexes, which are
circulated through the body and can be photoreduced on
skin areas, where they deposit as secondary silver nano-
particles.'*®! Similar processes may take place with organo-Ag
complexes formed in the environment during exposure of
plants to nano-Ag and the subsequent release of organic
compounds from the plants as a response mechanism.*’! This
mechanism, however, is unlikely to differ between ionic,
nano, and bulk silver. In addition, the case of dissolved metal
species (catalyst residues) leaching from carbon nanotubes®*
can be thought to be similar to that of metal ions desorbing
from a solid surface. This would not hold true if the catalyst
residues were partially released in the form of nanoparticles,
as has been shown for nickel in single-wall carbon nano-
tubes.['**]

6. Summary and Conclusions
6.1. Current State of Knowledge

To find an answer to the question of whether the release of
ENMs in aqueous environments causes risks, information on
fate and behavior are essential. The increasing production
and application of ENMs means that they are released into
the environment, in some recent cases the amounts were
quantified.””) Quantification of ENM release and environ-
mental concentrations is hampered by high uncertainties
because of the lack of reliable data regarding production
volumes and the lack of ENM-specific monitoring techniques
for complex matrices such as surface or waste waters. Despite
the uncertainties of the available data, it can be concluded
that the PECs of engineered materials remain orders of
magnitudes below the environmental concentrations (ECs) of
natural colloids.”" Natural colloids are ubiquitous in aqueous
environmental media. Their concentration in terms of mass
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and number is subject to variations and depends on the type
of environment, that is, river, surface, or ground water.

Regardless of the particle concentration, the fate and
behavior of ENMs may differ compared to that of natural
colloids. Processes such as surface transformations, stability,
mobility, and dissolution control the fate and behavior. These
processes are regulated by particle properties and the key
environmental factors of pH value, ionic strength, UV
radiation, NOM content, and NOM composition. Trans-
formations of the particle surface in such environments might
occur through degradation of the engineered organic coating,
adsorption and desorption of organic or inorganic constitu-
ents, and redox reactions. Particle stability and mobility is
a function of electrostatic and steric particle—particle inter-
actions. By comparing the transformation of natural NPs and
ENMs it was found that similar transformations can be
expected when the core of the ENM has a natural counter-
part. The mobility of ENMs which do not possess a persistent
organic coating is regulated by similar key factors as the
mobility of natural NPs, and the stability of both types of NPs
is low. They tend to aggregate because of the high total
number concentrations and the heterogeneity of the surface
properties of natural colloids, which make them prone to
heteroaggregation. Dissolution is likely in unsaturated con-
ditions far from equilibrium, which is the case in most
environmental systems. The solubility constant provides an
indicator of the intensity of the thermodynamic driving force
for dissolution; however, predicting dissolution rates requires
experimental tests and the development of empirical equa-
tions. There are indications that re-precipitation plays a con-
siderable role in the fate and behavior of ENMs. The presence
of NOM is critical to the dissolution process and moderates
the re-precipitation of minerals. ENMs with persistent
engineered organic coatings and core-shell structures are
expected to show distinct transformations and stability
compared to natural particles.

6.2. A Decision Tree Model for Comparison between Engineered
and Natural Nanomaterials

For the risk assessment of ENMSs, the
prediction of their fate and behavior in aqueous
environments is of major relevance. Commonly
applied thermodynamic models of dissolved
water constituents are not applicable to colloi-
dal systems. At present, predictions can only be
derived from laboratory tests performed under
relevant test conditions. However, such predic-
tions have to challenge the critical transfer from
natural-like conditions in the laboratory to the
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required to determine the fate and behavior of the specific
ENM. The hydrochemistry of the aquatic system and the
predicted or measured concentration of the ENMs are
required as input parameters.

Secondly, it has to be determined whether naturally
occurring particles exist with the same consistency and
structure as the ENM under investigation. For example,
metallic silver particles may also occur naturally from UV
radiation of dissolved silver, while CdSe/ZnSe core-shell
semiconducting nanoparticles are unlikely to be found in
natural systems. When there is no natural counterpart for an
ENM, who's predicted or measured environmental concen-
tration may pose a risk to water quality or ecotoxicology,
special research studies need to be carried out to determine
their potential fate. In cases where natural counterparts exist
and the ENMs have no engineered organic coating, or the
coating is readily removed from the particle surface in the
environment, there is no clear distinction between natural
particles and ENMs. However, if the engineered organic
coating is persistent for time scales that are relevant for the
environmental fate of the ENMs, specific studies need to be
carried out to determine their fate. These studies would
include tests on surface modification, aggregation, and
dissolution.

6.3. Perspectives in Risk Assessment of ENMs

Even though a wide range of studies have already been
conducted for ENMs under environmentally relevant con-
ditions, there are a few major drawbacks that require further
analysis. First of all, realistic release levels are necessary to
predict the environmental fate of ENMs. Secondly, aggrega-
tion studies in the vast majority of cases are focused on
homoaggregation, that is, aggregation between particles of
the same material. Given the much lower concentration of
ENMSs compared to the concentration of natural colloids and
nanoparticles and the strong dependency of aggregation rates
on number concentrations, heteroaggregation is much more
likely to take place. However, the study of heteroaggregation

[NOM]
[ligands]

s there a natural no

counterpart?

1

Research studies
(simulated aquatic

real environment. From the state-of-the-art
knowledge, we developed a decision tree

Same as natural
nanoparticles

systems, meso-, and
microcosms)
1. Surface

model for determining whether engineered
nanomaterials are different to their natural
counterparts in terms of their environmental

modifications
2. Aggregation
3. Dissolution

yes ¥

ngineered coating

no

fate (Figure 13). In cases where there is evi-
dence of a distinct behavior, the model provides
suggestions for laboratory tests which are

Angew. Chem. Int. Ed. 2014, 53, 12398 —12419

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

persistent (desorption,
(bio)degradable)?

Figure 13. Schematic representation of the decision tree model.

www.angewandte.org


http://www.angewandte.org

12416 www.angewandte.org

Angewandte

Reviews

is a very challenging task from a technical standpoint.
Additionally, even though several studies have looked into
the effect of the engineered coating type on the reactivity of
the particles, there is relatively little information on the
persistence of various engineered organic coatings on the
particles surface under environmentally relevant conditions.
Currently, the prediction of fate and behavior is based on
experiments. It is envisaged that process-based models will be
developed which will enable the user to predict the behavior
and determine environmental concentrations under realistic
scenarios. Finally, given the relatively recent technical
advancements that allow us to study the nanoparticle fraction
of colloid science, information on the importance of naturally
occurring nanoparticles for the transport of organic and
inorganic pollutants in natural waters should be revised, and
further research is needed in that direction.

7. List of abbreviations

AdSV adsorptive stripping voltammetry
CCC critical coagulation concentration
CNT carbon nanotube

Dy fractal dimension

DLVO a theory named after the researchers Derja-

theory gin, Landau, Verwey, and Overbeek

DOM dissolved organic matter (in environmental
chemistry, often interchangeably used with
NOM)

EDL electrical double layer

EDX energy-dispersive X-ray analysis

ENM engineered nanomaterial

ENP engineered nanoparticle

FA fulvic acid

FeOx iron oxides, as a general term

HA humic acid

IS ionic strength

MUA mercaptoundecanoic acid

NIOP nano iron oxide particle

NOM natural organic matter

NP nanoparticle

nZVI nanoscale zero-valent iron
PEC predicted environmental concentration
PNEC predicted non-effect concentration

PVP polyvinylpyrrolidone

PZC point of zero charge
RNIP reactive nano iron particle(s)
STEM scanning transmission electron microscope
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