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Understanding nanomaterial (NM) stability is required for an adequate interpretation of ecotoxicological test
outcomes, fate and behavior studies, to generate parameters (such as critical coagulation concentration, CCC;
and attachment efficiency, α) for environmental fate models, and for comparison among different studies. Nu-
merous studies measured CCC and α for different types of NMs with a major focus on investigating the effect
of ionic strength, ion valency and natural organic matter, with fewer studies investigating the effect of NM and
other medium properties. Consequently, wide discrepancies can be found in the literature among the reported
CCC and α values, even for NMs of the same composition and properties. In this context, the aim of this review
is to investigate the dependence of NM aggregation kinetic parameters (e.g. CCC and α) on NM and medium
physicochemical properties and to rationalize the differences observed among different studies, where possible.
We found that various material and medium physicochemical properties need to be considered to predict NM
aggregation behavior. Some trends were observed and rationalized based on theoretical studies and data avail-
able in the literature. For charge stabilized NMs with constant zeta potential, NM stability (CCC) decreases
with the increase in Hamaker constant, increase in NM size, increase in buffer (carbonate and phosphate) con-
centration, increase in temperature, and light irradiation. The CCC increase with counterion complexation. For
sterically stabilized NMs, the CCC increases with the increased surface coverage by the capping agent molecules
and completely coated NMs do not aggregate even in high ions strength medium (e.g. seawater). These results
highlight the significant role of NM and medium properties in influencing the environmental stability and fate
of NMs, and will help refine NM fate models and improve our understanding of NM uptake and toxicity.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The stability of engineered nanomaterials (NMs) has been studied
over the past two decades, since the evolution of nanotechnology. How-
ever, the stability of colloidal dispersions has been studied for over a
century (Verwey and Overbeek, 1948; Derjaguin and Landau, 1941). A
substantial progress in the understanding of the stability phenomena
has beenmade since the introduction of the DLVO theory, which attrib-
uted the interaction between two identical particles to van der Waals
attraction and the electrical double layer repulsion (Verwey and
Overbeek, 1948; Derjaguin and Landau, 1941). Additionally, numerous
studies have shown the importance of other interaction forces such as
steric forces, and hydration forces on NM aggregation and aggregation
kinetics (Baalousha et al., 2011a).

Quantitative assessment of NM stability can be achieved by estimat-
ing the attachment efficiency (α) - the inverse of the stability ratio (W) -
and the critical coagulation concentration (CCC), which is theminimum
counterion concentration required to fully destabilize the dispersion
(see details in Section 2) (Tadros, 2007). The aggregation kinetics pa-
rameters (α,W, and CCC) of a specific counterion can be calculated the-
oretically using the classical DLVO theory on the basis of a static force
balance. The aggregation kinetic parameters also can be measured ex-
perimentally from a kinetic point of view by studying the process of col-
loidal aggregation (Liu et al., 2009a). This can be achieved bymonitoring
the growth in NM size, or the loss of UV–vis absorbance for plasmonic
NMs (e.g. Au and Ag NMs) at early stage of aggregation (Baalousha et
al., 2013).

Numerous aggregation kinetics' experimental studies have focused
on investigating the effect of ionic strength, ion valency, pH and natural
organic matter (NOM) concentration on NM kinetic stability (CCC and
α) (Baalousha et al., 2013; Hotze et al., 2010; Zhou and Keller, 2010;
Baalousha et al., 2008; Baalousha, 2009). However, wide discrepancies
can be found in the literature among the reported CCC and α values.
These discrepancies are likely to be attributed to differences in the ex-
perimental conditions among the different studies such as: 1) method
employed to investigate NM aggregation kinetics (e.g. DLS, and UV–
vis) (Baalousha et al., 2013), 2) physicochemical properties of the NMs
(e.g. size, shape, surface coating, etc.) (Penners and Koopal, 1987;
Zhou et al., 2013), and 3)media chemistry (e.g. buffer type and concen-
tration, and ligand type and concentration) (Stemig et al., 2014), and 4)
environmental factors (e.g. temperature, and irradiation) (Hotze et al.,
2010; Zhou and Keller, 2010; Zhou et al., 2013).

There is currently a limited knowledge on the effect of intrinsic
properties of NMs (e.g. particle size, morphology, crystal structure, sur-
face heterogeneity, and dopants) and intrinsic properties of themedium
(e.g. buffer type and concentration, interaction of NM with medium
constituents, and dissolved oxygen) and environmental factors (e.g.
light, and temperature) on NM aggregation (Hotze et al., 2010; Zhou
andKeller, 2010; Zhou et al., 2013). For instance, recent studies reported
contradictory results on the dependence of CCC on NM size including a
decrease with the decrease in NM size (e.g. hematite (He et al., 2008),
TiO2 (Zhou et al., 2013)), an increase with the decrease in NM size
(e.g. CdSe (Mulvihill et al., 2010)) or independence of CCC of NM size
(e.g. Au and Ag NMs (Liu et al., 2012; Afshinnia et al., 2016a)). In addi-
tion, whereas some studies reported a linear correlation between the
CCC and NM primary particle size (e.g. anatase TiO2 (Zhou et al.,
2013)), other found that the CCC correlated betterwith NMspecific sur-
face area (e.g. anatase TiO2 (Zhou et al., 2013), CdSe (Mulvihill et al.,
2010)). Other studies reported an important role of stabilizing agent
(Mulvihill et al., 2010), impurities introduced during synthesis process
(Liu et al., 2011), etc. on NM stability. These studies suggest that materi-
al properties such as particle size, capping ligand, and impurities are im-
portant parameters affecting NMs' aqueous stability. However, a
systematic review on the role of NM, and medium intrinsic properties
on NM aggregation kinetics is lacking.

Several studies also reported deviations in NM aggregation behavior
from classical DLVO behavior. Such deviations have been attributed to a
wide selection of causes including discreetness of surface charge
(Schudel et al., 1997), steric and relaxation effects (Ortega-Vinuesa et
al., 1996), the presence of nanobubbles on particles (Mahnke et al.,
1999; Parker et al., 1994; Yakubov et al., 2000), and the inherent surface
roughness of the particles themselves (Shulepov and Frens, 1996;
Bhattacharjee et al., 1998; Kostoglou and Karabelas, 1995; Sun and
Walz, 2001). The deviation of NM aggregation behavior from the classi-
cal DLVO theory and the corrections proposed in the literature to the
DLVO theory is discussed where relevant in the manuscript.

In this context, this article aims to investigate the relationship be-
tween the CCC values and the parameters affecting NM aggregation be-
havior and kinetics, in particular NM and medium properties. This
review focuses on studies reporting NM aggregation kinetics measure-
ment and is organized as follows: 1) a brief review of the key concepts
in NM stability (e.g. DLVO theory, Schulze-Hardy rule, α and CCC), 2) a
brief discussion of the methods used tomeasure NM aggregation kinet-
ics (e.g. DLS and UV–vis), 3) a critical discussion on the factors affecting
NM aggregation kinetics, together with a rationale for the variability in
the reported CCC values for the same type of NM based on NM and
media physicochemical properties, and 4) critical discussion on devia-
tions fromDLVO theory due toNMspecific properties,which is integrat-
ed throughout the manuscript.

Understanding of the fate and behavior of NMs in environmental
and toxicological media is crucial to allow for comprehensive environ-
mental risk assessment of NMs (Klaine et al., 2008). Aggregation is



Fig. 1. Energy-distance curve for electrostatically stabilized dispersions.

57M. Baalousha / NanoImpact 6 (2017) 55–68
one of the key processes, among others, determining their environmen-
tal fate, behavior, uptake, effects, etc. (Peijnenburg et al., 2015). Further-
more, understanding the interplay of NM and media physicochemical
properties and their aggregation behavior under conditions of ecotoxi-
cological and environmentalmedia is required for an adequate interpre-
tation of ecotoxicological test outcomes, fate and behavior studies, to
generate parameters (e.g. α and CCC) (Dale et al., 2015a) for environ-
mental fate models (Dale et al., 2013; Baalousha et al., 2016a; Dale et
al., 2015b), and for comparison among different studies.

In this paper, we gathered data from research articles reporting NM
aggregation kinetics' experiments and deriving CCC values (Tables S1
and S2). Data on NM properties (size, zeta potential, coating type and
concentration, and NM concentration), water properties (pH, buffer
concentration, ion type and concentration, concentration and type of
NOM) and CCCwere extracted and tabulated (Tables S1 and S2). There-
fore, this reviewwill act as a repository for CCC values for different types
of NMs.

2. Theoretical background

This section briefly summarizes the scientific theories of stability
and interactions of NM suspensions to underpin the discussion present-
ed later on in the article. For more details on colloidal science theories
and interaction forces between particles, the reader is referred else-
where (Verwey and Overbeek, 1948; Derjaguin and Landau, 1941;
Baalousha et al., 2011a; Bhattacharjee et al., 1998; Baalousha et al.,
2011b; Petosa et al., 2010; Elimelech et al., 1995a; Elimelech et al.,
1995b).

2.1. DLVO theory

DLVO theory is a fundamental colloidal science theory that was de-
veloped by Derjaguin, Landau, Verwey, Overbeek (DLVO) to explain
the interaction between colloidal particles. Classical DLVO theory as-
sumes that the total interaction potential (VT) of two colloidal particles
is determined by the sum of the electric double layer repulsions (VEL)
and the van der Waals attractions (VA) (Eqs. (1)–(4)) (Tadros, 2007;
Petosa et al., 2010).

VT ¼ VA þ VEL ð1Þ

VA ¼ −
rA
12h

ð2Þ

where r is particle radius, A is Hamaker constant of particles in water, h
is particle-particle separation

VEL ¼ 32πεr
KBT
Ze

� �2

ϒ2 exp −κhð Þ ð3Þ

where ε is the dielectric constant of water, KB is Boltzmann constant, T is
temperature, ϒ is the reduced surface potential, κ is the Debye-Hückel
parameter, Z is the valence of ions and e is the elementary charge.

The reduced surface potential, ϒ, can be calculated using the equa-
tion

ϒ ¼ tanh
Zeϕ
4kBT

� �
ð4Þ

where ϕ is the surface potential.
On approach of NMs, the electric double layer results in repulsion

that is determined by the magnitude of the surface or zeta potential
and electrolyte concentration and valency. The combination of these
two forces results in an energy-distance profile (Fig. 1), which can be
used to calculate the aggregation rate of two colloidal particles. In agree-
ment with experiment, DLVO theory predicts that charged particle sus-
pensions are kinetically stable at low counterion concentrations and
become unstable at higher counterion concentrations (Chen et al.,
2006; Chen et al., 2007). The transition between these two regimes is
rather sudden and is referred to as the critical coagulation concentration
(CCC), which is the minimum counterion concentration required to
fully destabilize the dispersion (Tadros, 2007).

Fig. 1 explains the kinetic stability of colloidal dispersions. For parti-
cles to undergo aggregation into the primary minimum, they need to
overcome the energy barrier (Vmax). The higher the value of this energy
barrier, the lower is the probability of aggregation, i.e. the aggregation
rate will be slow. Hence the aggregation process can be considered as
a rate (kinetic) phenomenon, also known as reaction limited aggrega-
tion (RLA) regime.When the aggregation rate is low enough, the system
can remain kinetically stable for months or years, depending on the
magnitude of the energy barrier. The aggregation rate increases with
the reduction of the energy barrier (due to the reduction in double
layer repulsion) and becomes very fast in the absence of the energy bar-
rier. This is also known as diffusion limited aggregation (DLA) regime.

The secondary minimum at long separation distances (Fig. 1) may
become deep enough depending on electrolyte concentration, particle
size and shape and the Hamaker constant, reaching several kBT units.
Under these conditions, the system becomes weakly flocculated
(Tadros, 2007). Aggregation in secondary minimum – when a second-
ary minimum is of the order of ca. 1–5 kBT - is reversible in nature and
some disaggregation may occur, e.g. under shear force (Tadros, 2007).

TheDLVO theory achieved great success in explaining the stability of
colloids in electrolyte solutions. Many recent studies have begun apply-
ing colloid science principles such as DLVO theory to NMs. However, the
novel properties of NMs (e.g. small size, shape, structure, composition,
roughness, surface coating and functionalization, etc.) challenged the
assumptions of the DLVO theory (Hotze et al., 2010; Cosgrove, 2005;
Ninham, 1999; Masliyah and Bhattacharjee, 2006). Assumptions of
DLVO theory are summarized below, but the reader is referred else-
where (Cosgrove, 2005; Ninham, 1999; Masliyah and Bhattacharjee,
2006) for extensive discussion of these assumptions:

1- Dispersion is dilute,

2- Perfect sphere: the surface is molecularly smooth, solid and
spherical,

3- The electric charge and other properties are uniformly distributed
over the solid surface,

4- Only two forces act on the dispersed particles; van derWaals force
and electrostatic force. These forces are treated independently and
assumed additive,

5- Additivity: the net interaction energy between a molecule and
planer surface made up of like molecules will be the sum of the in-
teraction energy between the molecule and every molecule in the
surface body,

6- The ions are point charges, i.e. without any particle size,

Image of Fig. 1
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7- The distribution of ions is determined by the electrostatic force,
Brownian motion and entropic dispersion,

8- The intervening medium is a structureless continuum, character-
ized only by its dielectric constant,

9- Electrical permittivity is constant through the double layer,
10- The solvent is uniform at the atomic level,
11- Derjaguin approximation κr ≫ 1 and h ≫ r; that is the thickness of

the diffuse double layer is much smaller than the particle radius
and the separation distance between the particles is much greater
than the particle radius.

These assumptions, clearly not all fulfilled in practical colloidal inter-
actions, work quite well for large surface separations h N κ−1 and large
particles, but start to break down at smaller h and r, where an accurate
description of the interaction forces should resort to numerical solution
of the Poisson Boltzmann equation (Cosgrove, 2005). Further discussion
of these limitations is provided in the manuscript where relevant.

2.2. Stability ratio, attachment efficiency, and critical coagulation
concentration

Depending on counterion concentration, aggregation occurs in reac-
tion limited or diffusion limited regimes (RLA and DLA, respectively).
These two aggregation processes are differentiated by the attachment
efficiency (α); ranging from 0 to 1, which defines the probability that
two colliding particles attach successfully or irreversibly. In RLA regime,
an increase in electrolyte concentration screens the surface charge and
reduces the energy barrier (see DLVO theory below) to aggregation,
which leads to faster aggregation. At electrolyte concentrations above
the CCC, the energy barrier is eliminated resulting in DLA. The CCC is
the transition point between the two aggregation regimes. For DLA re-
gime, particles attach to each other after first collision (α = 1) and
form large open fractal aggregates. For RLA regime, particles attach to
each other following several collisions (α b 1) and form denser aggre-
gates (Waite et al., 2001).

Theoretically, the DLVO theory can be used to calculate the aggrega-
tion kinetic parameters (stability ratio (W), α, and CCC). Under unfavor-
able conditions (e.g. high zeta potential and low ionic strength), NM
aggregation is “slow” or “reaction limited”. The W and α for spherical
NMs of equal sizes is given by Fuchs equation (Fuchs, 1934)

W ¼ 1
α
¼ 2r∫∝0

exp
Vmax

kBT

� �
2r þ hð Þ2

dh ð5Þ

A simple approximation of this equation is given in Eq. (6)
(Elimelech et al., 1995b)

α ¼ 2κr exp −
Vmax

kBT

� �
ð6Þ

κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εkBT
2NAe2I

s
ð7Þ

where I is the ionic strength of the electrolyte, NA is Avogadro number,
and e is the elementary charge.

Eq. (6) predicts very low attachment efficiencies for energy barrier
above few kBT because of the exponential dependence of α on the ener-
gy barrier (Vmax). Eqs. (6) and (7) also predict that small changes in
electrolyte concentration can have a dramatic effect on the aggregation
rate because κ decrease with the increase in electrolyte concentration.

Experimentally, the stability of any dispersion can be assessed quan-
titatively bymeasuring the attachment efficiency (α) - the inverse of the
stability ratio (W) - and the critical coagulation concentration (CCC).W
(Eq. (8)) is the ratio between the rate of fast aggregation (kf, in the ab-
sence of energy barrier) to that of slow aggregation (ks, in the presence
of energy barrier). CCC is the minimum counterion concentration re-
quired to fully destabilize the dispersion; that is to induce rapid NM ag-
gregation (Tadros, 2007). In general, W, α, and CCC are experimentally
determined from the dependence of the aggregation rate on counterion
concentration (CE).

α ¼ 1
W

¼ ks
k f

ð8Þ

There are a few approaches for determining CCC experimentally in-
cluding: (1) approaches based on measuring the aggregation rate con-
stant and the attachment efficiency (α) including direct counting of
aggregates with ultramicroscope or particle counter (Matthews and
Rhodes, 1968; Gedan et al., 1984; Cahill et al., 1986; Pelssers et al.,
1990; Broide and Cohen, 1992), turbidity measurements (Ottewill and
Shaw, 1966; Reerink and Overbeek, 1954; Lichtenbelt et al., 1974a;
Lichtenbelt et al., 1974b; Trompette and Meireles, 2003), NM aggregate
diffusion coefficient (size) measurement by static light scattering (Lips
et al., 1971; Lips and Willis, 1973; Giles and Lips, 1978; Zeichner and
Schowalter, 1979), dynamic light scattering (DLS) (Virden and Berg,
1992; Novich and Ring, 1985; Einarson and Berg, 1993; Nur et al.,
2015), fluorescence correlation spectroscopy (FCS), and absorbance of
primary particles by UV-vis (Baalousha et al., 2013). DLS is by far the
most commonly used method for monitoring NM aggregation. Howev-
er, these methods still have their own limitations (Gregory, 2009). (2)
Approaches based on measuring the sedimentation rate which can be
obtained from the determination of the percent transmittance of the su-
pernatant after 24 h sedimentation (Burns et al., 1997; Saejiew et al.,
2004; Frenkel et al., 1992; Hesterberg and Page, 1990). The gravitational
sedimentation methods have now been recognized to be complicated,
cumbersome, and unreliable, and therefore have been recently replaced
by theDLSmeasurements. Full discussion of these approaches is beyond
the scope of this article, however extensive discussion of these ap-
proaches can be found elsewhere (Gregory, 2009).

2.3. The Schulze-hardy rule

The Schulze-Hardy rule is an empirical rule stating that: the CCC of
hydrophobic sols is extremely sensitive of the valence of the counterion,
and decreases very strongly with the increased valence of the counter-
ion (Matijevic and Allen, 1969; Vincent, 2012). The Schulze-Hardy
rule suggests that the destabilizing power of an electrolyte is principally
due to the valence of its ion that has charge opposite to NM surface
(counterion), whereas the nature and valence of its ionic species with
the same sign (co-ions) have relatively little effect. For this reason triva-
lent salts of aluminum and iron are the most widely used inorganic co-
agulants in water clarification and wastewater treatment (Nowicki and
Nowicka, 1994).

The theoretical explanation of this rule had to wait the development
of the DLVO theory. Verwey and Overbeek introduced the following
criteria for transition between stability and instability (Tadros, 2015):

VT ¼ VEl þ VA ¼ 0

dVT

dh
¼ 0

Solving Eq. (5) for these boundary conditions results in

CCC∝
1

A2Z6 tanh
4 Zeζ

4KBT

� �
ð9Þ

Eq. (9) shows that the CCC increase with the increase in zeta poten-
tial (ζ), and decrease with increasing A (the Hamaker constant) or van
der Waals attraction and it also decreases with increase in counterion
valency, Z. This equation shows that for large ζ and symmetric Z:Z
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electrolyte (i.e. Zeζ
�
4KBT

≫1; tanh4ð Zeζ
4KBT

Þ→1), the CCC is proportional to

Z−6. However, for low ζ and symmetric Z:Z electrolyte (i.e. Zeζ
�
4KBT

≪1;

tanh4ð Zeζ
4KBT

Þ→ð Zeζ
4KBT

Þ4), which are common for NMs, the CCC is propor-
tional to Z−2. In practice, the CCC dependence on Z for a wide range of
NMs should be between Z−6 and Z−2 (Petosa et al., 2010). Therefore,
for the majority of NMs, the CCCdivalent/CCCmonovalent ratio lies between
4 and 64.

Several studies verified the applicability of Schulze-Hardy rule. For
instance, Au NMs have been shown to follow the Schulze-Hardy rule
for monovalent, divalent and trivalent electrolytes (Nowicki and
Nowicka, 1994). Hematite NMs were shown to follow the Schulze-
Hardy rule for monovalent, divalent and trivalent electrolytes; whereas
humate-coated hematite NMs followed the Schulze-Hardy rule for
monovalent and divalent electrolytes only and deviated for trivalent
electrolytes. This behavior was attributed to the relatively strong com-
plexation of humate (Verrall et al., 1999).

2.4. Stabilization mechanisms and criteria

NMs are typically stabilized by either an electrostatic (i.e. charge-
based) repulsion or a steric repulsion by surface coating (i.e. engineered
or incidental), or a combination of both (i.e. electrosteric), in which case
surface coating can further stabilize NM by steric stabilization in addi-
tion to charge repulsion (Fritz et al., 2002; Roucoux et al., 2002).

2.4.1. Electrostatic stabilization
Electrostatically-stabilizedNMsowe their stability to particle charge,

which results in the formation of diffuse double layer around NMs. Any
constituent which influences the surface charge will also change NM
stability. The most profound effect is exercised by ions of charge oppo-
site to that of NMs, which result in charge screening and shrinkage of
the diffuse double layer thickness. The condition of colloid stability of
charge stabilized NMs is to have an energy barrier that is much greater
than the thermal energy of theparticles (which is of the order of kBT). As
a rule of thumb, the energy barrier should be typically N25 kBT. This can
be achieved by having a high zeta potential (ca. typically │ζ│ N 40 mV)
and low electrolyte concentration (ca. typically b100 mM 1:1
electrolyte).

2.4.2. Steric stabilization
Steric stabilization refers to the stabilization of colloidal particles

against aggregation by nonionic macromolecules e.g. polymers
(Napper, 1977). When two particles having an adsorbed polymer
layer with a hydrodynamic thickness δH approach each other to a sur-
face-surface separation distance h that is smaller than 2δh, the polymer
layers from the two particles interact resulting in two main situations;
either the polymer chainsmay overlap or the polymer layermay under-
go some compression. In both cases, therewill be an increase in the local
segment density of the polymer chains in the interaction zone. This local
increase in segment density in the interaction zone will result in strong
repulsion as a result of two main effects (Hiemenz and Rajagopalan,
1997):

1- Restriction of adsorbed polymer chain motion, which causes a de-
crease in entropy and thus an increase in free energy. This entropy
reduction results from the decrease in the volume available for the
polymer chainswhether these chains are overlapped or compressed.

2- Increase in the osmotic pressure as the solvent will reestablish the
equilibrium by diluting the polymer chains and thus separating the
particles.

The criteria for effective steric stabilization are (Tadros, 2007):

• Theparticles should be fully coveredby the polymer. Anybare patches
may cause aggregation either by van der Waals attraction between
the bare patches or by bridging. The latter occurs when polymer
becomes simultaneously adsorbed on two or more particles.
• The polymer should be strongly adsorbed to the particle surface. De-
sorption or replacement of the surface coating by molecules/ligands
with high affinity to particle surface could compromise NM stability
(Afshinnia et al., 2016b).

• The stabilizing chain should be highly soluble in the medium and
strongly solvated by its molecules.

• The adsorbed layer thickness should be sufficiently large to maintain
shallowminimum. This is particularly the case when a colloidally sta-
ble dispersion without any weak aggregation is required (Tadros,
2007).

2.4.3. Electrosteric stabilization
Electrostatic and steric stabilization can be combined tomaintain the

NM stability, which is also referred to as electrosteric stabilization. This
kind of stabilization is generally provided by means of ionic surfactants.
These compounds bear a polar head group able to generate an electric
double layer and a lypophilic side chain able to provide steric stabiliza-
tion. The adsorption of charged, high molecular weight molecules such
as NOM also provides electrosteric stabilization (Baalousha et al., 2013;
Baalousha et al., 2008; Baalousha, 2009).

2.5. Destabilization mechanisms

The destabilization of colloidal suspension can be accomplished by
two different mechanisms: 1) processes that induce a reduction in the
total potential energy of interaction between the electrical double layers
of two similar particles and 2) processes that aggregate colloidal parti-
cles by the formation of chemical bridges (Stumm and O'Melia, 1968).
The first mechanism can be achieved by surface charge screening by a
counterion, or by surface coating replacement (e.g. a charged coating
by a neutral coating) (Moskovits andVlc ková, 2005). The secondmech-
anism can be achieved by chemical sorption of organic compounds, for-
mation of inorganic complexes, and precipitation of inorganic salts.
These interactions can significantly impact NM surface charge and ag-
gregation kinetics and results in significant changes in CCC and α.

So far, a significant attention has been giving to investigating the im-
pact of water physicochemical parameters such as ionic strength, cation
type, and valency, pH, andNOMconcentration and type onNMaggrega-
tion kinetics (Tables S1 and S2) (Baalousha et al., 2008; Baalousha,
2009). However, little attention has been giving to chemical interactions
that may affect NM aggregation kinetics. Natural waters, cell growth
media as well as toxicological media are rich in other constituents
than those listed above such as anions (e.g. PO4

3−, CO3
2−, Cl−), and bio-

molecules (e.g. cysteine, cystine, glutathione, proteins, enzymes, vita-
mins, glucose, etc.) (Metreveli et al., 2016a), and pH buffers (e.g.
carbonate, phosphates, Tris, HEPES, etc.). Chemical interaction between
NM surfaces and medium constituents leads to the formation of ligand-
metal complexes, core-shell NMs and chemical sorption of macromole-
cules, which will alter NM surface charge and thus overall stability. For
instance, taking silver as example, this includes, but not limited to, for-
mation of AgCl, Ag2CO3, Ag3PO4, and Ag-cysteine complexes.

3. A note on variability of experimental conditions

Crucial to improving the understanding of the factors controllingNM
aggregation kinetics is to establish meaningful comparison between re-
sults obtained by different research groups. A survey of recent research
articles in the field reveals substantial variation in experimental condi-
tions (Tables S1 and S2). Variations include NM size, dispersity, mor-
phology, surface area, surface roughness, composition, crystal
structure, concentration, surface coating type and concentration, buffer
concentration, electrolyte type and concentration, dissolved oxygen
(DO), light, and temperature, and consequently CCC values. Ag NMs
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are themostwidely studied NMs in the literaturewith the largest num-
ber of articles reporting CCC values under variable NM andmedia prop-
erties (Table S1), and full statistical analysis of these data is provided
elsewhere (Afshinnia et al., 2017). pHwas generally around neural con-
ditions (ca. 6.0–8.0), except few studies (Chen et al., 2006; Liu et al.,
2010). Citrate was the most investigated capping agent among others
such as SDS, alginate, PVP, casein, dextrin, tween, branched
polyethyleneimine (BPEI), and Gum Arabic (Table S1 and S2). Parame-
ters such as NM size, buffer concentration have rarely been investigated
(Afshinnia et al., 2016a; Afshinnia and Baalousha, 2016). Below we ra-
tionalize the differences in the CCC values based on the variability in
the experimental conditions, which includes NM and medium physico-
chemical properties.

4. Effect of medium and environmental physicochemical properties
on NM stability

4.1. Counterion, pH and natural organic matter

The large majority of NM aggregation kinetics investigated the ef-
fects of counterion valence, pH and NOM on NM aggregation kinetics
(see Tables S1 and S2). There is currently a consensus that divalent
counterions are more effective in screening NM surface charge than
monovalent counterions, in agreement with Schulze-Hardy rule
(Nowicki and Nowicka, 1994; Verrall et al., 1999; Hall et al., 1991). For
electrostatically stabilized NM, the CCC of an electrolyte depends strictly
on the counterion valence, as long as the adsorption of the co-ion or the
counterions on the surface is negligible. Under this condition, the
Schulze-Hardy rule is obeyed. If an ion adsorbs sufficiently strongly on
the surface of NMs at concentrations lower than the CCC, the Schulze-
Hardy rule does not apply (Matijevic and Allen, 1969). This is because
specific scorpion of ions on the surface of NMwill alter their surface po-
tential. The majority of studies on electrostatically stabilized NMs re-
ported CCC values for monovalent and divalent electrolytes (Table S1
and S2) within the boundaries of the Schulze-Hardy rule; that is the
ratio of the CCC of monovalent to that of divalent counterions varies
within the range 4 to 64.

NOM (typically Suwannee River fulvic and humic acids) sorb on the
surface of NMs, increase their zeta potential, impart NM electrosteric
stabilization, and increases the CCC by ca. 1–5 folds (Tables S1 and
S2). Additionally, several studies have demonstrated that NOM results
in a reduction in the Hamaker constant (Baalousha et al., 2013; Huynh
and Chen, 2011; Amal et al., 1992).

pH plays an important role in controllingNMaggregation kinetics by
determining NM zeta potential. For instance, the CCC of ZnO (Zhou and
Keller, 2010) and TiO2 (Snoswell et al., 2005) NMs increases as the pH
was further away from the point of zero charge (pHPZC). Nonlinear
monotonic relationships were found between the CCC and either pH-
pHPZC or electrophoretic mobility (EPM) (Zhou and Keller, 2010). This
is because, further away from the pHPZC, ZnO NMs possess a larger
zeta potential; therefore, higher ionic strength is needed to screen the
surface charge and reduce the electrostatic repulsion between NMs.

4.2. Buffer concentration

Buffers are usually used tomaintain a constant pH during a reaction,
but their presence can result in substantial changes in NM surface
chemistry (e.g. formation of a core-shell particles, or alteration of zeta
potential) (Buchholz et al., 2011) and therefore NM stability (Stemig
et al., 2014; Liang, 1988). For instance, goethite NMs aggregate size in-
creased with increased MOPS (3-Morpholinopropanesulfonic acid)
buffer concentration. This behavior was attributed to sorption of
MOPS molecules on the surface of goethite NMs accompanied by a de-
crease in zeta potential (Stemig et al., 2014). Furthermore, the buffer
composition greatly affects goethite NMs aggregation state. Goethite
NMs suspended in solution containing 1 mM Fe2+ and HEPES buffer
were themost dispersed, and the aggregate sizes were 3–5 times larger
for goethite NMs suspended in MOPS and Triethanolamine (TEA)
buffers compared to those suspended in HEPES buffer (Stemig et al.,
2014). The stability of hematite particles decrease in the presence of
phosphate anions (Liang, 1988). Furthermore, the CCC values for elec-
trostatically stabilized Ag NMs decrease with the increase in carbonate
buffer concentration (Afshinnia et al., 2017) and phosphate buffer
(Afshinnia and Baalousha, 2016). This behavior was attributed to the
formation of Ag2CO3, or Ag3PO4 layer on the surface of Ag NMs, altering
NM surface charge (Afshinnia and Baalousha, 2016). For a constant Ag
NM concentration (5.4 mg L−1), zeta potential increased from
−42 mV to−29 mV with the increase in phosphate buffer concentra-
tion from (0 to 2.5 mM potassium phosphate monobasic) (Afshinnia
and Baalousha, 2016). Another study demonstrated that, at pH 7, the
zeta potential of Ag NMs increases (become less negative) with the de-
crease in NM concentration (1 to 100 μM) in 10 mM carbonate concen-
tration (Piccapietra et al., 2012). Concurrently, Ag NM aggregate size
increases with the decrease in NM concentration. This behavior can be
attributed to the increased sorption of CO3

−2 on the surface of Ag NMs
at lower NM concentrations due to the increased abundance of CO3

−2

anions compared to the NM total surface area.

4.3. Dissolved oxygen

Dissolved oxygen (DO) in aqueous environments tends to oxidize
metallic NMs such as Ag NMs and QDs (Zhang et al., 2011a; Li et al.,
2012; Zhang et al., 2011b; Liu andHurt, 2010) resulting in the formation
of surface oxide layer (e.g. AgO (Römer et al., 2016)), release of metallic
cations (Li et al., 2012; Römer et al., 2016; Ho et al., 2010), and NM ag-
gregation (Zhang et al., 2011a; Li et al., 2012; Li et al., 2013). For in-
stance, the aggregation rate of Ag NMs is much faster (e.g., 3–8 times
depending on the primary particle size) in the presence of DO than
those in the absence of DO (Zhang et al., 2011a). The increased aggrega-
tion of Ag NMs in the presence of DOwas attributed to surface oxidation
and sorption of Ag+ on Ag NM surface (Zhang et al., 2011a). These pro-
cesses could lead to increase (become less negative) Ag NM zeta poten-
tial , hence the increased aggregation rate (Misra et al., 2013).
Furthermore, NM aggregation can be attributed to the degradation/de-
tachment of surface coating in the presence of oxygen. For instance,
the destabilization of AgNMs, CdS NMs andQDswas found to be related
to the detachment/degradation of surface coating in the presence of ox-
ygen, compression of EDL and surface energy changes (Li et al., 2012; Li
et al., 2013; Correa-Duarte et al., 1998). In contrast, anoxic and anaero-
bic conditions exert low redox potentials, which inhibit oxidation and
consequently lead to different aggregation kinetics (Li et al., 2012; Li
et al., 2013).

4.4. Light

Light irradiation including UV, sunlight and even fluorescent light
has been shown to promote NM surface oxidation, dissolution and ag-
gregation (Mittelman et al., 2015; Gorham et al., 2012; Shi et al.,
2013). The CCC of NaNO3 was found to be lower for citrate-Ag NMs fol-
lowing 3-day exposure to UVA and UVB radiation (ccc = 37.8 and
21.4 mM NaNO3) compared with unexposed cit-Ag NMs (ccc =
161.4mMNaNO3). This decrease in the CCCwas concurrentwith the in-
crease in the ζ potential (become less negative) after exposure to UVA
and UVB (Mittelman et al., 2015). The aggregation rate of bared-, cit-
rate-, and PVP-Ag NMs followed the order UV-365 N xenon lamp
light N UV-254 N dark for the same type of Ag NMs, which indicated
that the wavelength and photo-energy of the light irradiation influence
Ag NM aggregation kinetics (Li et al., 2013). The aggregation rate was
highest for bare-Ag NMs followed by citrate Ag NMs and PVP Ag NMs.

UV irradiation of a TiO2 NM suspension accelerated NM aggregation,
which was dependent on the irradiation duration. The aggregation rate
increased from b0.001 nm s−1 before irradiation to 0.027 nm s−1 after
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50 h irradiation, resulting in aggregates with a hydrodynamic diameter
of 623 nm. The isoelectric point of the suspensionwas lowered from 7.0
to 6.4 after irradiation. ATR-FTIR spectra displayed successive growth of
surface hydroxyl groups (oH−) with UV irradiation which is likely to be
responsible for the decreased surface charge and increased aggregation
rate. Further explanations of the light-induced ζ potential reduction is
described in Sun et al. (2014).

On the other hand, irradiation could result in breakage of NM aggre-
gates (disaggregation). For instance, sunlight partially disaggregated
metal oxide (e.g. CeO2 and ZnO) aggregates, but primary particles bond-
ed by solid state necks remained intact (Zhou et al., 2012). Localized
heating of NM agglomerates, due to exposure to natural or artificial
light, provides sufficient thermodynamic energy for the clusters to
disagglomerate (Zhou et al., 2012). Similarly, Bennett and coworkers
found that different light sources (e.g. sunlight or Xenon lamp light) ex-
posure can partially disaggregate TiO2 NMs aggregates; TiO2 NM aggre-
gate size decreased from about 280 nm to about 230 nm after few
minutes' exposure to light, and returned to 280 nm in the dark
(Bennett et al., 2012). The photo-induced disaggregationwasmore pro-
nounced (aggregate size decreased from253 nm to 159 nmafter 30min
exposure) under natural sunlight conditions. The absorption of light
provides enough energy to partially disaggregate TiO2 NMs in aqueous
media, releasing small particles from the larger aggregates. Concurrent-
ly, the dermal transport of NMs was higher (200 mg kg−1) under light
conditions compared to dark conditions (75 mg kg−1), suggesting that
photo-induced disaggregation may have important health implications
(Bennett et al., 2012).

4.5. Temperature

Understanding the temperature effect on NM aggregation kinetics is
important to understand NM behavior in environmental and biological
media and to understand NM behavior within the context of climate
change. Both natural water and human body fluids can be at tempera-
tures that are remarkably different from the typically studied room tem-
perature. For example, water temperature may vary substantially from
freezing point to near boiling depending on the type of water body,
depth, season, latitude and the surrounding environment. Temperature
of human body fluids is around 37 °C.

The aggregation rate of CeO2 NMs in KCl and CaCl2 increased as the
temperature increased. The CCC decreased from 100 to 10 mM in KCl
and from 10 to 2 mM in CaCl2 with temperature increase from 4 to
37 °C (Fig. 2) (Chen et al., 2012). The decrease in CCC in KCl shows a lin-
ear correlation with the increase in temperature; whereas in CaCl2, the
CCC remained constant at 10 mM until the temperature reached 25 °C
and then decreased to 3 mM at 37 °C. Similarly, the increase in temper-
ature from25 to 70 °C resulted in a decrease (67%, 50%, and 33% for Na+,
Mg2+, and Ca2+, respectively) of the CCC for silica NMs (25 nm), which
was attributed to the increased collision frequency of the colloidal
Fig. 2. Effect of temperature on the CCC of CeO2 NMs. Taken from Chen et al. (2012).
particles at higher temperatures, which promotes successful particle
collision and aggregation (Metin et al., 2010). However, increased NM
collision frequency does not explain the reduction in CCC. Additionally,
according to Eq. (9), for low ζwhich are common for NMs and symmet-

ric Z:Z electrolyte (i.e. Zeζ
�
4KBT

≪1; tanh4ð Zeζ
4KBT

Þ→ð Zeζ
4KBT

Þ4 ). This implies

that if all other parameters are constant, the CCC is proportional to
T−4. The dependence of CCC onmedium temperature does not fully ex-
plain the reduction in CCCwith the increase in temperature as observed
above. The reduction in CCC is likely to be also influenced by the reduc-
tion in zeta potential of silica NMs, which unfortunately was not report-
ed by the authors for the different temperatures. Other studies reported
decreased stability and increased in NM aggregate size (e.g. CuO (Misra
et al., 2011), ZnO (Majedi et al., 2014), and singlewall carbon nanotubes
(Adeleye and Keller, 2014)) with the increase in temperature.

The increased NM aggregation with the increase in water tempera-
ture is likely to be due to the decrease in the magnitude of the zeta po-
tential with the increase in temperature, which was reported for
different types of NMs such as ZnO (Majedi et al., 2014), CuO (Misra
et al., 2011), TiO2 (Zhou et al., 2012), single wall carbon nanotubes
(Adeleye and Keller, 2014), α-Al2O3 (Valdivieso et al., 2006), mineral
particles (e.g. quartz, kaolinite and calcite) (Rodríguez and Araujo,
2006). The surface charge of NPs in aqueous medium is mainly deter-
mined by two phenomena, protonation/de-protonation of surface func-
tional groups, and adsorption of electrolyte ions on the surface (Borghi
et al., 2013). The temperature-dependent decrease in zeta potential is
attributed to the changes in NM surface speciation (e.g. protonation or
deprotonation of functional groups) with temperature. For instance, in-
creasing temperature favors proton desorption from the α-Al2O3 sur-
face, resulting in a shift in the pHpzc of α-Al2O3 from 9.6 to 8.1 as the
temperature increases from 10 to 40 °C (Valdivieso et al., 2006).

On the other hand, high temperatures may increase the potential
disaggregation or detachment of NMs, because increased Brownianmo-
tion of water molecules could increase the hydrodynamic shear on the
particle surface and possibly break the weakly attached aggregates
(Zhou et al., 2012; Ryan and Elimelech, 1996; Zhang et al., 2012a).
This behavior was previously reported for metal oxide NMs such as
CuO (Misra et al., 2011), CeO2 (Zhou et al., 2012; Zhang et al., 2012a;
Li et al., 2011), iron (III) oxyhydroxide (Gilbert et al., 2009), TiO2 and
ZnONMs (Zhou et al., 2012). For instance, a cyclic temperature increase
from 25 °C to 65 °C and then decrease back was found to disaggregate
the NM aggregates in the heating phase and re-aggregate them as
more open fractal structures during the cooling phase (Zhou et al.,
2012).

4.6. Chemical interactions of NMs with water constituents

Despite its importance in determining NM surface charge, chemical
sorption of macromolecules and ligands (e.g. PO4

3−, CO3
2−, Cl−) has

been somewhat widely ignored in studying NM aggregation kinetics
as the large majority of these studies focused on the physical interac-
tions between NMs. However, emerging studies have reported the im-
portance of chemical interactions in addition to physical interactions
in controlling NM aggregation kinetics (Metreveli et al., 2016b;
Pokhrel et al., 2013; Wang et al., 2013; Zakaria et al., 2013; Doyen et
al., 2016; Chegel et al., 2012; Gebauer et al., 2012; Lesniak et al.,
2013). For instance, the CCC for citrate-Ag NMs decreases with the in-
creased concentration of carbonate and phosphate anions in the medi-
um, which was ascribed to the sorption of phosphate and carbonate
anions on the surface of citrate-Ag NMs, and the concurrent reduction
in the magnitude of Ag NM zeta potential (Afshinnia et al., 2017;
Afshinnia and Baalousha, 2016). Addition of cystine to citrate-Ag NMs
results in NM concentration-dependent shift in the CCC, where the
CCC of cystine decreases with the decrease in Ag NM concentration
(Afshinnia et al., 2016b). At lower Ag NM concentrations, lower concen-
tration of cystine is required to fully cover and destabilize Ag NMs

Image of Fig. 2
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(Afshinnia et al., 2016b). Organic compounds containing both thiol and
amine groups strongly promote the aggregation of citrate-Au NMs due
to their cooperative functionalities (Chegel et al., 2012). Three features
of organic compounds could influence citrate-Au NMs (and similarly
Ag NMs) aggregation kinetics including: the presence of a sulfur atom,
which can form covalent bonds with gold atoms, the presence of ioniz-
able functional groups, and the sign (+ or −) of ionizable functional
groups, which determines the Au NM zeta potential (Chegel et al.,
2012). Specific sorption of Ca2+ and Mg2+ on the surface of TiO2 NMs
results in surface charge inversion (Loosli et al., 2015), which was
found to increase the destabilization of TiO2 NMs (Shih et al., 2012).

Furthermore, complexation of the counterion in complex aqueous
media may result in an increase in the measured CCC values. For in-
stance, the CCC of aluminum for negatively charged silver iodide sols
was found to increase if the sol was acidified by sulfiric acid; whereas
this behavior was not observed when the sol was acidified by nitric
acid or perchloric acids (Matijevic and Stryker, 1966). This behavior
was attributed to the formation of AlSO4

+ complexes in the presence
of sulfiric acid, resulting in the reduction in the concentration of triva-
lent counterion (Al3+) and the formation of monovalent counter ion
(AlSO4

+) (Stryker and Matijevic, 1969). Monovalent counterions are or-
ders of magnitude less potent than trivalent counterions in inducing
particle aggregation according to Schulze-Hardy rule. This study reveals
the importance of considering counterion speciation in interpreting the
discrepancies in CCC.

Clearly, focusing only on the physical interactions (e.g. attraction and
repulsion) of NM when taking into account water chemistry in model-
ing NM environmental fate and behavior (Sani-Kast et al., 2015) might
lead to erroneous conclusions as many other parameters can play a
major role in determining NM aggregation kinetics - such as anions,
buffers, small organic compounds, salt precipitation, etc. - and thus
fate and behavior. Therefore, the chemical speciation of counterions
and the chemical interaction betweenNMs and themediumconstituent
should be fully taken into account to improve our understanding of NM
fate and behavior.

5. Effect of NM physicochemical properties on their stability

5.1. NM composition

Chemical composition affects NM aggregation as it determines the
Hamaker constant; (Hotze et al., 2010) a material specific constants,
typically on the order of 10−21–10−19 J (Table 1) (Pinchuk and Jiang,
2015), that is used to calculate the van der Waals attraction forces be-
tween small particles (see Section 1.2). The increase in the Hamaker
constant results in an increase in the van der Waals attraction force
and therefore the tendency of NM to form aggregates at the same solu-
tion and surface chemistry. Therefore, the increase in the Hamaker con-
stant results in a decrease in the CCC and in a steeper slope of the α-
Table 1
Hamaker constant of different materials.

Material A (×10−20 J) References

Gold 9–30
(Wijenayaka et al., 2015; Kim et al., 2008;
Kim et al., 2005)

TiO2 9.1 (Zhang et al., 2009; Zhang et al., 2008)
CeO2 5.57 (Karimian and Babaluo, 2007)
Cit-Ag NMs 3.7 (Baalousha et al., 2013; Huynh and Chen, 2011)
Al2O3 3.67 (Karimian and Babaluo, 2007)

Iron oxides 3.3–3.9
(Zhang et al., 2009; Zhang et al., 2008;
Faure et al., 2011)

ZnO 1.9 (Zhang et al., 2009; Zhang et al., 2008)
Boron 0.88 (Liu et al., 2009b)

SiO2 0.83–1.2
(Trompette and Meireles, 2003; Zhang et al., 2009;
Zhang et al., 2008)
electrolyte concentration profile under RLA regime (Fig. 3a and b).
According to Eq. (9), for a constant zeta potential, the CCC is inversely
proportional to the squared Hamaker constant, CCC α 1

A2 . Therefore,

the CCC of different types of NMs of the same physicochemical proper-
ties and in the same medium will follow the order
Au b TiO2 b Ag b Fe2O3 b ZnO b SiO2 (Fig. 3a). Due to the variability in
the experimental conditions and the dependence of the CCC on other
material and media properties (Afshinnia et al., 2017), it is not possible
to verify this order of CCC for all types of NMs. However, this trend can
be observed clearly for some NMs; in particular, the CCC of monovalent
electrolyte at nearly similar zeta potential values for SiO2 (450–
700 mM) N B (200 mM) N Ag (25–200 mM) (Tables S1–S2).

TheHamaker constant is long thought to be size-independent. How-
ever, recent theoretical calculations demonstrate that theHamaker con-
stant of 1 nm Ag- and Au NMs increases by approximately 15%
compared with 100 nm Ag and Au NMs (Pinchuk and Jiang, 2015;
Pinchuk, 2012). Another theoretical study demonstrated that the
Hamaker constant of a 13 nm diameter Au NMs increases by up to
50% compared with that of bulk gold, causing such small NMs to exhibit
larger van der Waals attractive interactions and aggregate more readily
than larger particles (Wijenayaka et al., 2015). The increased aggrega-
tion of smaller NM would occur if no other properties (e.g. surface
charge, crystallographic phase, surface facets, dissolution, etc.) are af-
fected by particle size (Wijenayaka et al., 2015).

5.2. Crystal structure

Crystal structure such as crystal phase, surface facets and defects can
alter surface charge, and thus NM aggregation kinetics (Kosmulski,
2002). The surface charge of different polymorph of the same NMmay
be different. For example, TiO2, with three phases of crystallinity, has
surface charge of−35mV for rutile and−20mV for anatase and brook-
ite at pH 7.5. The origin of charge heterogeneities is commonly attribut-
ed to the existence of different crystallographic planes within each
particle, which is reported to affect aggregation and deposition rates
(Buettner et al., 2010; Gaboriaud and Ehrhardt, 2003). This is because
different crystallographic planes, each with a different atomic density,
are interfacing with the aqueous phase and forming different extent of
EDL and surface energy. For instance, thepoint of zero charge of goethite
particles having 70% and 30% of the 001 face were 9.0 and 9.1 respec-
tively, which was attributed to the differences in the point of zero
charge of the 001 and 101 facets, which was calculated theoretically to
be 8.9 and 9.2, respectively (Gaboriaud and Ehrhardt, 2003). Crystal
structure also affects the Hamaker constant, and thus the attractive
van der Waals forces (French et al., 1995). For instance, the magnitude
of van der Waals interactions varies significantly between iron oxide
phases and follow the order magnetite b maghemite b hematite
(Faure et al., 2011). This is because the Hamaker constant depend on
the phase and follows the ordermagnetite (3.3 × 10−20 J) bmaghemite
(3.6 × 10−20 J) b hematite (3.9 × 10−20 J) (Faure et al., 2011).

5.3. Morphology

There are only few studies that investigated the effect of NM mor-
phology on their aggregation kinetics with inconclusive general conclu-
sions. Whereas some studies demonstrated strong effect on NM
morphology on their aggregation kinetics (e.g. ZnO (Zhou and Keller,
2010)), others reported no effect (e.g. TiO2 (Liu et al., 2011)). For in-
stance, the aggregation kinetics of nearly spherical ZnO exhibited strong
dependence on the ionic strength of the solution; whereas minimal in-
fluence of ionic strength was observed on the irregularly shaped (mix-
tures of slab-like and rod-shaped) ZnO NMs (Zhou and Keller, 2010).
The CCC for nearly spherical ZnO was approximately 25 mM; whereas
the CCC for irregularly shaped ZnO was below 1 mM. This behavior
was attributed to lower energy barrier for irregularly shaped NMs



Fig. 3. Effect ofmaterial composition (Hamaker constant) on their aggregation kinetics according to classical DLVO theory: (a) attachment efficiency as a function of ionic strength, and (b)
CCC as a function of Hamaker constant. Calculations were performed assuming a particle diameter of 20 nm and a constant zeta potential of −50 mV. These calculations are only
illustrative.
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compared to spherical NMs. Vold (1954) estimated that plates and rods
would have greater van derWaals attractions comparedwith spheres at
small separation distances (Vold, 1954), resulting in a lower energy bar-
rier against aggregation.

However, another study suggested that the CCC for TiO2 NMs (5, and
50 nm spherical anatase and 10 × 40 nm rutile rods) is independent of
particle morphology and crystal structure (Liu et al., 2011) as the CCC
(10 mM NaCl and 0.5 mM CaCl2) value for 10 × 40 nm rutile rods was
between those of the 5 nm (5 mM NaCl and 0.3 mM CaCl2) and 50 nm
(18 mM NaCl and 1.0 mM CaCl2) spherical anatase. The differences in
the conclusions drawn by Lie et al. (Liu et al., 2011) and Vold et al.
(Vold, 1954) were attributed to the difference in the aspect ratios of
the studied rods.

Morphology is likely to play an important role in controlling NM ag-
gregation kinetics, as morphology determines NM zeta potential and
isoelectric point (pHiep). This is because different surface facets possess
different zeta potentials and pHiep. For instance, the pHiep of TiO2 surface
facets follows the order (100) surface 3.2–3.7 b (110) surface 4.8–
5.6 b (001) surface 5.6–5.8. Polycrystaline surfaces of both rutile and an-
atase forms of TiO2 possess the same pHiep of ≈6, resulting from the
weighted average of the PZC of the single crystal facets (Bullard and
Cima, 2006). Similarly, the double-layer properties of (110)-oriented
CaF2 (Assemi et al., 2006) indicated a sharp contrast between the
pHiep of that surface and the previously measured (111) orientation
(Fa et al., 2003; Oberndorfer and Dobiáš, 1989). Other works has
noted anisotropy among hematite surfaces (Hiemstra and van
Riemsdijk, 1999) and distinctions between numerous surface chemis-
tries (Fa et al., 2005), and differences in various orientations of sapphire
surfaces have also been investigated (Kershner et al., 2004). Therefore,
the variability in the reported NM pHiep can be partially attributed to
the relative contribution of surface facets to each type of NM.

5.4. Size

There is a contradictory evidence on the dependence of CCC on NM
size including a decrease with the decrease in NM size (e.g. hematite
(He et al., 2008), TiO2 (Zhou et al., 2013)), an increase with the decrease
in NM size (e.g. CdSe (Mulvihill et al., 2010), Au NMs (Frens, 1972), Ag
NMs (Afshinnia et al., 2017) or independence of CCC of NM size (e.g.
Au NMs (Liu et al., 2012)). Similarly, earlier studies on colloid stability
reported contradictory results including a decrease (Matthews and
Rhodes, 1968; Watillon and Joseph-Petit, 1966; Iler, 1975), an increase
(He et al., 2008), an increase followed by a decrease (Ottewill and
Shaw, 1966; Kotera et al., 1970), as well as an independence of colloid
stability (Elimelech and O'Melia, 1990) on particle size. The discrepan-
cies reported in the literature on size-dependence of CCC are closely re-
lated to the size-dependence of zeta potential (Afshinnia et al., 2017).
An increase in CCC with decrease in NM size is generally observed
when NMs of different sizes possess a constant surface charge, whereas
an increase in the CCC with the increase in particle size is observed
when the zeta potential increases with particle size. Full discussion of
the rational of the effect of NM size on CCC is provided elsewhere
(Afshinnia et al., 2017).
5.5. NM dispersity

Currently, no studies have investigated the effect ofNMdispersity on
the CCC. However, given that the CCC of NM at constant surface poten-
tial decrease with the increase in NM size (Afshinnia et al., 2017), size
dispersity is likely to significantly influence the CCC for NM suspension.
That is in a polydispersedNM suspension, at a given counterion concen-
tration, larger NMs are likely to aggregate in DLA regimewhereas small
NMs may remain stable or aggregate in RLA regime. For instance, Frens
(1972) used this phenomenon to fractionate a mixture of citrate-Au
NMs (7.5 and 80 nm) according to particle size by coagulating the larger
particles by addition of 30 mM NaNO3 (Frens, 1972). Therefore, small
NMs may remain stable for longer times compared to larger NMs with
the same surface potential.
5.6. Surface area

Only few studies investigated the correlation between the CCC and
NM specific surface area (SSA). For instance, Zhou et al. reported that
the CCC of rutile rods correlated positively with the SSA; that is samples
with higher SSA exhibited higher stability (Zhou et al., 2013). In con-
trast, the CCC of anatase spheres correlated linearly with NM size; that
is the CCC increased with the increase in NM size. Nonetheless, the au-
thors also reported a decrease in the CCC with the decrease in rutile
rod length, where the CCC tends to a stable value around a length of
50 nm, which is a similar size where the CCC of cit-Ag NMs approaches
a constant value (Afshinnia et al., 2017). Interestingly, the electropho-
retic mobility of the different rutile rods varied in a narrower range
compared to the zeta potential of the anatase spheres, which might ex-
plain the differences in the behavior of the two types of TiO2 NMs. The
electrophoretic mobility, and thus zeta potential, of anatase sphere de-
creases by approximately two folds from the largest to the smallest an-
atase spheres, which contributes significantly to the reduction in the
stability of the small anatase spheres.

Mulvihill reported that the CCC of four different CdSe NMs were
found to be linearly correlated to their SSA (Fig. 4a) (Mulvihill et al.,
2010). Reevaluating the data reported in this study for spherical CdSe
NMs suggests that the CCC decrease with the increase in NM size (Fig.
4b). Similarly, the CCC of all CdSe correlates linearly with the particle
size calculated from the specific surface area (Fig. 4c) (Baalousha et al.,
2012). It is worth noting that the zeta potential of the spherical CdSe
used in this study varies within a narrow range (ca. −33 ± 3 to
−35 ± 3 mV). These results are in good agreement with the data ob-
served for cit-Ag NMs (Fig. 4a, and c).

Image of Fig. 3


Fig. 4.CCC of CdSeNMs as a function of (a) specific surface area, and (b) primaryNM size, and (c) NMdiameter calculated from specific surface area. Re-drawn fromMulvihill et al. (2010).
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5.7. Heterogeneity of chemical composition and surface structure

NMmight purposefully contain (e.g. dopants) or acquire (e.g. during
synthesis process or as a result of sorption processes in natural waters)
some impurities, which might play an important role in controlling the
electrokinetic properties and colloidal stability of NMs. For instance, The
CCC for TiO2 NMs depends on the concentration of chemical impurities
(e.g. silicon and phosphorous) introduced during the synthesis process
(Liu et al., 2011). This was attributed to the decrease in the pHPZC of
TiO2 with the increase in the concentration of impurities (Si + P) (Liu
et al., 2011).

Furthermore, at the atomic level, NM surfaces are heterogeneous in
term of chemical composition and structure (e.g. surface roughness and
ligand composition and organization) (Baalousha et al., 2010),making it
a challenge to quantitatively evaluate and predict surface properties and
interfacial processes (Huang et al., 2013). For instance, NMs nearly al-
ways have a certain degree of surface roughness on the scale of the
Debye length, which under aggregation conditions is on the order of
1 nm in the surrounding electrolyte (Shulepov and Frens, 1996). For in-
stance, reasonable agreement between theoretical attachment efficien-
cies calculated by DLVO theory and experimentally measured
attachment efficiencies could only be obtained if an effective interaction
radius, corresponding to surface asperities on TiO2 particles, was used in
the calculations (Snoswell et al., 2005). High resolution TEM images
suggested that the effective interaction radius corresponds to the size
of surface crystallites formed during synthesis. Additionally, surface
roughness influences the dependence of CCC on particle size. For fine
roughness, the CCC decreases with increasing particle size (Shulepov
and Frens, 1995); whereas, in the case of coarse surface irregularities,
the CCC depends on the average configuration of the surface irregulari-
ties in the surface area where two double layers overlap. For big parti-
cles, this can, in some cases make the CCC increase with the particle
size (Shulepov and Frens, 1996). Additionally, the repulsion energy
due to the electrical double layer is always larger for rough than for
smooth surfaces (Kostoglou and Karabelas, 1995). This should not be
confused with the increased particle stability as the particle stability is
not only influenced by the repulsion energy, but rather by the total in-
teraction energy and, more specifically, by the height of the energy
barrier. In calculating this energy barrier, the influence of surface rough-
ness on vanderWaals forcesmust also be taken into account (Kostoglou
and Karabelas, 1995).

Heterogeneity in chemical composition and organization of capping
ligands on NM surfaces also plays an important role in controlling NM
electrokinetic properties and colloidal stability (Huang et al., 2013).
For instance, Au NMs with randomly distributed polar and nonpolar
groups have less negative zeta potential values and smaller CCC com-
pared to that of homogenously charged groups, which agree with
DLVO prediction. However, when the ligand composition on the surface
of Au NMs is the same, particles with nanoscale striates have less nega-
tive zeta potential, but much larger CCC compared to particles with dis-
ordered surface. The inconsistency of particleswith nanoscale striates in
their EPM and CCC reflects the complex EDL structure developed in the
vicinity of a surface (Huang et al., 2013).

5.8. NM concentration

Several studies have demonstrated the increased NM aggregation
rate and the increased aggregate size with the increase in NM concen-
trations e.g. ZnO (Zhou and Keller, 2010), iron oxides (Baalousha,
2009; He et al., 2008), AuNMs (Baalousha et al., 2016b), etc. However,
it has been reported that NM concentration does not affect the attach-
ment efficiency for spherical ZnO NMs (10–100 mg L−1) (Zhou and
Keller, 2010). Indeed, this observation is true when NM aggregation is
controlled by their physical interactions (e.g. wan der Waals and elec-
trostatic repulsion). However, several NMs have high affinity to media
constituents such as anions (Nur et al., 2015; Liang, 1988) and small or-
ganic compounds (Afshinnia et al., 2016b). In such circumstances, the
attachment efficiency and the CCC values are strongly dependent on
NM concentration, in particular at low, environmentally relevant NM
concentrations (Afshinnia et al., 2016b). This is because at lower NM
concentrations, less total surface area is available, and thus chemical
sorption of anions, and bio- and geo-molecules on the surface of NMs
is more significant. These chemical sorption processes can result in a
significant shift in the surface charge and thus NM aggregation. For in-
stance, Afshinnia et al., reported a concentration-dependent attachment
efficiency and CCC values of citrate-Ag NMs in the presence of cystine,

Image of Fig. 4
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which was attributed to the chemical sorption of cystine to the surface
of Ag NMs, resulting in a significant shift in Ag NM surface charge
(Afshinnia et al., 2016b). Similarly, carbonate and phosphate anions
have high affinity to Ag NMs, sorb to the surface of Ag NMs and reduce
the CCC values with the decrease in NM concentration (Afshinnia et al.,
2017; Afshinnia and Baalousha, 2016).

5.9. Surface coating composition and coverage

The capping agent is the factor that determines NM stabilization
mechanism (see Section 1.4). Physicochemical properties of the capping
agent have a greater influence on the aggregation behavior of function-
alized Ag NMs than either core composition or their size (Tables S1 and
S2) (Liu et al., 2012). Some capping agents such as citrate, SDS, and
alginate stabilize NM by electrostatic mechanism (Baalousha et al.,
2013; Huynh and Chen, 2011; Zhang et al., 2012b; El Badawy et al.,
2012; Lodeiro et al., 2016); whereas other capping agents such as PVP,
casein, dextrin, tween, branched polyethyleneimine (BPEI), and Gum
Arabic stabilize NMs by steric mechanisms (El Badawy et al., 2012;
Lodeiro et al., 2016; Lin et al., 2012). For instance, the CCC
values of Ag NMs with different capping agents follow the trend
citrate ~ alginate ~ SDS b casein b dextrin b PVP b tween b BPEI ~ gum
Arabic (Tables S1 and S2).

Additionally, surface coverage by capping agent plays an important
role in determining the stability of NMs. For instance, the CCC of mono-
valent counterions for PVP-Ag NMs increase with the increase in PVP
molecules available to coat the surface of Ag NMs. High capping agent
concentrations result in complete coverage of NM surface and thus full
steric stabilization, whereas lower capping agent concentrations may
result in partial surface coverage and thus electrosteric stabilization
(e.g. partial steric stabilization of Ag NMs) (Afshinnia et al., 2017). In-
creased concentration of human serum albumin (HSA) protein resulted
in a reduced attachment efficiency of citrate-Ag NM in K2SO4 electro-
lyte. The attachment efficiency decreased with increasing HSA concen-
tration until the attachment efficiency reached zero which coincided
with the HSA concentration required to form a monolayer on the sur-
face of Ag NMs, providing full steric stabilization (Gebauer et al.,
2012). Similarly, increased concentration of guar gum (a natural, neu-
trally charged, nonionic, water-soluble polysaccharide; 0 to 4.0 g L−1)
enhanced the stability of zero valent iron NMs (1.5 g L−1); that is result-
ed in decreased aggregate size (ca. from 500 to 200 nm) (Tiraferri et al.,
2008).

Some studies reported CCC for PVP-coated Ag NMs approaching
those of electrostatically stabilized Ag NMs (Huynh and Chen, 2011;
Zhang et al., 2012b; El Badawy et al., 2012), which can be attributed to
the partial surface coverage of Ag NMs by PVP molecules (Afshinnia et
al., 2017). These observations highlight the importance of characteriz-
ing the surface coverage of NMs by the capping agent.

6. Concluding remarks

This review highlights the role of NM and medium physicochemical
properties in controlling NM aggregation kinetics (e.g. α and CCC).
These factors are interdependent, rendering it complex to disentangle
the correlation between an individual property and NM aggregation ki-
netics. We found that no singlematerial or media property was a deter-
mining factor that control NM aggregation; rather a combination of
various material and media physicochemical properties needs to be
considered to predict NM aggregation behavior. Correlations between
CCC and NM or media property are observed only when all other prop-
erties remain constant. Some trends are outlined below for electrostat-
ically-stabilized:

• The CCC increase with the decrease in Hamaker constant, if all
other NM properties and media properties are kept constant;
Hamaker constant is determined by NM composition and generally
follow the order Au N TiO2 N CeO2 N Ag ≈ Al2O3 ≈ iron
oxides N ZnO N B ≈ SiO2. Nonetheless, surface functionalization (ca.
by citrate, PVP, and humic substances) decreases the Hamaker con-
stant, and thus increases, the CCC of NMs, if all other NM and media
properties are kept constant. Yet, surface functionalization of NMs
could increase, or decrease their surface charge and therefore might
increase, or decrease the CCC irrespective of the influence of surface
coating on the Hamaker constant.

• Crystal structure affects NM stability by determining NM Hamaker
constant and surface charge (zeta potential).

• The CCC of Ag and Au NMs increases with the decrease in NM size at a
fixed surface (zeta) potential. This trend is likely to apply for other
types of NMs, but no data is currently available to generalize this con-
clusion for all types of NMs. For variable NM surface (zeta) potential,
the CCCmight increasewith the increase in NMsize, ormight be inde-
pendent of NM size, depending on the change in NM surface charge as
a function of their size.

• For a polydispersed NM suspensions (ca. Ag and Au), larger NMs ag-
gregate in DLA regime at lower electrolyte concentration compared
with smaller NMs, if all size fractions have the same surface charge
(zeta potential).

• Counterion complexation can result in an antagonistic effect e.g. in-
creased CCC values due to reduction in the counterion valence (e.g.
Al3+ to AlSO4

+),
• The CCC is independent of NM concentration for pure electrostatic in-
teractions. However, in the presence of chemical constituents of high
affinity to NMs (e.g. Ag NMs in the presence of cystine, carbonate and
phosphate anions) that chemisorb on the surface of NMs, the CCC is
NM concentration-dependent.

• The CCC of Ag NM increases with the decrease in buffer (e.g. phos-
phate and carbonate) concentration. This trend is likely to apply for
other NMswith high affinity to buffers/ligands due to specific sorption
of these buffers/ligands on the surface of NMs and thus alteration of
surface (zeta) potential.

• The CCC for Ag NMdecreaseswith light irradiation due to degradation
of surface coating and reduction of the magnitude of surface charge.

• The CCC (ca. for CeO2) increase with the decrease in temperature due
to decrease in the magnitude of zeta potential.

• Other NM andmedia physicochemical properties such as surface area,
surface roughness, morphology and surface facets, heterogeneity of
chemical composition and surface structure, impurities, dissolved ox-
ygen, also affect the CCC, but, based on the available data in the liter-
ature, no general trend can be stated at this stage.

Fully coated, sterically stabilized NMs do not aggregate even in high
ionic strength solutions. However, the stability (or CCC) of partially
coated NMs decreaseswith the decrease in surface coverage by the cap-
ping agent. Also, sterically stabilized NMs can be destabilized by surface
coating replacement, rendering such particles subject to aggregation.

Clearly, the stability of NMs is a complex issue that cannot be
described by an individual parameter such as ionic strength, or concen-
tration of NOM, that has been the focus of a significant number of
studies in the literature. NM stability is rather determined by a combi-
nation of NM and medium physicochemical properties. Chemical
interactions of NMs with water constituents such as buffer, anions,
cysteine, etc. play an equally important role in controlling the stability
of NMs, especially at environmentally relevant NM concentrations
(ca. ng to μg L−1 range).

Although a significant progress has beenmade in the understanding
NM stability, there is still a need for systematic experimental studies es-
pecially on the effect of NM and medium physicochemical properties,
and the interplay between these factors in order to develop more com-
prehensive predictivemodels to estimate NM aggregation kinetics (CCC
and α) based on water chemistry and NM physicochemical properties
and to further validate the trends summarized above.
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Abbreviations

NMs nanomaterials
CCC critical coagulation concentration
α attachment efficiency
W stability ratio
PVP polyvinylpyrrolidone
BPEI branched polyethyleneimine
EPM electrophoretic mobility
MOPS 3-Morpholinopropanesulfonic acid
TEA Triethanolamine
DO Dissolved oxygen
SSA specific surface area
HSA human serum albumin
GA gum Arabic
RLA reaction limited aggregation
DLA diffusion limited aggregation
pHPZC point of zero charge
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