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ABSTRACT

More and more attention has been paid to the aggregation behavior of nanoparticles, but lit-
tle research has been done on the effect of particle size. Therefore, this study systematically
evaluated the aggregation behavior of nano-silica particles with diameter 130-480 nm at dif-
ferent initial particle concentration, pH, ionic strength, and ionic valence of electrolytes. The
modified Smoluchowski theory failed to describe the aggregation kinetics for nano-silica
particles with diameters less than 190 nm. Besides, ionic strength, cation species and pH all
affected fast aggregation rate coefficients of 130 nm nanoparticles. Through incorporating
structural hydration force into the modified Smoluchowski theory, it is found that the rea-
son for all the anomalous aggregation behavior was the different structural hydration layer
thickness of nanoparticles with various sizes. The thickness decreased with increasing of
particle size, and remained basically unchanged for particles larger than 190 nm. Only when
the distance at primary minimum was twice the thickness of structural hydration layer, the
structural hydration force dominated, leading to the higher stability of nanoparticles. This
study clearly clarified the unique aggregation mechanism of nanoparticles with smaller size,
which provided reference for predicting transport and fate of nanoparticles and could help
facilitate the evaluation of their environment risks.

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

Solid particles are ubiquitous in aquatic environments,
including natural minerals, metal oxides and carbon

materials (Ivani¢ et al., 2020; Zaouri et al., 2017; Zhang et al.,
2019). Among them, nanoparticles attract more and more
attention because of their unique nature. Due to smaller
size and larger specific surface area, nanoparticles are prone
to adsorb heavy metals, pesticides, polycyclic aromatic hy-
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drocarbons, polychlorinated biphenyls and natural organic
matters (Adeleye et al, 2018; Liu et al, 2018; Wang et al,,
2018; Zhang et al., 2020), which cannot only reduce biological
degradation rates of the hazardous pollutants, but also affect
the bioavailability and toxicity of the pollutants to aquatic
organisms (Combarros et al., 2016; Liu et al., 2019). Moreover,
nanoparticles can be ingested mistakenly by various aquatic
organisms, such as fungi, shrimp and zebrafish, leading to
growth inhibition, morphological abnormalities and even
mortality (Kansara et al., 2019; Lish et al., 2019; Wang et al,,
2020). Therefore, it is imperative to explore the transport and
behavior of nanoparticles in aquatic environments.

Nanoparticles would inevitably undergo aggregation once
released into aquatic environments due to Brownian motion,
which could directly influence their environment fate and
ecological risks (Yan et al.,, 2019). It was reported that the ag-
gregate size of nanoparticles could influence the bioavailabil-
ity to microorganisms and the sorption capacity for organic
contaminants (French et al., 2009; Zhang et al., 2013). The
collisions between nanoparticles yield primary flocs, whose
morphology and structure impact the treatment efficiency
of coagulation and membrane processes (Chekli et al., 2013;
Jarvis et al., 2005). Hence, the aggregation behavior and sta-
bility of nanoparticles should be investigated. In general, the
stability of colloidal suspension is characterized by the classi-
cal theory of Derjaguin, Landau, Verwey and Overbeek (DLVO)
(Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). The
DLVO theory considered particle interaction as a superposi-
tion of inter-particle electrostatic repulsion and van der Waals
(vdW) attraction, which successfully interpreted the aggrega-
tion behaviors of colloidal particles in aquatic environments.
The critical coagulation concentration (CCC) divided the ag-
gregation process into two regimes, namely slow aggregation
regime and fast aggregation regime (Russel et al., 1989). Later,
the Smoluchowski theory was used to describe the kinetic
process between two spherical particles in the fast aggrega-
tion regime, in which the surface charges were screened off
by highly concentrated electrolyte ions with the vdW attrac-
tion being the only interaction force (Derjaguin, 1940). Based
on the theory, the fast aggregation rate coefficient was pre-
dicted to be a constant (6.16 x 1018 m3/sec at temperature
(T) = 25°C), independent of particle size, solution pH and
other parameters (Von Smoluchowski, 1917). However, sub-
sequent researches discovered that the real aggregation rate
coefficients were approximately half of the theory’s predic-
tion (Holthoff et al., 1996; Zhou et al., 2014). This discrepancy
were successfully explained by the modified Smoluchowski
theory, which incorporated hydrodynamic resistances into the
inter-particle interaction force besides electrostatic repulsion
and vdW attraction. The fast aggregation rate coefficient pre-
dicted by the modified Smoluchowski theory was revised as
3.49 x 1078 m3/sec (at T = 25°C), which was still indepen-
dent of particle size and solution chemistry (Honig et al., 1971;
Spielman, 1970).

Nevertheless, the modified Smoluchowski theory was
noted to fail to predict the fast aggregation rate coefficient
of nanoparticles under certain circumstances. For instance,
Higashitani et al. (2017) experimentally confirmed that the
fast aggregation rate coefficients of nano-silica with different
diameters were affected by particle sizes. When the particle

size was less than 300 nm, the nanoparticles would experi-
ence fast aggregation rate coefficient deviating from the mod-
ified Smoluchowski theory, with the deviation being greater at
the smaller particle size. In particular, the 50 nm nano-silica
would have a fast aggregation rate coefficient four orders of
magnitude lower than the theoretical prediction. A study by
Kobayashi et al. (2005) showed that the fast aggregation rate
coefficients of 30-80 nm silica particles depended not only on
particle size but also on solution’s pH and ionic strength. It
was revealed that the coefficient was a constant at pH 6-12 but
was a function of pH at other conditions. The anomalous vari-
ations of fast aggregation rate coefficient were also reported in
other studies (Adachi et al., 1994).

Previous investigations indicated that nanoparticles would
have unique aggregation mechanism when the particle size
below a certain value, but the reason was not elucidated
clearly. Therefore, it is necessary to explore the impact of par-
ticle size on nanoparticles’ aggregation behavior. However, to
the best of authors’ knowledge, limited information has been
reported. Although direct surface force measurement con-
firmed the presence of a structural hydration layer on the min-
eral surface (Kilpatrick et al., 2013; Reischl et al., 2019), its af-
fection on the mineral particles with different sizes is still un-
available. Moreover, how the structural hydration layer thick-
ness changes with the external conditions also remains am-
biguous.

Therefore, nano-silica was selected as a model mineral
nanoparticles due to its universality and spherical shape
(Liu et al., 2011). This study performed systematical inves-
tigation on aggregation behavior of nano-silica with diam-
eters 130480 nm at pH 9-11 under different initial parti-
cle concentration, ionic strength and ionic valence of elec-
trolytes. Through comparing variation of aggregation rate co-
efficients under different conditions, the formation mecha-
nism of structural hydration layer was explored. Consider-
ing the repulsion of structural hydration layer, a new model
was established based on the modified Smoluchowski the-
ory. Based on the model, the thickness of structural hydration
layer as a function of particle size was acquired and the effect
of pH and cation species on fast aggregation rate coefficients
were successfully interpreted. By comparing the thickness of
structural hydration layer and the distance at the primary
minimum, the unique aggregation mechanism of nanoparti-
cles was illuminated. This study provided theoretical founda-
tion for assessing transformation, fate and the ecological risks
of nanoparticles in aquatic environments.

1. Materials and methods
1.1. Chemicals

Sodium hydroxide (NaOH), hydrochloric acid (HCl), sodium
chloride (NaCl), barium chloride dihydrate (BaCl,-2H,0) and
lanthanum (III) chloride hydrate (LaCl;-xH,0) were all ob-
tained from Sinopharm Chemical Reagent Co., Ltd., China.
NaCl (4 mol/L), 20 mmol/L BaCl,:2H,0 and 10 mmol/L
LaCls-xH,0 were prepared as stock solutions. All the reagents
used in this study were analytical grade and Milli-Q water was
used to be the solvent in all solutions.
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1.2.  Preparation of silica suspensions

Nano-silica was purchased from Aladdin, China. The density
of the silica particles, provided by producer, is 2.2 g/cm?3. Many
articles directly bought silica suspensions with different di-
ameters from the manufacturers, which could inevitably have
the influence of surfactants. Therefore, in this study, a nat-
ural way of hydraulic screening was used to obtain different
size distribution of silica suspensions. Nano-silica (25 g) was
dispersed in 5 L deionized (DI) water in a high-speed blender.
After blending at 4000 r/min for 30 min, various volume of 1
mol/L NaOH was added to the solution to increase the dis-
persion of nanoparticles and stirred magnetically for one day.
According to the Stokes formula, the sedimentation speed of
particles with different diameters are diverse (Miyahara et al.,
2002). Therefore, after different days’ sedimentation, the su-
pernatant at different heights was decanted and retained. For
example, a 130 nm diameter particle would settle 10 mm for
10 days while a 480 nm diameter particle would settle about
26 mm for 2 days. Its solid content was measured by gravime-
try method (Sun et al., 2019) and the volume average diam-
eters of particles were measured by dynamic light scattering
(DLS, Zetasizer Nano ZS90, Malvern, UK). Using this method,
eight kinds of nano-silica suspensions with different particle
diameters (130, 140, 150, 160, 190, 270, 330 and 480 nm) were
obtained. The size distribution of the eight suspensions were
shown in Appendix A Fig. S1. The polydispersity index (PDI)
of the eight suspensions were around 0.10, respectively. Since
the difference of PDI is not significant, the influence of dis-
persion on the aggregation rate coefficient could be excluded
(Zhang et al., 2011).

1.3.  Aggregation kinetics

Lips and Willis (1973) developed a method to determine the
value of absolute aggregation rate coefficient of monodis-
perse spherical sols by using low angle light scattering tech-
nique. Mie functions and Rayleigh-Gans-Debye (R-G-D) theory
were used to describe the light scattering properties of single
spheres and an inter-particle interference term, respectively.
It was found that the intensity of scattered light was inde-
pendent of the shape of aggregates when the scattering angle
was near zero. Therefore, the change in the intensity of scat-
tered light at a low angle was increased linearly with time and
further an unambiguous value of the coagulation rate coeffi-
cient could be obtained from the measurement of the slope,
as shown in the following equation.

(I(t) — 1(0))/1(0) = 2KNot (€

where I(t) (cd) and I(0) (cd) is the intensity of scattered light at
time t and 0, K (m3/sec) is the value of aggregation rate coeffi-
cient, Ny (particles/m3) is the total initial number concentra-
tion of particles, which is determined by the particle size and
the dry weight of particles in suspensions and t (sec) is the
elapsed time.

A laser diffraction instrument (Mastersizer 2000, Malvern,
UK) operating with a He-Ne laser at a wavelength of 633 nm
was used to detect the change of scattered light intensity at
the scattering angle of 0.0144°. Only the early stage aggrega-

tion kinetics was evaluated by measuring the initial rate at
which scattered light intensity varies over time. One of the re-
sult was set as an example and shown in Fig. S2. The scattered
light intensity did change linearly with time. With increasing
the ionic strength, the slope increased as well.

Equal volume of silica and electrolyte solutions were filled
in 100 ml glass beaker and then pumped into the Mastersizer
through optical unit and then backed to the beaker by a peri-
staltic pump. Intensity measurements were taken every 6 sec
for the duration of aggregation. A small sample was taken im-
mediately after 2 min mixing for the determination of zeta
potential (Zetasizer Nano ZS90, Malvern, UK). Parallel exper-
iments with at least three times were took out to avoid the
occurrence of errors. All the tests were conducted at 25°C.

2. Results and discussion

2.1. Effect of particle size on fast aggregation rate
coefficients

Fig. 1 shows the aggregation rate coefficients for nano-silica
with different particle sizes at high (1.85 x 10" particles/m?)
and low (1.85 x 10 particles/m?) initial particle concentra-
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Fig. 1 - Aggregation rate coefficients for silica of different
diameters as a function of NaCl concentration at pH 10 with
initial particle concentration of (a) 1.85 x 107 particles/m3
and (b) 1.85 x 10%® particles/m3.
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tions. No aggregation was occurred at pH inferior to 9, so the
pH was set at 10 herein. The details of the pH effect would
be discussed in Section 2.4. At high initial particle concentra-
tion (Fig. 1a), the aggregation rate coefficients were increased
with ionic strength until the ionic strength reached the CCC.
This finding conformed to the DLVO theory that assumed an
electrolyte-stimulated aggregation transformed from the slow
regime to the ultimate fast regime at CCC. As shown in Fig. S3,
in the slow aggregation regime, electrostatic repulsion played
a dominant role, preventing particles from colliding with each
other. As the electrolyte concentration increased, the charges
on particles’ surfaces were neutralized and the electrostatic
repulsion was almost shielded in the fast aggregation regime.
However, as the particle size reduced, the transition became
unconspicuous, which meant the DLVO theory might not be
able to comprehensively describe the stability of nanoparti-
cles with smaller size. In addition, with the decrease of the
particle size, the value of CCC increased gradually. The fore-
mentioned phenomena were also discovered at low initial
particle concentration (Fig. 1b). Comparing the effect of ionic
strength variation on aggregation rate coefficients, at low ionic
strength (1 mol/L NaCl), the aggregation rate coefficients of
all particle sizes at low initial particle concentration were all
lower than that at high initial particle concentration. While at
high ionic strength (2.2 mol/L NaCl), only the particles with
size over 190 nm presented less fast aggregation rate coef-
ficients than that at high initial particle concentration. This
observation indicated that both the particle size and parti-
cle concentration significantly affected aggregation rate co-
efficients in the reaction-controlled regime; but the former
predominated aggregation process in the diffusion-controlled
regime.

The fast aggregation rate coefficients of nano-silica par-
ticles with different diameters in 2.2 mol/L NaCl solution
at pH 10 were shown in Fig. 2. It was obvious that both
the Smoluchowski theory (Derjaguin, 1940) and the mod-
ified Smoluchowski theory (Spielman, 1970) failed to de-
scribe the aggregation kinetics for the studied nano-silica
particles. Hatton et al. (1974) also discovered the similar re-
sult. At high initial particle concentration (green rectangle
in Fig. 2), the fast aggregation rate coefficients were higher
than the theory value (3.49 x 108 m3/sec) at particle size
over 190 nm. The classical Smoluchowski theory was used
to describe the collision process between two spherical par-
ticles in a dilute solution (Adachi et al., 1994). Therefore, as
the solution concentration increased to a certain level, multi-
collisions among particles of various sizes or the collisions
between clusters could occur even in the early state of co-
agulation, resulting in the higher aggregation rate coefficient
(Hatton et al., 1974). The similar finding has also been discov-
ered by Adachi (1995) that as the initial particle concentration
higher than 10'* particles/m3, the aggregation rate coefficient
was higher than the theory value. Conversely, at particle size
below 190 nm, the fast aggregation rate coefficient was lower
than the theory, and the degree of deviation increased with
the decrease of particle size. At 130 nm particle size, the ag-
gregation rate coefficient was one order of magnitude lower
than the theoretical prediction value. At low initial number
concentration (red cycle in Fig. 2), the fast aggregation rate
coefficients with particle size larger than 190 nm were con-
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Fig. 2 - Fast aggregation rate coefficient as a function of
particle size. Silica particles in 2.2 mol/L NaCl solution at
PH 10. Blue solid line: Ky (fast aggregation rate coefficient)
from Smoluchowski theory; Black solid line: Kg from
modified Smoluchowski theory; Carmine solid line: Kg
fitted by the new model; Green rectangle and red cycle:
initial particle concentration of 1.85 x 10'7 and 1.85 x 10%°
particles/m3, respectively.

sistent with the modified Smoluchowski theory values. How-
ever, deviation also occurred as the particle size was less than
190 nm.

In brief, the modified Smoluchowski theory failed to de-
scribe the aggregation kinetics for nano-silica particles with
diameter less than 190 nm regardless of the initial parti-
cle concentration. There must be additional repulsive forces
causing the fast aggregation rate coefficient to deviate from
the theoretical value. Previous studies indicated that the
structural hydration layer existing on the particle’s surface
could behave like a cushion to prevent particles colliding
(Elimelech and O’Melia, 1990). Furthermore, the effects of
structural hydration layer on the aggregation rate coeffi-
cient would be enhanced if the thickness ratio of hydra-
tion layer to the particle size increased (Kobayashi et al,,
2005). Consequently, due to the smaller size of nanoparti-
cles, the effect of structural hydration layer is obvious, lead-
ing to the larger deviation from the theoretical value. As
the particle size increases, the influence of structural hydra-
tion layer gradually decreases, as a result, the fast aggrega-
tion rate coefficient is basically unchanged. As for the appro-
priate initial particle concentration, the value of the coeffi-
cient can be observed to be consistent with the theoretical
value.

2.2. Unique aggregation mechanism of nanoparticles
with smaller size

To clarify the phenomena mentioned above and to explore
the aggregation mechanism of nanoparticles, the short-range
structural hydration layer repulsive force was incorporated to
the modified Smoluchowski theory (Fuchs, 1934) in this sec-
tion. The conjecture of structural hydration layer on particles’
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Fig. 3 - Schematics of the hypothesis of structural hydration layer. Solid sphere: silica; light blue annulus: structural
hydration layer. The surface potential originated on the structural hydration layer and water interface. a, d, and h refer to the
radius of particles, the thickness of structural hydration layer and the separation distance between particle surfaces,

respectively.

surface was shown in Fig. 3. In the schematic, a (m) is the ra-
dius of particles, h (m) is the separation distance between par-
ticle surfaces and d (m) the thickness of structural hydration
layer. The new formula for calculating the aggregation rate co-
efficient is shown below.

2kgT

= B(h=2d) exp ((Va (h)+VR (1—2d)+Vs (h))/RpT)
J5i 3ua LG dh

X (l—exp (%)) 2

where kg (J/K) is the Boltzmann constant, T (K) is the absolute
temperature, p (Pa-sec) is the dynamic viscosity of water, g(h-
2d), h, Va(h), Vr(h-2d), Vs(h), a, d, and Vi, (J) refer to squeez-
ing flow coefficient, the separation distance between particle
surfaces, van der Waals (vdW) attraction, electrostatic repul-
sion, structural hydration layer repulsion, the radius of parti-
cles, the thickness of structural hydration layer and the min-
imum value of the total force between two particles, respec-
tively. Considering the repulsive nature of structural hydration
layer, the depth of the primary minimum would be so shallow
that re-dispersion of small particles might occur, leading to
the decrease of fast aggregation rate coefficient. Therefore, a
coefficient (1-exp (Vomin/(ksT))) is introduced to modify the ef-
fect of re-dispersion (Richmond and Smith, 1975).

B(h-2d) is the coefficient for the effect of squeezing flow be-
tween colliding particles. Reports stated that the structural
hydration layer behaved like a rubber (Donose et al., 2005;
Skvarla, 2013), therefore it’s plausible to assume that the fluid
flow cannot penetrate into the layer of h < 2d. The expression
is shown as Eq. (3) (Honig et al., 1971).

6(h — 2d)* + 13a(h — 2d) + 2a2

plh—2d) = 6(h — 2d)’ + 4a(h — 2d)

(3)

The interaction forces between particles consist of three
parts: vdW attraction Va(h) (J), electrostatic repulsion Vg(h-
2d) (J) and structural hydration layer repulsion Vg(h) (J). The
surface potential is assumed to originate on the water and
structural hydration layer interfaces rather than the silica and
structural hydration layer interfaces. Therefore, V, is on the h
scale, while Vg is on the h-2d scale. The expressions are shown

as follows (Hamaker, 1937; Skvarla, 2013):

Al 242 202 h? + 4ah
Va(h)=-— + +1n 4
alh)=-¢ (hz +4ah  (h+2a) ((h+2a)2>> “
where A (J) is the Hamaker constant, and the value of

A is taken as 8.3 x 1072! ] for silica particles in water
(Higashitani et al., 2017).

Vr(h — 2d) = 27g0erapo? In (1 + exp (—« (h — 2d))) (5)

1000e2N,a °; Zi%M;
K=,|—""7""7FT7" "—"——
eoerkpT

(6)

where ¢ (F/m) is the dielectric constant of free space, ¢, is the
relative permittivity of the solution, ¢, (V) is the surface po-
tential which is usually replaced by zeta potential and « (m~1)
is the inverse Debye screening length of diffuse layer around
the spherical particles in the electrolyte solution. In Eq. (6), e
(C) is the elementary electron charge, N (mol~1) is Avogadro’s
numbetr, Z; is ion valence and M; (mol/L) is electrolyte molar-

ity.
Vs = warVy exp (—h/1) (7)

where Vj (J/m?) and A (m) are arbitrary fitting parameters. Here
Vo = 2 mJ/m? and A = 0.45 nm were used.

The revised model described aggregation behavior of
nanoparticles with different particle size well, as shown in
Fig. 2 (the carmine line). Through the model, the thickness
of structure hydration layer under different conditions was
obtained and two distinct features can be observed (Table 1):
(1) the thickness of structural hydration layer was 11 nm for
130 nm particle, which was decreased to 5 nm for 190 nm
particle. For particles with diameters larger than 190 nm, the
thickness of structural hydration layer approaches a constant
(4.5 nm for the 480 nm particle). This result indicated that the
effect of particle size on aggregation behavior of nanoparticles
was essentially due to the different thickness of structural hy-
dration layer. As far as the authors know, this is the first time
to quantitatively propose the thickness of structural hydra-
tion layer with different particle sizes. It was noticeable that
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Table 1 - Experimental conditions and the results of calculation deduced by fitting with experimental data.

Particle size (nm) Fast aggregation rate coefficient (m3/sec) Thickness of structural hydration layer (nm) Distance at primary minimum (nm)

130 3.64 x 107° 11.0
140 5.22 x 10719 8.5
150 7.50 x 10%° 7.5
160 9.44 x 1010 6.5
190 1.57 x 10718 5.0
270 1.61 x 10718 5.6
330 2.09 x 10718 5.6
480 3.21 x 10718 4.5

the thickness estimated (4.5-11 nm) was in accordance with
that proposed by Bitter et al. (2013) (5-10 nm), who used total
internal reflection microscopy to obtain the potential energy
profile of silica at pH 10, which indicated that the thickness of
structural hydration layer proposed in this study had credibil-
ity. (2) For particles with diameters less than 190 nm, distance
at the primary minimum was exactly twice the thickness of
structural hydration layer, while that of the particles larger
than 190 nm was more than twice. Coincidently, 190 nm was
also the inflection particle size, whose fast aggregation rate
coefficient began to deviate from the theoretical value. This
observation revealed that although nanoparticles with differ-
ent particle sizes all have structural hydration layer on sur-
faces, only when the structural hydration layer thickness was
exactly half of the distance at primary minimum, nanopar-
ticles aggregation behavior would be affected obviously by
structural hydration force. However, in the model proposed by
Higashitani et al. (2017), the thickness of structural hydration
layer was acquiescent as half of the distance at primary min-
imum, indicating that the model proposed in this study was
more applicable and accurate.

2.3.  Effect of cation species on fast aggregation rate
coefficients

To further investigate the impact of structural hydration layer
on different particle sizes under various conditions, nano-
silica particles of diameter 130 and 270 nm, which was
less and greater than the critical diameter 190 nm noted in
Section 2.1, were selected for the detailed experiments. Litera-
ture results demonstrated that the charge and polarizability of
the interface and surrounding ions, ion valences and concen-
tration all played important roles in determining the nature
and magnitude of structural hydration layer (Pashley, 1981).
Therefore, the aggregation rate coefficients at different con-
centrations of electrolytes with different cations were investi-
gated and the results were shown in Fig. 4.

For 270 nm silica particles, the dependence of ionic
strength on aggregation rate coefficients conformed with the
DLVO theory (Fig. 4a) and the fast aggregation rate coeffi-
cients of nano-silica particles in presence of three electrolytes
were almost the same when the electrolytes concentration
reached the CCC. Additionally, the CCC of NaCl, BaCl, and
LaCl; were 1000, 10 and 2 mmol/L, respectively, suggesting
multivalent cations were more effective than monovalent
cations in screening the charge on nanoparticles. The CCC for
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ions with different valences were proportional to z—® to z=2 (z
is the cation valence), following Schulze-Hardy rule (Cao et al.,
2015).

Comparison between Fig. 4a and b demonstrated the fol-
lowing distinct aggregation kinetics characteristics for the
smaller particles (130 nm): (1) the change of aggregation rate
coefficients with ionic strength did not accord with DLVO
theory. As the ionic strength further increased, aggregation
rate coefficients were decreased rather than remaining con-
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Table 2 - Hydrated radius and hydration Gibbs free energy

of cations.

Cation Hydrated radius (A) Hydration Gibbs free energy (kj/mol)

Na* 3.58 —365
Ba?* 4.04 —1250
La+ 4.52 —3145

stant; (2) For the three kinds of electrolytes, the fast aggre-
gation rate coefficients were different, the order was LaCls
> BaCl, > NaCl. The former difference was because struc-
tural hydration repulsion between nanoparticles was more
obvious at high ionic strength. Several reports also discovered
the same phenomenon. For instance, Elimelech (1990) found
that the attachment efficiency of 46 nm latex particles exhib-
ited a maximum at 10 mmol/L CaCl,, while as the concen-
tration was larger than 10 mmol/L, the attachment efficiency
decreased, indicating an apparent increase of repulsion with
ionic strength. Healy et al. (1978) also proposed that the in-
creased ionic strength enhanced the repulsion forces by the
structural hydration layer so the aggregate rate coefficient was
reduced. If two particles can approach each other by screen-
ing off the long-range electrostatic interaction using high ionic
strength, then the repulsive interactions between structural
hydration layers on the two particles surfaces can be predom-
inant to limit aggregation (Bitter et al., 2013). As shown in
Table 2 (Marcus, 1994; Nightingale, 1959), the hydrated radii
and hydration Gibbs free energy of three cations follow the
order of La®* > Ba?* > Na*. However, the structural hydra-
tion layer thickness for 2 mol/L NaCl, 10 mmol/L BaCl, and
1.5 mmol/L LaCl; were calculated as 32, 10 and 5 nm, respec-
tively, in the order of La3*t < Ba?t < Na*t. Consequently, the
influence of cation species on fast aggregation rate coefficient
was the result of synergistic effect of ionic physical properties
and ionic strength (Xu et al., 2019), resulting in the various fast
aggregation rate coefficients.

2.4.  Effects of solution pH on fast aggregation rate
coefficients

According to the DLVO theory, when the pH is higher than the
point of zero charge (PZC), increasing pH value would make
the particle surface more negative so the aggregation rate co-
efficient would drop. Conversely, Higashitani et al. (1990) and
this study observed no aggregation for nano-silica particles
(with a PZC at around 2-3) at pH inferior to 9. Similar find-
ing has also been discovered by Kobayashi et al. (2005) that no
aggregation could be detected at pH inferior to 6. The discrep-
ancy may be caused by the different size and surface proper-
ties of the silica used. The stronger repulsion at lower pH could
be attributed to the adsorption of hydroxyls onto the particle
surface. As in the lower pH, the silanol groups on silica surface
could be so hydrophilic that it formed a thick structural layer
of adsorbed water molecules (Iler, 1979). When pH was above
9, the dissociation of silanol groups reduced the thickness of
the structural hydration layer, so aggregation could occur.
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Fig. 5 - Aggregation rate coefficient as a function of NaCl
concentration and pH with the initial particle concentration
of 1.85 x 107 particles/m3. (a) Diameter 270 nm; (b)
diameter 130 nm.

To further investigate the influence of pH on aggregation
behavior of nanoparticles with different particle size, mea-
surements were carried out at different alkaline conditions,
as shown in Fig. 5. By comparing nano-silica particles’ aggre-
gation rate coefficients with diameter 270 nm (Fig. 5a) and
130 nm (Fig. 5b), a few differences were observed: (1) as noted
in previous section, the fast aggregation rate coefficients of
nanoparticle with 130 nm diameter were lower than those
with 270 nm diameter; (2) the fast aggregation rate coefficient
was slightly increased with pH value, especially for the 270
nm silica. As shown in Fig. S4, the zeta potentials of 270 nm
silica at pH 9 were higher than those at pH 10 and 11 in the
diffusion-controlled regime, while the zeta potentials of 130
nm silica were almost the same under the three pH values,
which was not consistent with the change of fast aggregation
rate coefficients, indicating that electrostatic repulsion was
not dominant. Therefore, the deprotonation degree of silanol
groups on silica surfaces would be enhanced to make surface
more hydrophobic when the solution became more alkaline,
corresponding to the noted promotion of aggregation rate co-
efficients. The differences between 270 and 130 nm particles
can also be successfully interpreted by the theory that the ac-
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tion of structural hydration layer was stronger for the smaller
nanoparticles.

One interesting finding was that, regardless of the particle
size, the fast aggregation rate coefficients at pH 11 were lower
than those at pH 10. The zeta potentials for 270 and 130 nm
silica in the diffusion-controlled regime at pH 10 were not sig-
nificant different with those at pH 11 (Fig. S4), which indicated
that the impact of electrostatic repulsion could be excluded.
Then there were two possible mechanisms can correspond to
the difference of fast aggregation rate coefficients. The first
was the dissolution of silica. Previous studies indicated that
silica would rapidly dissolve in solutions of high pH, caus-
ing gel-like layers form covered with re-precipitated polysilicic
acid chains (Iler, 1979; Tanaka and Takahashi, 1999). The short
flexible polymer-like segments of polysilicic acid chains an-
chored to the surface. A mathematical model was proposed
for the swelling degree of polymer in 1991, which predicted
that as long as the pH of external solution was higher than
the dissociation constant of ionizable groups on the polyelec-
trolyte, a sharp increase in swelling would occur (Brannon-
Peppas and Peppas, 1991). Similarly, when solution pH ex-
ceeded the dissociation constant of silanol groups on silica
surface (pKa1 = 9.77) (Iler, 1979), the structural hydration layer
would swell. The calculated results of structural hydration
layer thickness also verified the conjecture. For 130 nm nano-
silica, when the concentration was 2 mol/L NacCl, the thickness
of structural hydration layer at pH 11 was 11 nm thicker than
that at pH 10. Another possible mechanism was the formation
of hydrogen bonding. McNamee and Higashitani (2015) ap-
plied AFM to detect the surface force of silica particles and
found that the adhesion force was increased distinctly in al-
kaline solution. Moreover, Fuji et al. (1999) revealed that hy-
drogen bonding was the dominant component of the adhe-
sion force between silica surfaces with a high silanol density.
Therefore, it can be assumed that at high pH, hydrogen bonds
between hydroxyls and silanols on the silica surface would
form, whose formation weaken the role of vdW attraction and
increased the energy barrier between particles, resulting in a
decrease of fast aggregation rate coefficient.

According to the above experiments, the formation mech-
anism of structural hydration layer is water molecules or hy-
drated counterions adsorption. For the nanoparticles with
smaller size, ionic strength, ionic valence and pH can influ-
ence the thickness of structural hydration layer, resulting in
the change of fast aggregation rate coefficient. The results in
Sections 2.3 and 2.4 proved the applicability and feasibility of
the model proposed in Section 2.2.

2.5. Implementation to practice

Based on this study, the unique aggregation mechanism of
nanoparticles with smaller size is that the structural hydra-
tion force is dominant. Due to the higher stability, longer
migration distance and easier to be captured by organisms,
nanoparticles with smaller size have higher potential risks
to aquatic environments. Previous researches discovered not
only most natural minerals, but also biological materials such
as lipid bilayers, DNA, humic acid and protein all have struc-
tural hydration layer on the surfaces (Kuchuk and Sivan, 2018;
Pattni and Heyden, 2019; Stachura et al., 2019; Xu et al., 2019).

Therefore, the formation mechanism of structural hydration
layer and the influence of which on nanoparticles with differ-
ent particle size were investigated in this study, which pro-
vided the theoretical foundation for predicting and assessing
the fate and risk of biological materials in aquatic environ-
ments.

In addition, specific treatments can be designed to remove
nanoparticles with structural hydration layer. For instance,
in the traditional coagulation treatment, different coagulants
are added to make particles cross the energy barrier and ag-
gregate at the primary minimum. While due to the domi-
nation of structural hydration layer repulsion for nanoparti-
cles, the values of the secondary energy minimum are small
(Zhang et al., 2012), which makes it possible for the nanoparti-
cles successfully aggregate at the secondary minimum by re-
ducing the hydrodynamic shear rate with smaller amount of
coagulant (Wang et al., 2019). What’s more, flotation treatment
of nanoparticles is limited because of the low probability colli-
sion of nanoparticles and bubbles (Zhang and Guiraud, 2017).
Since the structural hydration layer is hydrophilic, adding sur-
facant to modify the surface of bubbles to be hydrophilic can
achieve efficient removal of nanoparticles.

3. Conclusions

This study systematically investigated the influence of par-
ticle size on the aggregation behavior of nanoparticles un-
der different initial particle concentration, solution pH, ionic
strength and ionic valence. The DLVO theory can well de-
scribe the fast aggregation rate coefficients of nanoparticles
with larger than 190 nm diameter at appropriate initial par-
ticle concentration. Whereas the fast aggregation rate coef-
ficients of nanoparticles with smaller than 190 nm diameter
were obviously lower than the theoretical value. Through the
revised model, it is found that the reason for anomalous ag-
gregation behavior was the different structural hydration layer
thickness on the surfaces of nanoparticles with various sizes.
The thickness gradually decreased from 11 nm for 130 nm
nanoparticles to 5.0 nm for 190 nm nanoparticles, and then
approached a plateau 4.5 nm as the particle diameter was fur-
ther increased. Only when the distance at primary minimum
was exactly twice the thickness of structural hydration layer,
the structural hydration repulsive force would dominate, lead-
ing to higher stability of nanoparticles. Ionic strength, cation
species and pH all played important roles in determining the
nature and magnitude of structural hydration layer, which
indicated the formation mechanism of structural hydration
layer was water molecules or hydrated counterions adsorp-
tion. This study provided a deeper understanding of the ag-
gregation mechanisms operating at nanoscale and the char-
acteristics of the structural hydration layer. Furthermore, the
theoretical foundation could offer a valuable reference to as-
sess the fate, risk and specific treatment of nanoparticles in
aquatic environments.
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