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ABSTRACT

To characterize the environmental transport and quantify the risk of nanoparticles (NPs), it is important
to fundamentally understand the aggregation of NPs and to describe this process quantitatively. This
study investigates the aggregation kinetics of CeO, NPs in the presence of KCI, CaCl, and humic acid (HA)
using time-resolved dynamic light scattering. In KCl solutions, regardless of their concentration, HA dras-
tically reduces the aggregation kinetics of CeO, NPs. However, the effect of HA was more complicated in
CaCl, solutions. At low CaCl, concentrations, HA inhibited NP aggregation, whereas at high CaCl, concen-
trations, HA promoted aggregation. The critical coagulation concentration (CCC) in KCl in the absence of
HA is approximately 36.5 mM. In presence of both 1 ppm and 10 ppm HA in KCl solutions, extremely low
aggregation kinetics were observed even at very high KCI concentrations (500 mM), implying KCI-CCCs
in presence of HA were larger than 500 mM. The CCCs under conditions of no HA, 1 ppm HA and 10 ppm
HA in CaCl; solutions are approximately 9.5, 8.0 and 12.0 mM, respectively. These observations were ana-
lyzed in the framework of extended Derjaguin-Landau-Verwey-Overbeek (EDLVO) theory. Moreover,
a kinetic model was used to predict the aggregation kinetics of CeO, NPs. The model predictions are in
close agreement with experimental observations. To the best of our knowledge, this work is the first to

model quantitatively the aggregation of NPs in the presence of natural organic matter.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The nanoscience and nanotechnology boom of recent years has
demonstrated that nanotechnology will play a significant role in
advancing the technologies of the 21st century in many sectors
(e.g., pharmaceutical, energy, electronic and textile) [1]. Engineered
nanoparticles (NPs) probably will be released into the aquatic
environment through manufacturing processes, waste disposal or
product uses; however, insufficient research has examined the
environmental behavior of NPs [2]. There are only limited data
available on aggregation and deposition of NPs. Especially, theoret-
ical analysis and quantitative models are insufficiently developed
to quantify the environmental transport and fate of NPs [3].

Given the unique properties of NPs, they could constitute a new
class of nonbiodegradable pollutants that aquatic organisms may
uptake and food webs may transfer, and thus they could affect
ecosystems and human health. It is imperative to evaluate the
risks of NPs to avoid repeating past environmental tragedies. The
groundwork for the risk assessment of NPs is the characterization
of their physicochemical states (e.g., size, shape, surface charge),
which greatly influence their stability, mobility, bioavailability and
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toxicity [4]. However, ambient factors [e.g., pH, ionic strength, pres-
ence of natural organic matter (NOM)] could change the state of
NPs and result in a dynamic system. A pivotal process that leads to
dynamic changes in the states of NPs is aggregation, which alters
their size and shape. A number of studies have reported that the size
of nanoparticles was an important factor in determining their tox-
icity [5-8]. Aggregation will change the size of nanoparticles and
thus very likely change their toxicity. Investigation of NP aggre-
gation is thus important for evaluating their environmental fate
and assessing their risk, and aggregation studies of NPs are gaining
popularity [3].

Aggregation data can be obtained through either case-by-case
experiments or theoretical approaches. Because many solution or
medium chemistries exist and the number of engineered NPs is
expected to increase rapidly in the near future [9], case-by-case
studies would be time consuming and expensive. The theoreti-
cal approach is more appropriate to assess the aggregation of NPs
in the environment. Fundamentally, the interfacial forces/energies
between interacting particles control aggregation. In aquatic envi-
ronments, solution chemistries strongly influence the interfacial
forces/energies between NPs and therefore greatly determine their
aggregation. For example, several studies showed that increasing
ionic strength tends to promote the aggregation of NPs [10-12],
because it weakens their repulsive electrostatic (EL) force. The
conventional Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
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was developed by balancing the attractive van der Waals (vdW)
force and EL force [13,14], and it interprets the impact of ionic
strength on particle aggregation.

However, much evidence indicates that even in a simple system
with only salt and NPs present, classical DLVO theory is limited
when attempting to describe particle aggregation quantitatively; a
sizable discrepancy still exists between theoretical predictions and
experimental observations [15]. This is because non-DLVO forces
may also play important roles between particles [16]. For example,
in aqueous media, the polar Lewis acid/base (AB) force [17], which
is the sum of the hydrogen-bonding force, hydrophobic interaction
force and hydration force [16-18], may account for approximately
90% of all non-covalent forces [17]. Moreover, NOM such as humic
acid (HA) and fulvic acids is ubiquitous in natural environments,
and a more realistic investigation of NP aggregation may need to
involve the NOM in the system. In solutions containing monova-
lent electrolytes (e.g., KCl and NaCl), HA probably increases the
stability of NPs regardless of the ionic strength [11]. However,
aggregation becomes remarkably complicated in the presence of
Ca?* [11,12], which is the predominant ion in groundwater and
river water samples [19]. For example, HA stabilized Cgg NPs at low
CaCl, concentrations, whereas it enhanced Cgo aggregation at high
CaCl; concentrations [11]. NOM is expected to adsorb onto the NP
surface, which alters the physicochemical properties of NPs and
thus the interfacial forces/energies between them. It has been sug-
gested that NOM might introduce a steric force [16] and a bridging
force [20,21] as well as perturb vdW attraction, EL repulsion and
AB interaction [21]. Consequently, non-DLVO forces must be incor-
porated in a precise theoretical analysis of NP interaction and a
quantitative description of the aggregation process. This analysis is
known as the extended DLVO theory (EDLVO or XDLVO) approach
[17], which provides a more solid theoretical basis. However, to the
best of our knowledge, few published studies employ the EDLVO
approach to model the aggregation of NPs theoretically.

CeO, NP was used as a model NP in this study because it has
extensive commercial applications [4,22,23] and thus is very likely
to bereleased into the environment. The Organization for Economic
CO-operation and Development (OECD) has listed CeO, NPs as one
of priority nanomaterials for immediate testing [24]. We investi-
gated the effect of Suwannee River HA on the aggregation of CeO,
NPs in KCI and CaCl, using time-resolved dynamic light scattering
(TR-DLS). The aggregation tendency or attachment efficiency was
derived from experimental results. Moreover, a kinetic model com-
bining EDLVO theory and von Smoluchowski’s population balance
equation was used to predict the aggregation kinetics of CeO, NPs,
which were then compared with experimental data. To the best of
our knowledge, this study is the first to model quantitatively the
aggregation kinetics of NPs in the presence of NOM.

2. Materials and methods
2.1. Materials

CeO, NP suspension with a nominal size of 25 nm was purchased
from Sigma-Aldrich. The atomic compositions of the sample were
verified by X-ray diffraction technique (data not shown). The pH of
the stock suspension was 4.5 as measured by pH meter (Accumet
model 15, Fisher Scientific). The concentration of the stock suspen-
sion was 109.5g/L, and for the aggregation experiments, 10 mg/L
dilutions were made with 18 MS2 deionized (DI) water unless oth-
erwise indicated. KCl and CaCl, stock solutions were prepared using
ACS reagent-grade chemicals and were filtered through 0.02-pm
filters before use. The Suwannee River Humic Acid (SRHA or HA)
(standard I, 2S101H, International Humic Substances Society) solu-
tion was prepared by dissolving 100 mg SRHA standard Il in 250 mL

DI water; the solution was then filtered through 0.4-pm membrane
filters that were pre-dried at 60 °C in an oven overnight. The mem-
brane filters were dried under the same conditions after use. The
final HA concentration was determined by the filter weight dif-
ference. The HA solution was stored in the dark at 4°C. Primary
properties of SRHA, such as the molecular weight (range of 1-5 kDa)
and composition, have been reported elsewhere [25].

2.2. Characterization of CeO, NPs

The morphology of CeO, NPs was determined by transmission
electron microscopy (TEM). Samples were prepared by depositing
5 nLof CeO, NP suspension on a copper grid (400-mesh size) coated
with carbon film (Ted Pella, Redding, CA). A Philips EM420 model
TEM was operated at an accelerating voltage of 210KkV to acquire
images. Particle size distribution (PSD) was obtained using DLS on
a Zetasizer Nano ZS instrument (Malvern Instruments). In brief,
1.5 mL of CeO, NP suspension was injected into a clean cuvette, and
the DLS instrument was then operated with a scattering angle of
173° from the incident laser beam, and the autocorrelation function
automatically accumulated at least 10 runs for each sample. The
electrophoretic mobilities (EPMs) of CeO, NPs were measured for
arange of K* and CaZ* concentrations in the presence and absence
of HA using the Zetasizer Nano ZS instrument. At least four par-
allel measurements were made for each condition. To minimize
the interference of aggregation, measurements began immediately
after the desired conditions were achieved.

2.3. Aggregation kinetics

The aggregation kinetics experiments were carried out at pH
5.7, at which the CeO, NPs are stable for at least 24h (see
Fig. S1 in the SI). The pH values of the CeO, NP, KCl, CaCl, and HA
solutions were pre-adjusted to 5.7 to ensure that each measure-
ment could start immediately after addition of K*, Ca2* and HA. For
the aggregation experiments in the absence of HA, a premeasured
amount of KCl or CaCl, was added to 1 mL of CeO, NP suspension in
acuvette. The NP suspension was then shaken slightly and placed in
the Zetasizer. For the experiment in the presence of HA, a premea-
sured amount of HA stock solution was added to the NP suspension
along with the KCI or CaCl,. The effect of HA concentration was
investigated with two concentrations, 1 ppm and 10 ppm.

2.4. Modeling the aggregation kinetics

The adsorption of HA alters the physicochemical properties of
the CeO, NP surface by introducing steric and bridging forces as
well as by perturbing vdW attraction, EL repulsion and AB interac-
tion [21]. The vdW attraction is affected because HA adsorption
alters the particle size and the Hamaker constant [26]. The HA
layer also alters the surface charge density, or surface potential,
of NPs, which further affects the EL repulsion [27]. In addition,
HA adsorption alters the surface electron-acceptor or electron-
donor properties, which changes the AB interaction [17]. The total
interaction energy (V1) between HA-coated particles is computed
by assuming that each force acts individually and is thus addi-
tive: Vr=V,qw * VEL + Vla + Vag. Detailed computation methods for
each interaction energy are presented in S1 in the supporting
information (SI).

Upon computing the total interaction energy (Vr), the aggrega-
tion kinetics of CeO, NPs can be obtained on the basis of Eq. (1)
[28]:

r=a~{1+

1/dp
4kBTn0t} 1)

3uw



266 K. Li, Y. Chen / Journal of Hazardous Materials 209-210 (2012) 264-270

where ais the primary particle radius, kg is the Boltzmann constant,
T is the absolute temperature, u is the viscosity of the solution
(8.90 x 104 Pa's), ng is the initial number concentration of primary
particles, dr is the fractal dimension of aggregates, and t is the time.
W is the stability ratio, which can be expressed as [10,29]:

o0 ] -1

(2+u) (2+u)

where u is the normalized surface-to-surface separation distance
(h) between two particles (u=h/a).V4(u) is the attractive energy.
vdW energy is the only contributing term to V,(u) for bare parti-
cles. However, for particles coated with HA, the bridging attraction
contributes as well. A(u) is the correction factor for the diffusion
coefficient, which is related to the separation distance by Eq. (3)
[30]:
2
) = 6(u) -1-213(u) +2 3)
6(u)” +4(u)

Eq. (1) was derived to describe the diffusion-limited aggre-
gation. In this study, we attempted to apply it in the initial
radius-growth stage of reaction-limited aggregation as well. This
is because the aggregate structure might not greatly influence the
particle collision efficiency in the early stage of reaction-limited
aggregation; moreover, a rigorous expression does not exist for
describing the reaction-limited aggregation [28,31]. However, as
aggregation proceeds, the aggregate structure indeed affects parti-
cle collision efficiency, which implies that Eq. (1) may be invalid in
modeling reaction-limited aggregation beyond the early stage.

The number concentration of CeO, NPs is determined from the
mass concentration. The lattice parameter (q;) of CeO, unit cells is
5.4087 A [32], and each unit cell contains four Ce atoms and eight O
atoms. The number of Ce atoms (N) per CeO, NP with radius r can
be calculated using Eq. (4).

B (4/3)r> 16 _[1\3
N=ax S = () @

1
The mass of a single CeO, NP is then obtained, and the number
concentration of NPs can be computed.

3. Results and discussion
3.1. Characterization of CeO, NPs

A TEM image of CeO, NPs is presented in Fig. S2 in the SI. The
NPs are close to spherical in shape and have a relatively uniform
size distribution. The inset in Fig. S2 shows the PSD diagrams of
CeO, NPs in the absence and presence of HA; these diagrams are
obtained from DLS measurements. The NP size measured with DLS
is greater than that determined with TEM, which is consistent with
previous studies [33,34]. This is probably caused by some minor
particle aggregation or the thickness of the adsorbed water layer
on the NP surfaces. The average hydrodynamic radii of CeO, NPs in
the absence of HA and in the presence of 1 ppm and 10 ppm HA are
50.7, 52.5, and 55.0 nm, respectively. The polydispersivity indices
(PDI) are quite small (~0.1), indicating that CeO, NPs are highly
monodispersed. Fig. 1 shows the EPMs of CeO, NPs under differ-
ent HA concentrations in KCl and CaCl, solutions. In the absence
of HA, the CeO, NPs are positively charged at pH 5.7. However,
with HA present, the surface charge (potential) of CeO, NPs shifts
to the negative domain, which indicates HA adsorption onto the
CeO, NPs. Because the HA was introduced into the NP suspension
just before the EPM measurements, this verified that HA adsorp-
tion occurred almost immediately. The EPMs under all conditions
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Fig. 1. Electrophoretic mobilities (EPMs) of CeO, NPs under different HA concen-
trations in (a) KCl and (b) CaCl,.

tended to become less positive (no HA) or less negative (1 and
10 ppm HA) as ionic strength increased, which was caused by the
compressed electrical double layer and by cation binding to the
carboxylic functional groups of HA adsorbed on the NPs [11,35].
Although the magnitude of the EPMs is expected to decrease contin-
uously with increasing ionic strength owing to compression of the
electrical double layer and neutralization of surface charge, Fig. 1
reveals that the general shape of the mobility curves exhibits an
extremum at moderate ionic strength. Similar trends have been
reported elsewhere [36,37] and might be explained by the prefer-
ential adsorption of co-ions onto the NP surface, which results in a
decrease in the electrokinetic potential [37,38]. Fig. 1 also reveals
that the divalent ions (Ca2*) are more effective in screening the NP
surface charge than monovalent ions (K*). The EPMs were further
converted to zeta potential via the Henry equation (see SI) [39].
Although the presence of HA changed the sign of the particle sur-
face charge, in CaCl, solution the absolute values of the EPMs/zeta
potentials changed only slightly, which means that the EL repul-
sion force did not change greatly in the presence of HA. However,
the impact of HA on CeO, NP stability was significant (see next sec-
tion). This observation suggested that non-DLVO forces played an
important role in the system.

3.2. Influence of HA on the aggregation of CeO, NPs in KCl and
CaC12

Fig. S4 in the SI shows representative aggregation Kinetics
profiles of CeO, NPs in KCl and CaCl, solutions in the absence
and presence of HA as obtained from TR-DLS measurements.
The initial number concentration of CeO, NPs is approximately
2.35 x 101° particles/m3 in all aggregation experiments. HA sta-
bilizes CeO, NPs at all KCl concentrations. In the presence of a
relatively low concentration of HA (1 ppm), the CeO, NPs were
stabilized, and no aggregation was observed even at a high KCl
concentration (0.1 M) (Fig. S4a in the SI). When a higher HA
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concentration was applied (10 ppm), the aggregation of CeO, NPs
further decreased, and no aggregation was observed even when
the KCI concentration increased to 0.5 M. This stabilizing effect of
NOM also has been reported in other studies [11,40]. However, in
CaCl, solutions, the behavior of the NPs was more complicated.
At low Ca2* concentration (0.004 M), the aggregation rate of CeO,
NPs is inhibited in the presence of HA, possibly because of steric
repulsion due to the adsorption of HA molecules onto NPs, which
greatly stabilizes the system. However, at high CaCl, concentration
(0.08 M), HA enhanced the aggregation of CeO, NPs, probably owing
to the bridging attraction between CeO, NPs, which is induced by
the HA aggregates formed through intermolecular bridging via Ca2*
complexation [11,41].

The attachment efficiencies («), or inverse stability ratios (1/W),
were calculated by normalizing the initial slopes of the aggregation
curves with those obtained in the diffusion-limited aggregation
regime (presented in Fig. S5). Since extremely low aggregation
kinetics were observed even at high KCl concentrations in the
presence of HA, the attachment efficiency profiles were not pro-
duced with KCI in the presence of HA. Two distinct aggregation
regimes, diffusion limited and reaction limited, are observed in the
absence of HA. The CCCs were determined by the intersection of
two lines extrapolated through the reaction-limited and diffusion-
limited regimes (not shown here owing to the crowding). In the
absence of HA, the CCCs were approximately 36.5 mM in KCl and
9.5mM in CaCl, solutions. In the presence of HA, diffusion-limited
and reaction-limited regimes were also observed in CaCl, solution,
which was consistent with other studies [42]. Moreover, in CaCl,
solution, the attachment efficiency was smaller in the presence of
HA than in its absence in the reaction-limited regime but larger
in the diffusion-limited regime. However, the enhancement of the
aggregation rate by HA in high concentrations of CaCl, was not
as great as that in other NP systems, such as silicon and fullerene
[11,42]. The CCCs under no HA, 1 ppm HA and 10 ppm HA condi-
tions are approximately 9.5, 8.0 and 12.0 mM, respectively, which
indicates that the HA concentration has an influence on the CCC.

3.3. Model parameter determination and interaction energy
analysis

Because the aggregation process is fundamentally controlled by
the interaction forces/energies between NPs, computing the inter-
action energy enables us to better understand the effect of HA on
aggregation. Egs. (S1)-(S4) in the SI were employed to compute
each interaction energy term (Vygqw, VEL, Vua and Vag) and the total
interaction energy (V7). Those equations involve many parameters
that could be measured experimentally or computed theoretically.
However, some measurements and calculations are extremely
challenging, and thus, inevitably, some parameters must be esti-
mated. For example, Acﬁg for bulk materials might be determined
by contact angle measurements. However, for nanoscale mate-
rials, whose physiochemical properties greatly differ from their
bulk counterparts, the contact angle measurement is not appli-
cable. Although parameter estimation could have been achieved
by “artificial” optimization, this can result in physically unrealistic
values. In this study, most parameters were determined through
experiments or obtained from the literature. In brief, the surface
potentials (¥s) of CeO, NPs under different solution chemistries
were calculated from the EPMs, as mentioned in SI. The adsorbed
HA-layer thicknesses () were measured by DLS rather than cal-
culated from Ohshima’s soft particle theory [43,44] because the
primary NPs are highly monodispersed in the system. The § values
obtained in this study are consistent with those reported ear-
lier [45]. Consistent with another study [21], a value of 0.5 was
assigned to the fractional HA surface coverage (I"/I') in the pres-
ence of 10 ppm HA; in the presence of 1 ppm HA, I"/["gvalues were

determined from adsorption experiments. The Hamaker constant
of bare CeO; NPs, the term aSckgT/a3,, the scaling length (Ds¢), and
the HA volume fraction at the NP surface (®sg) were obtained or
estimated from the literature [21,46-49]. The calculation of the
Hamaker constant of HA-coated NPs is presented in Section S8.
The only remaining parameter, AGQS, was adjusted to make the
theoretically calculated attachment efficiencies match the experi-
mentally derived ones. The attachment efficiencies, or the inverse
stability ratios (1/W), were then computed according to Eq. (2).

Vr(u), the total interaction energy between NPs separated by a
normalized distance u, can be computed as discussed above. V4 (u)is
the attractive energy. For bare particles, vdW energy is the only con-
tributing term for V4(u). However, for particles coated with HA, the
bridging attraction should be incorporated as well. For the primary
parameters used in the computation of attachment efficiencies,
refer to Table S1 in the SI.

The AG/® values fell into the narrow ranges of 2.0-2.6 mJ/m?
for bare CeO, NPs in KCl, 2.7-3.0 mJ/m? for bare CeO, NPs in CaCly,
and 0.15-0.7 mJ/m? for HA-coated CeO, NPs in CaCl,, which have
the same order of magnitude as the values for other metal oxides
[50,51]. Although AGQg is expected to be constant in the same type
of electrolyte, it exhibits narrow distributions. This might be caused
by error in EPM measurements, i.e., the EPMs we obtained were
not 100% accurate owing to the instrument deviations. Moreover,
converting EPMs to zeta potentials and then to surface potentials
using approximation equations introduces deviations. Errors in the
size measurements and adsorption experiments, the approxima-
tion equations in the EDLVO analysis, and the numerical integration
used in Matlab also lead to the AG/E value distributions. The AGA
value for the bare CeO, NPs used in this study is slightly larger
than that for another type of bare CeO, NPs that are larger, as dis-
cussed in our previous study [28]; this is reasonable because the
hydrophilicity of metal oxide NPs is size dependent, and larger size
might lead to smaller hydrophilicity and thus a smaller AG%" value
[52].

It is difficult to quantify the magnitude of each interaction
energy term for cases in the presence of HA in KCl solution because
almost no aggregation was observed under those conditions. More-
over, theoretical calculations showed that, regardless of the steric
force, the increased EL force and decreased vdW force owing to the
introduction of HA results in marked repulsion among CeO, NPs
and then stabilizes the system. Consequently, Vya, Vag, and rele-
vant parameters cannot be determined in the presence of HA in
KCl solution.

On the basis of the parameters listed in Table S1, the interac-
tion energy profiles for CeO, NPs under representative solution
chemistries are computed and presented in Fig. 2. The energy bar-
rier reflects the aggregation tendency. In the absence of HA in
0.1-M KCl solution, no energy barrier is observed, which indicates
that the aggregation of CeO, NPs is within the diffusion-limited
regime. However, a high barrier (approximately 50 kT) arose with
the introduction of HA into the system, and correspondingly, the
aggregation of NPs did not occur under those conditions. In 0.004-
M CaCl,, the magnitude of the energy barrier decreases in the order
10 ppm HA, 1 ppm HA, and no HA, which implies that the aggrega-
tion rate increases in the same order. The experimental data shown
in Fig. S4b in the SI prove this. Moreover, in 0.08-M CaCl, solu-
tion, no energy barrier is observed under all conditions; however,
Fig. S4cin the SI shows that the aggregation rate under 10 ppm HAis
higher than that under the other two conditions. This indicates that
the energy barrier cannot be used as a quantitative index. Therefore,
a more complicated, but quantitative, index involving integration,
asshownin Eq. (2), was used to compute the aggregation efficiency.

To better understand the contribution of each interaction energy
term, the representative profiles were plotted and are presented in
Fig. S7a. Steric repulsion clearly contributes greatly, whereas EL
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repulsion does not, which implies that screening surface charges
by counter-ions may not be crucial for the aggregation. Fig. S7b
compares each energy term in the absence and presence of 10 ppm
HA in 0.002 M CaCl, solution. The vdW attractive force decreased
in the presence of HA, mainly because of the smaller Hamaker con-
stant. EL repulsion remains almost constant because, although HA
adsorption changed the sign of the NP surface charge, the abso-
lute values are similar. In addition, owing to smaller AG‘,;‘g value
for HA-coated NPs, the AB force decreased with HA present in the
solution. The total energy barrier increased in the presence of HA,
which means that HA stabilized CeO, NPs in the solution. In some
other cases, the energy barrier decreased in the presence of HA, and
thus HA destabilized NPs.

3.4. Modeling the aggregation kinetics of CeO, NPs

Eq. (1) was used to model the aggregation kinetics of CeO, NPs.
The fractal dimension df is widely acknowledged to be ~1.8 for
diffusion-limited aggregation and ~2.1 for reaction-limited aggre-
gation [53-56] (see Table S2 in the SI). V; and ng were computed
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Fig. 3. Comparison of the simulated and experimental time evolution of the hydro-
dynamic radii of CeO; NPs in the absence of HA in KCl solutions. The lines are model
simulations.

as discussed earlier, and other parameters are located in Table S1.
Representative computed results are compared with experimen-
tal data in Figs. 3 and 4. Because including all aggregation data for
CaCl; in Fig. 4 makes it too crowded, we present the rest of the data
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solutions. The continuous, dashed and dotted lines are model simulations corre-
sponding to the conditions of 0, 1 ppm and 10 ppm HA, respectively.
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Fig.5. Comparisons of the simulated and experimental time evolution of the hydro-
dynamic radii of fullerene NPs in the absence and presence of HA (1 mg/L total
organic carbon (TOC)) under solution conditions of 40 mM CaCl,. The continuous
and dashed lines are model simulations corresponding to the conditions of 0 and
1 ppm HA, respectively. Good agreements were reached under those two conditions.
The experimental data were obtained from Ref. [7].

in Fig. S8. Model predictions and experimental observations closely
agreed under various solution chemistries. The model predictions
could be further improved to match the experimental observa-
tions by optimizing the dr values. However, we did not do that in
order to avoid introducing any physically unrealistic values from
the blind optimization. It is worth noted that Eq. (1) was derived
for diffusion-limited aggregation. However, the close agreements
shown in this study indicate that the equation also could be appli-
cable to the initial aggregation stage (<1.5 h) in the reaction-limited
aggregation regime. The discrepancies between model predictions
and experimental data can be attributed to several causes. First,
it is difficult to accurately determine the surface potential of NPs,
particularly in the presence of HA. Second, the primary NPs were
assumed to be uniform in size, which is reasonable given the small
PDI, but a narrow particle size distribution does exist. Third, HA
adsorption was assumed to occur uniformly on all NPs, whereas
in reality, non-uniform adsorption and disproportionate surface
coverage occurred. Finally, to simplify the computation, HA adsorp-
tion was assumed to reach equilibrium before the NPs aggregated,
which is reasonable because the adsorption is fast and the pre-
liminary experiments showed that a rough equilibrium is attained
within minutes. However, the adsorption kinetics should be incor-
porated into a more accurate model.

3.5. Application of the aggregation kinetics model to other NP
systems

The aggregation kinetics model was tested via application to
other NP systems in the presence and absence of NOM. We com-
pared our model computations with the experimental data of Chen
etal.[11] and Saleh et al. [12,40]. In Chen et al. [11], the early stage
aggregation kinetics of fullerene (Cgg) NPs in the absence and pres-
ence of HA was investigated, and the attachment efficiencies and
representative aggregation profiles were presented. Because the
study did not provide EPMs and HA adsorption data, we cannot
calculate the particle interaction energy (Vr) theoretically using
Eq. (1). Instead, we obtained the value of the W in Eq. (1) from
the attachment efficiency profile. The initial fullerene NP concen-
tration, ng, is 1.6 x 10! particles/m3. We calculated the aggregation
kinetics according to Eq. (1) and compared it with the experimental
data (presented in Fig. 5). The fractal dimension dr was 1.8 and 2.2
for the conditions of no HA and 1 ppm HA, respectively; this is rea-
sonable because in the presence of HA, the aggregates formed are
in a loose structure and therefore have a higher df value. It is worth
noted that although HA may interact with Fullerene and CeO,
with -7 interactions and chemical bonding in the particle-HA

intersurface, respectively, in our case the focus was the interac-
tion between NPs coated with HA, which are analogous between
Fullerene and CeO,. HA molecules were found to adsorb onto both
types of NPs, thus both NPs would become HA-coated particles and
the interaction between two such particles were analogous.

Although the model was developed on the basis of the inter-
action of spherical particles, we tested it on both multiwalled
carbon nanotubes (MWNTSs) and single-walled carbon nanotubes
(SWNTs). Comparisons between model calculations and experi-
mental data are presented in Fig. S9 in the SI. A surprisingly good
agreement was reached, which implies that our model is probably
applicable to nanomaterials other than spherical NPs.

4. Conclusion

In summary, NP aggregation is governed by the interaction
force/energy; through computation of this, we are able to deter-
mine the aggregation tendency and aggregation kinetics of NPs
in different solutions. This work attempted to model the aggre-
gation kinetics of CeO, NPs by integrating surface force theories
in the presence of HA. The model predictions were compared with
experimental data and agreed well. To the best of our knowledge,
this is the first attempt to quantitatively model the NP aggregation
process in the presence of NOM, and the reported results indicate
that the model could be applied in both monovalent and divalent
ionic solutions. All of the parameters in the model are physically
meaningful and were obtained, as far as possible, from experi-
mental studies rather than blind optimization or fitting. Moreover,
the computation is relatively less demanding than computer sim-
ulations, and thus the model is suitable for pre-evaluation of the
aggregation tendency of NPs under different conditions. This theo-
retical analysis and modeling lays the groundwork for prediction of
the aggregation process of NPs in complex aquatic environments,
which greatly influences their fate and biological effects as reported
by a number of previous studies [3,5-8]. Therefore, this work could
contribute to the risk assessment of NPs.
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