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Abstract

Metal oxide and oxyhydroxide nanoparticles are important components of natural aqueous systems and have application in photocatalysis.
Uncoated (oxyhydr)oxide nanoparticles can form charge-stabilized colloids in water, but the precise regimes of dispersion and aggregation have
been determined for very few nanomaterials. We studied the colloidal behavior of ∼6 nm nanoparticles of iron oxyhydroxide (FeOOH), a common
natural nanoscale colloid, and found that these nanoparticles formed stable suspended clusters under a range of aqueous conditions. Light and
X-ray scattering methods show that suspended fractal nanoclusters are formed between pH 5 and 6.6 with well-defined maximum diameters
that can be varied from 25 nm to approximately 1000 nm. The nanoclusters retain a very high surface area, and persist in suspension for at
least 10 weeks in solution. The process is partially reversible because optically transparent suspensions are regained when nanoparticles that
aggregated and settled at pH >7 are adjusted to pH 4 without stirring. However, completely redispersed nanoparticles are not obtained even after
one month. Because nanocluster formation is controlled predominantly by surface charge, we anticipate that many metal oxide and other inorganic
nanoparticles will exhibit equivalent cluster-forming behavior. Our results indicate that natural nanoparticles could form stable nanoclusters in
groundwater that are likely to be highly mobile, with implications for the long-range transport of surface sorbed contaminants.
 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Colloids are of widespread importance in numerous areas
of science, medicine, and engineering [1,2], and of enduring
theoretical interest due to the rich behavior that can emerge
from apparently simple systems. The conceptual basis of the
colloidal behavior of particle suspensions is well established
for micron and submicron particles, although quantitative dis-
crepancies persist [3], and surprising behavior, such as colloid
jamming [4], has been recently observed. Quantitative experi-
mental tests of the regimes of colloid stability and of aggrega-
tion behavior have clarified the validity and limitations of the
classical descriptions of colloids. However, nanoparticle sus-
pensions represent an increasingly common colloid because
nanomaterials can be produced that possess modified mechani-
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cal, optical and electronic properties relative to the bulk. While
considerable effort has been directed at making nanoparticles
with narrow size distributions that are dispersible in water or in
organic media, there have been very few studies of the colloidal
behavior of such systems. Moreover, there is now considerable
evidence that mineral nanoparticles are common components
of natural aqueous systems. Numerous natural inorganic and
biologically mediated processes produce mineral nanoparticles
such as metal sulfides and metal oxides that can be exceedingly
small (<10 nm) [5,6]. Nanoscale iron (oxy)hydroxide phases
are among the most common natural mineral nanoparticles
[7,8], formed by precipitation from solution following oxida-
tion of aqueous ferrous iron.

Natural nanoparticles exhibit size dependent trends in struc-
ture and reactivity that are analogous to those found in synthetic
materials [9]. Because the chemistry of these materials involves
surface processes, the dispersion behavior of nanoparticles is
an important aspect of their effective reactivity in both environ-
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mental and technological settings. Moreover, aggregation is a
major factor determining the transport of environmental parti-
cles [10], which can move material between redox zones and
facilitate or inhibit contaminant transport. Although environ-
mental colloidal particles frequently aggregate in circumneu-
tral water, studies have indicated that certain nanoscale col-
loids have the ability to travel unexpectedly large distances
in the environment [11–13]. Despite numerous observations
that nanoscale minerals represent an important fraction of envi-
ronmental colloids [5–9,11], the fundamental aggregation and
transport properties of nanoparticles have not yet been estab-
lished. We addressed these topics with a study of the colloidal
properties of iron oxyhydroxide (α-FeOOH) nanoparticles with
diameters of approximately 6 nm.

2. Materials and methods

2.1. Nanoparticle synthesis and characterization

The synthesis method chosen for this work has been used for
several independent studies of FeOOH nanoparticle adsorption
properties and reactivity [14–16]. Dispersed iron oxyhydrox-
ide nanoparticles were synthesized as follows. 10 mL of 2.4 M
NaCO3 was added dropwise to 25 mL of 0.2 M Fe(III)(NO3)3
during rapid stirring to reach pH 2. Rapid hydrolysis and pre-
cipitation was induced by microwave heating at approximately
35 s intervals until the solution had just reached a full boil. Fur-
ther reaction and particle growth was immediately quenched by
plunging the flask into iced water. This procedure was repeated
an additional 3 times. The resulting suspension was dialyzed in
1000 MWCO membranes (SpectrumLabs) for at least 3 days
against a solution of HNO3 in ultrapure water at pH 4, replac-
ing the dialysis bath solution regularly. All water used in these
experiments was purified to greater than 18 M" (Elga UHQ
2) and filtered through 0.1 µm pore membranes. The synthe-
sis method produced a suspension of FeOOH nanoparticles at
a concentration of 6.5 g/L. The surface area was determined
by the BET method to be 306 ± 1 m2/g. The crystal phase was
investigated by X-ray diffraction, and found to be consistent
with a nanoscale and/or highly disordered goethite (α-FeOOH)
phase (supplementary Fig. S1). The particle size was deter-
mined to be 6 ± 1 nm by high-resolution transmission electron
microscopy (Fig. S2).

2.2. Potentiometric titrations

We performed potentiometric (acid–base) titrations of so-
lutions of FeOOH nanoparticles at three ionic strengths to
determine the point of zero net surface charge (pHznsc) and
the variation of surface charge as a function of pH. We fol-
lowed standard procedures [17,18], with the exception that CO2
was not excluded from the nanoparticle suspension prior to
the titration. (The consequences of the presence of CO2 are
shown by an aqueous speciation calculation given in Fig. S3.)
Specifically, 39 mL of a dialyzed nanoparticle suspension at
pH 4 and FeOOH concentration of 6.5 g/L was titrated in a

Mettler–Toledo DL50 autotitrator against a freshly prepared so-
lution of 0.0059 M NaOH in ultra pure water. The solution
ionic strength was determined by NaNO3 addition, and titra-
tions were performed at 10−3, 10−2 and 10−1 M NaNO3. The
pH was recorded with a Mettler–Toledo combination glass pH
electrode that was calibrated with buffers at pH 4, 7 and 10
between each measurement. Each titration took approximately
20 min with a step size of approximately 8 mV. A measure-
ment was recorded once the drift was less than 0.1 mV/s.
Separately, background titrations of pH 4 HNO3 solutions at
the same NaNO3 concentrations were performed. The surface
charge density was calculated from the titration results by sub-
tracting the blank titration curve from the data and converting
the adsorbed proton quantities into charge density using the sur-
face area determined by BET analysis.

2.3. Small-angle X-ray scattering analysis

We acquired small-angle X-ray scattering data from solu-
tions containing FeOOH nanoparticles as a function of pH from
pH 4–10 at a temperature range of 21–23 ◦C. In order to avoid
dilution when the solution conditions were altered, the pH was
varied by dialyzing nanoparticle solutions against 3 L baths at
successively higher pH. The SAXS data were acquired from
Stanford Synchrotron Radiation Laboratory (SSRL) beamline
1–4 at 8.333 keV using a configuration that maximized the ac-
cessible q-range, attaining almost two orders of magnitude in q .
Approximately 0.4 mL of solution was drawn into a SAXS liq-
uid cell with kapton windows and a 1 mm X-ray path length.
2D scattering patterns were collected on a CCD based area de-
tector (Roper) from the sample mounted in one of two positions
for acquisition times of 4 min (high-q position) or 8 min (low-q
position). The CCD data was binned into 1D intensity data on
a calibrated q-axis using macros written in the Image-Pro Plus
software by John Pople.

All SAXS data were first processed by subtracting a CCD
background (obtained from an X-ray free exposure). Subse-
quent subtraction of the blank solvent scattering pattern resulted
in SAXS data associated with the nanoparticles alone. The mea-
sured intensity of the SAXS data from the two positions differed
by a geometrical scaling factor that was fitted from the overlap-
ping portion of the data. Data reduction and further analysis
was performed with routines written in the Igor-Pro software
(Wavemetrics). The mean diameter and fractal dimension of
the nanoparticle clusters were estimated by fitting an analyti-
cal expression for the SAXS scattering intensity from fractal
aggregates to the treated data [20,21]. The SAXS structure fac-
tor for fractal aggregates of spherical particles of radius a and
fractal dimension, df, is calculated from:

S(q) = 1 + 1
(qa)df

2aΓ (a − 1)

(a − 1)
sin

[
(a − 1) tan−1(qξ)

]

(1)×
(

1 + 1
(qξ)2

)
,

where Γ (a − 1) is the gamma function and ξ is the large-size
cut-off in the aggregate density distribution function. A finite
size distribution of particle sizes (obtained from a fit to SAXS
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data from low pH, dispersed dilute nanoparticles) is incorpo-
rated numerically.

2.4. Dynamic light scattering analysis

We performed dynamic light scattering (DLS) measure-
ments of the aqueous diffusion coefficient of dispersed nanopar-
ticles and nanoparticle clusters as a function of solution pH at
a temperature that was maintained at 25 ◦C. DLS analysis was
performed with a PD-Expert Workstation (Precision Detectors,
Bellingham, MA) fitted with a quartz flow-through cell. Laser
light (λ = 685 nm) scattered through 135◦ was sent via glass
fiber to an optical correlator.

Approximately 0.4 mL of sample was used per measure-
ment, and ∼2 mL of rinsing solution (pH 4 HNO3) was injected
between measurements. Blank acquisitions were acquired be-
tween samples to ensure no cross-contamination. The number
of repeats for a single acquisition was chosen to ensure that the
noise on the data was less than 0.1% in the correlation func-
tions, and typically 256 2 s exposures were averaged. A dust
cut-off filter was built into the data acquisition software. The de-
termination of the distribution of aggregate sizes was performed
using proprietary Precision Detectors software (PrecisionDe-
convolve) that employs a regularization algorithm [22] to seek
a smooth, non-negative size distribution function that provides
the best fit to the data. It has been shown that low noise DLS
data analyzed with this method can resolve multimodal distrib-
utions provided the diffusion coefficients differ by greater than
a factor of ∼2.5.

2.5. Calculation of DLVO interaction energies

We selected analytical expressions for the electrostatic and
van der Waals potentials between spherical particles of radius a,
separated by distance, h, that were valid for h > a and for large
values of the surface potential (i.e., greater than 25 mV). The
DLVO interaction is the sum of two contributions:

(1) Screened Coulomb interactions. The electrostatic interac-
tion energy, UC, between two identical spheres of radius a,
and separation h, is given by [2]:

(2)UC = 64πεε0
a

2

(
kT

e

)2

γ 2e−κh,

where ε is the relative permittivity of the medium (for wa-
ter, ε ≈ 78), ε0 is the permittivity of free space, k is Boltz-
mann’s constant, and T is the temperature in K, and e the
charge of the electron. The reciprocal Debye length is:

(3)κ =
∑

i

√
8πcie2z2

i

εε0kT
,

where zie is the charge on an aqueous ion of valence zi ,
and ci is the ion concentration in m−3.
The term, γ , is related to the surface potential, ψ , by
γ = tanh( (eψ)

(4kT ) ). The surface potential is calculated from
the measured surface charge density, σ , using the Grahame

equation:

(4)ψ = kT

2ze
sinh−1

(
σ√

8kT cεε0

)
.

(2) Van der Waals interactions. The non-retarded van der Waals
interaction between identical spheres of radius a, and sep-
aration h, was derived by Hamaker [23] as:

(5)UvdW = −A

6

[
2a2

h2 + 4ah
+ 2a2

h2 + 4ah + 4a2

+ ln
(

h2 + 4ah

h2 + 4ah + 4a2

)]
,

where A is the Hamaker constant. Because no determina-
tion of this constant has been published for goethite, we
selected a value for the Hamaker constant that is in the mid-
dle of the values that have been proposed for the hematite–
water–hematite system [18,24–26]:

Ahematite = 4 × 10−20 J.

3. Results

3.1. Potentiometric titration

The results of the potentiometric titrations are plotted in
Fig. 1. The common intersection point for the 3 titration curves
was identified with the pH of zero net surface charge: pHznsc
8.65±0.04. This value, and the quantitative surface charge den-
sity curves are in good agreement with prior studies of the sur-
face charge density of goethite equilibrated with atmospheric
CO2 [19].

3.2. Observation of nanocluster formation

3.2.1. Small-angle X-ray scattering
We used in situ small-angle X-ray scattering (SAXS) to in-

vestigate the colloid stability of the nanoparticle suspensions
as a function of pH and ionic strength. The SAXS data from
samples below pH 5 are typical for a completely dispersed col-
loid suspension (Fig. 2a). Above pH ∼6.6, the SAXS profiles

Fig. 1. The surface charge density vs. pH of iron oxyhydroxide nanoparticles
as a function of solution ionic strength, obtained from potentiometric titration
measurements.
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Fig. 2. Small-angle X-ray scattering (SAXS) evidence for cluster formation.
(a) and (b) SAXS data (!) as a function of pH from suspensions of iron oxy-
hydroxide nanoparticles at a concentration of 4.0 mg/mL (volume fraction,
φ ≈ 0.001) (a), and a concentration of 6.5 mg/mL (φ ≈ 0.0015) (b). (c) The
structure factor, S(q), obtained by dividing the high concentration data by the
fits to the lower concentration data. These fits are shown by the smooth grey
lines in the top two patterns. All data were acquired in 10−3 M NaNO3.

are typical for large-scale fractal aggregates, indicating that ex-
tensive aggregation has occurred. However, between pH 5–6.6
we observed the formation of nanoclusters that were stable
against further aggregation. The SAXS profiles from samples
in this regime are characteristic of nanoscale fractal aggregates
with increasing dimensions. Analogous intensity profiles have
been recorded by static light scattering during continuous ag-
gregation of micron-sized silica spheres [26]. In the present
system, however, SAXS patterns exhibit only very slight evo-
lution even after 10 weeks at room temperature (see below),
indicating that aggregation has been arrested. After more than
four months, these suspensions remain visually transparent,
indicating that macroscopic aggregation has still not yet oc-
curred.

The cause of the arrested aggregation is illuminated by
SAXS data acquired at higher particle concentration (Fig. 2b).
These SAXS patterns exhibit additional structure that is typical
for a suspension of objects in solution experiencing mutually
repulsive electrostatic interactions [28]. Under such circum-
stances, the SAXS intensity may be factored into a form factor,
P(q), associated with individual nanoparticles or nanoclusters,
and a structure factor, S(q), caused by their mutual repulsion.
We obtained S(q) from the SAXS intensity data and display
this in Fig. 2c. From the form of S(q) we conclude that the
nanoclusters experience a repulsive electrostatic barrier to fur-
ther aggregation [28], with both the size and interior structure
of the nanoclusters appearing to be strongly affected by the

long-range Coulombic interactions. Fits to the SAXS patterns
for dilute nanoclusters gave fractal dimensions (df) in the range
1.1–1.2, significantly lower than expected for either diffusion
limited (df ≈ 1.8) or reaction limited (df ≈ 2.1) particle aggre-
gation mechanisms [20]. This value is very close to unity, the
minimum value that is geometrically possible for a single con-
tiguous object in three dimensions.

We carefully checked for background subtraction errors that
might have caused erroneous slopes in the SAXS data, and ex-
cluded this possibility. Similarly low fractal dimension values
were acquired repeatably for this system over three SAXS ex-
periments. Data acquired at the same beamline on a different
system (precipitates of nanocrystalline FeS) gave fractal dimen-
sion values close to df ≈ 2.1, ruling out a systematic error in
sample acquisition or analysis.

It is reasonable to conclude that the nanoclusters possess
very open structures in order to minimize their total electrostatic
energy. However, theoretical expressions for the SAXS profiles
from such small clusters are presently very inaccurate, and thus
it is not possible to estimate the error on the fitted values. An-
alytical expressions are most reliable when the aggregate size
is large relative to the primary particle size [30]. Despite the-
oretical treatments [20,31] and simulation [32], there are no
universally accepted treatments of the low-q and high-q re-
gions. These regions correspond, respectively, to the large-scale
maximum extent of the fractal aggregate, and small-scale struc-
ture at the length scale of the primary particles. The structure of
real aggregates does not satisfy ideal fractal geometry at these
limits. This problem is particularly acute for the data in Fig. 2,
for which the cluster sizes are so small that the linear region
in the log–log SAXS intensity plot that is characteristic of ex-
tended fractal aggregates is barely developed.

3.2.2. Dynamic light scattering
Because the range of cluster dimensions accessible by SAXS

is limited, we repeated the experiment, analyzing the nanoclus-
ter dimensions with dynamic light scattering (DLS) [26,27,29].
In these studies, a finer step size in pH was obtained using an
autotitrator to make injections of 0.001 M NaOH to a stirred
suspension of nanoparticles initially at pH 4. The DLS mea-
surements were analyzed to obtain the cluster size distributions,
in particular the mean hydrodynamic radius, RH, as a function
of pH. Examples of DLS raw data are given in Fig. S5, and
the results of these experiments are summarized in Fig. 3. In
agreement with the SAXS measurements, we observe that rais-
ing the pH above pH 5 leads to the initiation of aggregation,
but for pH <6.6 this process is arrested at submicron cluster
sizes. DLS measurements are highly sensitive to the presence of
larger scattering objects, and no weighting is applied that would
suppress this. Thus, the DLS data show that, when submicron
nanoclusters are formed, there are no aggregates in solution that
are larger than the sizes indicated in Fig. 3. This conclusion is
consistent with visual inspection of the suspensions, which re-
main optically clear with no particulates or sediment in this pH
range (see digital photograph in Fig. S6). In the absence of hy-
drodynamic shear stress, the colloidal system frequently formed
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Fig. 3. Dynamic light scattering (DLS) observations of pH-driven cluster forma-
tion and disaggregation at room temperature and in 10−3 M NaNO3. (a) Com-
pilation of DLS size histograms observed as the pH of an aqueous suspension
of FeOOH nanoparticles is raised from pH 4 to 10.5. The individual histograms
are converted into a two-dimensional image plot. (!) Show the DLS mean clus-
ter radii; (- - -) illustrate the distribution of cluster radii by enclosing 95% of
the size histogram. (b) Aggregation: the pH dependence of cluster size distrib-
utions (right axis), obtained from the procedure depicted in (a), plotted against
the nanoparticle surface charge density (left axis), obtained from potentiometric
titrations (cf. Fig. 1). The pH was increased by the addition of NaOH base, and
the DLS measurements acquired within several hours. σ1 and σ2 are estimates
of the threshold values of surface charge density at which cluster formation and
macroscopic aggregation occur as pH is raised—i.e., they enclose the regime
of nanocluster formation. (c) Disaggregation: The pH dependence of the clus-
ter size distributions during the disaggregation process. The pH was decreased
by the addition of HNO3 acid, and the DLS measurements acquired after three
weeks.

a gel at pH ∼7. Above this pH, large aggregates are formed that
settle under the influence of gravity.

3.3. The long-term stability of FeOOH nanoparticle clusters

Fig. 4 shows the change in the SAXS data following 10
weeks aging at room temperature for nanocluster samples
stored at pH 4.8–6.3. For pH <6, there is evidence of a small in-
crease in nanocluster size that is seen from the shift in the low-q
peak to lower q-values. (The positions of intensity features in

Fig. 4. Small-angle X-ray scattering (SAXS) data acquired from the same sus-
pensions of FeOOH nanoparticles at different dates. Following a 10-week aging
period at room temperature, the nanoclusters exhibit very slight growth.

q-space SAXS data are inversely related to real-space distances
in the sample.) There is also an increase in the gradient of the
linear regions that is likely correlated with increasing cluster
density and fractal dimension. Simple fits assuming ideal frac-
tal aggregates indicate that any size increases are of the order of
a few percent in cluster diameter, and less than 0.1 unit in fractal
dimension. It is presently impossible to perform very accurate
analyses of cluster size changes due to the lack of an accurate
expression for the scattering from such small nanoparticle clus-
ters. Although we have not yet had an opportunity to further
investigate the stability of these clusters with SAXS at longer
times, after 4 months there is no visible aggregation in these
samples. DLS observations of nanocluster suspensions confirm
the SAXS observations for pH <6. Above this pH, further slow
aggregation is observed (Fig. S7).

3.4. Tests of reversibility

We tested the reversibility of the nanoparticle aggregation by
dialyzing a suspension of nanoparticles to pH 9.6 and then in-
crementally lowering the pH with 0.01 M HNO3 additions. The
samples were equilibrated for 3 weeks with no agitation, and
then analyzed with DLS. Below pH ∼5.7, a small portion of
the material is resuspended into the liquid phase, while most re-
mains as a sediment. Visual observations (Fig. S9) clearly show
that the resuspended fraction increases as the pH is lowered. Be-
low pH ∼4, an optically clear solution is eventually obtained,
although a DLS analysis shows that a dispersion of individ-
ual nanoparticles is never regained, even at pH 3.5. Instead,
the size distribution of the resulting nanoclusters is consider-
ably greater than is found in a suspension that has not been
completely aggregated. A summary of DLS observations of the
disaggregation process is included in Fig. 3c and more details
are given in Figs. S8–S10.

4. Discussion

4.1. An example of nanoparticle cluster formation

It is well established that the conditions under which micron
scale colloidal particles aggregate can be understood in terms
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of competing attractive and repulsive forces between pairs
of particles, as described by the classical Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory of colloidal behavior. Within
DLVO theory, particles possessing like charge may be kineti-
cally stabilized against aggregation by their mutual repulsion.
For solution conditions in which the barrier against particle–
particle aggregation can be overcome by available thermal en-
ergy (kBT ), complete aggregation occurs at a rate controlled
by the interparticle potentials [18]. In the present system, how-
ever, the interparticle interactions control not only the rate of
aggregation but also the ultimate aggregate size, leading to the
formation of stable nanoclusters.

Cluster formation is an important recent concept in colloid
science. Theoretical models have described cluster formation in
several classes of colloids:

(i) Colloids possessing “sticky hard sphere” characteristics ex-
ert negligible long-range repulsive interactions but interact
at close range via an adhesion parameter, ε ∼ kBT . It is
likely that several experimental observations of cluster for-
mation in micron-sized spheres are of this type [33–36].
Optical imaging has shown that clusters and monomers co-
exist for a range of ε and volume fraction [34–36].

(ii) Colloids that interact only via short-range repulsive interac-
tions can, in the presence of solvent–colloid hydrodynamic
interactions, reach a dynamic equilibrium of aggregation–
fragmentation with a population of clusters exhibiting an
exponential number distribution [37].

(iii) For colloids possessing significant long-range repulsive in-
teractions, it is intuitive that this interaction may limit the
size of aggregates, as has been predicted by several inves-
tigators [38,39]. The combination of short-range attractive
and long-range repulsive interactions can arrest aggrega-
tion and cause the development of a monomodal distribu-
tion of cluster sizes [39].

There are presently no clear experimental criteria for distin-
guishing the driving forces for cluster formation. For nanoscale
colloids, it is presently unclear how accurately in situ scattering
techniques can determine cluster size distributions. For FeOOH
suspensions, there is no evidence that nanoclusters coexist with
free nanoparticles, but the latter are likely difficult to detect by
SAXS or DLS in the presence of larger clusters. Nevertheless,
many features of cluster formation in FeOOH nanoparticles, as
well as elementary considerations, lead to the conclusion that
cluster stabilization is controlled by Coulombic repulsive in-
teractions, particularly because cluster dimensions are tunable
with pH, varying over 2 orders of magnitude. Moreover, the
nanocluster size does not exhibit a detectable dependence on
nanoparticle concentration in the concentration ranges investi-
gated in the present study. A calculation of the interaction forces
confirms that this conclusion is feasible, and emphasizes the
role of next-nearest-neighbor interactions in cluster stabiliza-
tion.

4.2. The role of next-nearest-neighbor interactions

We investigated the origin of the nanocluster formation
by comparing the ideal interparticle potential curves for the
present system with those for a hypothetical suspension of
larger (30 nm), but otherwise identical FeOOH nanoparticles.
These curves, given in Fig. 5, show that for 6 nm diameter
nanoparticles, significant repulsive Coulombic forces are felt by
two particles that are separated by one particle diameter. These
next-nearest-neighbor (NNN) interactions are important ener-
getic contributions that reduce aggregate stability. By contrast,
for particles that are only 5 times larger, NNN interactions are
negligible, and the aggregation behavior can be understood by
considering two-body interactions alone. Our simple calcula-
tion suggests that the destabilizing NNN interactions are less
than the thermal energy available at 298 K. (A recent theoretical
development providing more accurate treatment of dispersion
forces indicates that our approach overestimates the attractive
interaction between nanoparticles [40].) Nevertheless, these re-
pulsive interactions will act cumulatively to inhibit the forma-
tion of aggregates that are larger than a critical size. Because
electrostatic interactions are a dominant contribution, the clus-
ter size can thus be controlled by pH.

Fig. 5. The effect of particle size on colloidal particle interaction energies. The
DLVO interaction energy, expressed in terms of the thermal energy, kT , avail-
able at 298 K is calculated vs. interparticle separation for 6 and 30 nm diameter
iron oxide nanoparticles in a monovalent symmetrical electrolyte at 10−3 M.
For the smaller particle size, the interaction energies are plotted for the surface
charge densities, σ1 and σ2, that are determined from Fig. 3 to delineate the
region of nanocluster formation. The maximum in the potential energy curves
presents an activation barrier against aggregation that increases with the particle
dimension and the surface charge. Repulsive next-nearest-neighbor interactions
that approach kT are present between the nanoscale particles, but completely
negligible for particles only 5 times larger.
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4.3. Significance of incomplete disaggregation

Although settled macroscopic aggregates can be partially
disaggregated and resuspended as smaller nanoclusters at room
temperature, completely dispersed nanoparticles are never re-
gained. The size distribution of the resulting nanoclusters is
considerably greater than is found in a suspension that has not
been completely aggregated. These observations indicate that
short-range chemical interactions that are not included in clas-
sical DLVO theory are important between aggregated nanoscale
particles [26]. Indeed, prior work has shown that chemical in-
teractions at the interface between aggregated nanoparticles can
cause reversible structural changes [41] and mediate electronic
superexchange interactions between the magnetic structures of
neighboring nanoparticles [42]. Furthermore, the aggregation
of nanoparticles is the first step in growth by oriented attach-
ment (OA). In the OA process, growth proceeds via the epitaxial
[43,44] or partially-misaligned [45] addition of primary par-
ticles. Strong, crystal-face specific chemical interactions must
be responsible for the alignment of nanoparticles during this
growth process. We infer that a fraction of aggregated nanopar-
ticles are crystallographically aligned and attached via strong
chemical interactions, preventing subsequent surface charge-
driven disaggregation. Thus, the large size distributions ob-
served in the disaggregation experiments are likely a signature
of the early stages of oriented aggregation.

5. Conclusions

5.1. Cluster formation in nanoparticle suspensions

Our observations are relevant to many systems because we
expect that nanoparticles of any material for which proton ad-
sorption determines surface charge will form stable nanoclus-
ters over a wide range of aqueous conditions. Fig. 3 clearly
shows that there are threshold values of surface charge density
at which (i) cluster formation and (ii) settling occur as pH is in-
creased. We anticipate that these onsets should be predictable
from surface charge vs pH curves and the Hamaker constant.
Surface organic molecules are frequently present on nanopar-
ticle surfaces in natural and technological settings. Although
such molecules may possess functional groups with different
acid-base characteristics than the inorganic surface, their pres-
ence is expected only to shift the regime in which nanocluster
formation occurs, not produce qualitatively different behavior.
Consequently, our observations indicate the need to tailor sol-
vent conditions to ensure that the effects of long-range repulsive
interactions do not limit the maximum colloidal crystal sizes
attainable by the self-assembly of surfactant-coated nanopar-
ticles [46]. It is known that the hydrodynamic properties of
aggregates and hence nanoclusters are considerably different
from the dispersed particles [20]. Hence, nanocluster forma-
tion would deleteriously affect the thermal transport properties
of nanofluids [47] and membrane filtration processes involving
nanoparticles [10].

5.2. Implications for the transport of environmental
nanoparticles

From the considerations described above, it is likely that
many naturally occurring silicate and aluminum (oxy)hydroxide
nanoparticles (pHznsc 2.0–3.5) may form nanoclusters at cir-
cumneutral pH. The mobility of natural or synthetic nanoparti-
cles in the natural environment will strongly depend on whether
the nanoparticles remain completely dispersed, aggregate and
settle, or form mobile nanoclusters. The transport of conta-
minants in the environment is often determined by the col-
loidal size fraction [48–50]. For example, FeOOH and AlOOH
nanoparticles are formed in acid mine drainage and can ex-
hibit high affinities for dissolved contaminant ions [51,52].
In addition, uranium-containing nanoparticles may be formed
by inorganic and biological processes [53,54]. Colloid filtra-
tion theory is known to underestimate the distances traveled
by environmental colloids [55]. However, nanoparticle trans-
port may be substantially enhanced by nanocluster formation
because simulations indicate that the mobility of nanoparti-
cles in groundwater would be enhanced if they cluster to form
micron-scale aggregates (Ref. [2] and Fig. S11). Therefore, ex-
perimental studies of nanoparticle transport in porous media
[56] and models of colloid-facilitated contaminant transport
[57] should consider that the water-dispersible colloidal frac-
tion may contain environmentally significant concentrations of
nanoparticle clusters.
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