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Abstract—Nanoparticles are being used in broad range of applications; therefore, these materials probably will enter the environment
during their life cycle. The objective of the present study is to identify changes in properties of nanoparticles released into the
environment with a case study on aluminum nanoparticles. Aluminum nanoparticles commonly are used in energetic formulations
and may be released into the environment during their handling and use. To evaluate the transport of aluminum nanoparticles, it
is necessary not only to understand the properties of the aluminum in its initial state but also to determine how the nanoparticle
properties will change when exposed to relevant environmental conditions. Transport measurements were conducted with a soil-
column system that delivers a constant upflow of a suspension of nanoparticles to a soil column and monitors the concentration,
size, agglomeration state, and charge of the particles in the eluent. The type of solution and surface functionalization had a marked
effect on the charge, stability, and agglomeration state of the nanoparticles, which in turn impacted transport through the receiving
matrix. Transport also is dependent on the size of the nanoparticles, although it is the agglomerate size, not the primary size, that
is correlated with transportability. Electrostatically induced binding events of positively charged aluminum nanoparticles to the soil
matrix were greater than those for negatively charged aluminum nanoparticles. Many factors influence the transport of nanoparticles
in the environment, but size, charge, and agglomeration rate of nanoparticles in the transport medium are predictive of nanoparticle
mobility in soil.
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INTRODUCTION

The production and use of engineered nanomaterials is in-
creasing exponentially, and inevitably, significant quantities of
nanomaterials will be released into the environment. The de-
sirable properties of nanoparticles are related to their dimen-
sions; however, evidence suggests that the toxicity of nano-
particles may be much greater than the toxicity of bulk for-
mulations with the same chemistry [1–4]. One of the chal-
lenges for determining the risk associated with a nanomaterial
release event is the uncertainty regarding how the properties
of nanomaterials change once they interact with the environ-
ment as well as how the weathered conditions of the nano-
materials affect where and how the nanoparticles are distrib-
uted and in what condition they may contact biota [5,6]
(http://www.raeng.org.uk/).

Extensive characterization of the nanomaterials before, dur-
ing, and after experiments is necessary to interpret transport
data and to generate accurate risk assessments [7–10]. Particle
size, size distribution, shape, surface and core chemistry, ag-
glomeration state, crystallinity, redox potential, purity, cata-
lytic activity, surface charge, and porosity are all important in
understanding nanoparticle behavior [3,4,10–12]. In addition,
the nanoparticle characteristics are affected by experimental
conditions, such as soil chemistry, pH, and organic matter
content. Properties considered to be particularly relevant for
characterizing transport in soils are the size and surface state
of the nanomaterials when suspended in different solution en-
vironments [13,14]. For example, the majority of nanoparticles
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will agglomerate in biologically relevant fluids, and the in-
crease in particle size affects the transportability and toxicity
of the formulation [12,15]. In addition, different preparation
methods can affect experimental results. Carbon fullerenes
produced by extended mixing in water had differing surface
properties, shape, and agglomerate size compared with fuller-
enes created by a solvent exchange process [16].

The potential for changes in nanoparticle properties with
exposure to environmental conditions and the impact on trans-
port are illustrated through a case study on aluminum nano-
particles. Aluminum was selected because it currently is used
at the nanoscale in a number of applications, including ener-
getics, alloys, coatings, incendiary devices, and sensors [17].
Nanoscale metals, including aluminum, in combination with
metal oxides, are attractive for use as energetics because of
their high energy release on oxidation. Reduction in the size
of aluminum particles from 3,000 to 30 nm reduces the ignition
time and doubles the burn rate of energetic formulations [18].
The increase in reaction rate is related most closely to the
specific surface area of the aluminum, which increases by or-
ders of magnitude when particle sizes are reduced from the
micron- to the nanoscale. Because of the nature of the alu-
minum nanoparticle applications, the potential for aerosoliza-
tion of aluminum nanoparticles and subsequent deposition of
the nanoparticles across large areas, particularly at military
proving grounds, is high. Currently, the U.S. Air Force is
testing devices containing aluminum nanoparticles at sites in
northwestern Florida (USA) that include diverse flora and fau-
na. Understanding the fate and transport of nanoparticles is
critical to ensure that the impact of nanoparticles released to
the environment is minimized. Evaluation of aluminum nano-
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Table 1. Properties of solutions for aluminum suspensions at 25�C in
Milli-Q� water (Milli-Q), moderately hard reconstituted water

(MHRW), and a phosphate solution

Media pH
Total hardness

(mg/L as CaCO3)
Alkalinity

(mg/L as CaCO3)

Milli-Q water 5.5 0 0
MHRW 7.7 90 64
3.4 mM phosphate 6.7 0 77

particle properties both before and after environmental ex-
posure is necessary for determining the appropriate mitigation
steps after a release event.

A definitive need exists to evaluate the effects that nano-
particles may have on the environment, yet little is known
regarding interactions of nanoparticles with environmental ma-
trices, either naturally or in the test environment. Ecotoxicity
literature has focused on in vitro or in vivo studies of nano-
particles in aquatic systems [4,19], but to date, few studies
have identified toxicity in terrestrial species [20–22] or focused
on transport in a terrestrial environment with an aim of pro-
viding data relevant for prediction of nanoparticle behavior
and evaluation of exposure pathways [23]. Nanoparticle trans-
port experiments have been focused primarily on maximizing
delivery of zero-valent metals to soil and groundwater for
remediation purposes [24,25]; however, because nanoscale alu-
minum generally is not of interest for remediation, little data
are available regarding its transport in soils. To our knowledge,
Doshi et al. [26] is the only other study that evaluated transport
of nanoaluminum. Transport through porous sand media was
observed for both 100 nm oxide–coated and carboxylated alu-
minum, and transport varied with surface coating and pH of
the suspension solutions. The present study focuses on high-
level characterization of the nanoaluminum in suspension and
in the soil matrix to gain a better understanding of the prop-
erties that affect transport. In addition, we evaluate particles
in different environmentally relevant suspensions, aluminum
particles of different sizes, and transport through two different
types of soil.

MATERIALS AND METHODS

Nanoparticle preparation

Aluminum nanoparticle powder was purchased from
NovacentrixTM with nominal diameters of 50, 80, and 120 nm
and a 1- to 2.5-nm aluminum oxide passivation layer, as re-
ported by the manufacturer. Primary particle diameters were
calculated based on transmission-electron microscopy (TEM;
JEM-1010; Jeol) and image-processing software (ImageJ; Na-
tional Institute of Mental Health). Particle statistics and dis-
tributions were calculated using Microsoft Excel and SYS-
TAT� software (Systat Software). Because particles were ap-
proximately spherical, axes of individual particles were ran-
domly measured for sizing purposes. Basic statistics for
particle diameters and particle distribution histograms were
calculated by TEM and based on the percentage of total par-
ticles measured, percentage of total mass, and percentage of
total surface area. Outliers in data measurements beyond three-
fold the interquartile range were excluded from evaluation of
average particle size but were included in describing the range
of the data. Two outliers and one outlier were excluded for
the 80- and 120-nm particles, respectively. Particle diameters
were log-transformed to obtain a normal distribution, with the
geometric mean and 95% confidence interval of particle di-
ameters reported on the back-transformed data.

Two different experimental designs were evaluated, top-
loaded columns and suspension-loaded columns, with different
preparations of starting materials. The top-loaded columns
mimicked leaching of nanoparticles with water infiltration in
terrestrial environments via a spill or aerosol deposition. Top-
loaded columns used the powdered starting material (8–10 mg)
with no additional preparation. The suspension-loaded col-
umns mimicked dispersion in a high-shear environment fol-
lowed by release, which constitutes a worst-case scenario of

environmental exposure. Particles used for the suspension-
loaded experiments were prepared in room-temperature de-
gassed Milli-Q� water (Milli-Q), 3.4 mM phosphate buffer
(monosodium and disodium phosphate; pH 6.6), or moderately
hard reconstituted water (MHRW) [27] by probe sonication
(30 pulses for 1 s/cycle at 50% output; W-380 sonicator, CL4
375-W converter head; Heat Systems Ultrasonics) at a con-
centration of 1,000 mg/L. Particles suspended in phosphate
are referred to hereafter as treated particles, whereas particles
in MHRW or water are referred to as untreated particles. Treat-
ed and untreated suspensions were immediately diluted in wa-
ter or MHRW to 50 mg/L. Particles were prepared 15 min
before introduction to the soil column. Alkalinity, hardness,
and pH of suspension solutions before adding the aluminum
nanoparticles are reported in Table 1. Samples were monitored
using ultraviolet–visible light spectroscopy (HP 8453 Ultra-
violet-Visible Spectrophotometer, Hewlett Packard), laser
Doppler electrophoresis, and dynamic light scattering (Mal-
vern Zetasizer Nano ZS). Surface charge is reported as the
zeta potential. The hydrodynamic diameter is reported as the
intensity-weighted Z average, with the polydispersity index
width representing the standard deviation about the Z average
assuming a monomodal distribution. It should be noted that
in polydisperse samples, reported mean diameters are weighted
toward larger agglomerate sizes, because the amount of light
scattered by larger nanoparticles is greater than that of smaller
nanoparticles.

Matrix characterization

Two different matrices were used for the present study: A
50- to 70-mesh white quartz sand (catalog no. 274739, batch
11305KD; Sigma-Aldrich), and soil collected from Okaloosa
County (FL, USA). Soil was passed through a 30-mesh sieve
and dried before use. Soils were characterized as Lakeland
sand, 0 to 5% slopes (Thermic, coated Typic Quartzipsam-
ments), excessively drained, little to no profile development,
pH approximately 5.3, and organic matter content of 0.75%
[28]. Reported particle size distributions for Lakeland sand are
92.5% sand (particle side, 50–200 �m), 4.5% silt (particle size,
2–50 �m), and 3% clay (particle size, �2 �m) (http://
websoilsurvey.nrcs.usda.gov/).

Soil column setup

An automated system for evaluating transport used a sand
or soil column, a syringe pump to deliver constant flow, and
a 70-�l flow cell for ultraviolet–visible light spectrometry un-
der temperature-controlled conditions (25 � 2�C; � refers to
standard deviation throughout). Soil columns were constructed
from a 100-mm Omnifit� (Biochem Fluidics) borosilicate glass
liquid chromatography column (bore size, 6.6 mm) and poly-
tetrafluoroethylene plungers. Plungers were fitted with 105-
�m polyester mesh (Small Parts) and silicon no. 005 O-rings
(Small Parts) to hold soil and sand in the column while al-
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Fig. 1. Transmission-electron microscopy image of (A) 50-nm, (B) 80-nm, and (C) 120-nm aluminum. Nanoparticles were spherical, had broad
distribution of sizes, and were agglomerated in the powdered form of the starting material. Bar � 100 nm.

lowing unrestricted flow of nanoparticles. Pore volumes (ml)
were calculated as the difference between the total column
volume and the matrix volume.

Top-loaded columns were prepared with 3.88 � 0.01 g of
sand. Columns initially were packed with tapping to settle the
sand/soil and reduce air spaces. Approximately 7.8 to 8.8 mg
of powdered aluminum were layered on top of the sand col-
umns (sand density, 2.6 g/cm3) for a final column density of
1.71 � 0.01 g/cm3. Very soft reconstituted water [27] was
passed through the column at a rate of 50 ml/h. Very soft water
with low ionic strength and porous sand media was used as a
model for maximum transportability under potentially appli-
cable in situ conditions.

Suspension-loaded columns were packed with 3.87 � 0.01
g of sand or 3.46 � 0.01 g of soil (soil density, 2.4 g/cm3),
with a final column density of 1.68 � 0.01 and 1.60 � 0.01
g/cm3, respectively. Columns were rinsed repeatedly with so-
lution, and then each column was washed with an additional
100 ml of water or MHRW before loading with aluminum
nanoparticles. The aluminum colloidal suspension was intro-
duced by upflow to the column at a constant flow rate of 3
ml/h for 16.7 h (total flow volume, 50 ml) with an automated
syringe pump (Braun Perfusor� Compact S). Naturally oc-
curring aluminum in soil did not affect the results of the trans-
port experiments because the concentration of particles trans-
ported through the column were monitored as the change in
absorbance compared to the final wash eluent. The zeta po-
tential and hydrodynamic diameter of the starting material,
ending material, and aliquoted fractions were monitored
throughout both experiments using laser Doppler electropho-
resis and dynamic light scattering. The absorbance spectrum
was measured every 100 s during the course of the experiment.
The absorbance at each time point relative to the initial ab-
sorbance (C0) at a wavelength of 700 nm was plotted as a
function of the volume of nanoparticle solution introduced into
the column. The 700-nm wavelength was selected because it
monitors aluminum specifically and was minimally affected
by other soil matrix particulates eluting from the column.

Study area characteristics

Soils from Okaloosa County were selected as highly rel-
evant material for modeling because energetic devices con-
taining aluminum nanoparticles are used routinely in this area.
Annual rainfall averages 73 inches, with relatively even dis-
tribution throughout the year and occasional flooding. Mean

daily temperatures are between 11 and 27�C. The area of in-
terest is drained by two different stream systems with surface
water pH 5.3.

RESULTS AND DISCUSSION

Powdered particle characterization

Particle sizes as specified by the manufacturer were 50, 80,
and 120 nm and were based on calculations from the Brunauer,
Emmett, and Teller specific surface area of 44, 28, and 18
m2/g, respectively. The geometric mean particle diameter (95%
confidence interval) measured by TEM in the present study
was 41 (13–128), 52 (17–158), and 74 (25–220) nm. Electron
micrographs are presented in Figure 1. We found an 18 to 38%
difference in particle diameter, depending on whether it was
calculated from specific surface area provided by the manu-
facturer or measured by TEM. The TEM measurements were
used for calculating size distributions based on particle num-
ber, surface area, and mass (Fig. 2). Each of these distributions
was reported because the most appropriate metric for describ-
ing the dose of nanomaterials is still being debated [8,11].

Suspended particle characterization

Nearly all dry powders of nanoparticles when dispersed in
a liquid are in a highly agglomerated state that is dynamic
with time; therefore, monitoring nanoparticle agglomerates in
suspension and comparing the as-received size with the as-
dosed size has been identified as a significant obstacle to in-
terpreting the available literature [11]. Because the formation
of agglomerates will increase settling rates in suspension [29]
and may impact deposition from a colloidal suspension to a
solid surface [30], the agglomeration state and stability of
untreated and treated particles in water before introducing them
to the columns and at the conclusion of the experiment (16.7
h) are presented in Figure 3A. The hydrodynamic diameter as
determined by dynamic light scattering (intensity-weighted Z
average � polydispersity index width) of the 50-nm treated
aluminum was 204 � 100 nm at the start of the experiment
and was stable throughout the course of the experiment, with
an ending diameter of 204 � 101 nm (16.7 h). The untreated
50-nm aluminum particles diluted in water were similar to the
treated particles at the start of the experiment (215 � 99 nm);
however, the particles agglomerated during the experiment
and, by the end, were 672 � 379 nm. The untreated nominal
80-nm particles were very similar to the 50-nm untreated par-
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Fig. 2. Particle size distribution histograms based on particle diameter,
surface area, and mass for (A) 50-nm, (B) 80-nm, and (C) 120-nm
aluminum.

ticles, with diameters of 210 � 95 nm at the start and 489 �
161 nm at the end. The 120-nm untreated particles formed
larger agglomerates than all other treated or untreated particles
in water, with a starting size of 317 � 180 nm and an ending
size of 1,500 � 937 nm.

Particles treated with phosphate and diluted in water were
the most stable over time and had the smallest agglomerate
size of the particle/suspension solution combinations evalu-
ated. Phosphate binds strongly to aluminum surfaces, and the
phosphate coating on the treated aluminum particles increases
the long-term stability of the nanoparticle solution and protects
the nanoparticles from oxidation. The effect of the phosphate

coating on the zeta potential of the 50-nm aluminum particles
is shown in Figure 3B. Initially, the zeta potential of the un-
treated 50-, 80-, and 120-nm nanoparticles was strongly pos-
itive. In contrast, the zeta potential of the treated particles were
strongly negative (�40 mV), indicating that the phosphate had
bound to the surface and reversed the charge on the nanopar-
ticle. Over time, the treated particles remained stable in both
size and zeta potential, whereas the untreated particles in-
creased in size and had a reduced zeta potential. As demon-
strated in the transport experiments presented below, the dif-
ference between the surface state of the treated and untreated
nanoparticles had a dramatic effect on the transport dynamics
of aluminum nanoparticles.

To simulate typical groundwater conditions, the nanopar-
ticle agglomeration state and zeta potential were investigated
in MHRW. The starting and ending hydrodynamic diameter of
treated and untreated, nominal 50-nm aluminum nanoparticles
in water and MHRW are shown in Figure 3C. In both the
treated and untreated cases, the higher-ionic-strength MHRW
destabilized the aluminum nanoparticles, resulting in an in-
crease in the starting and final hydrodynamic diameters. The
50-nm untreated material diluted in MHRW was the least sta-
ble of all aluminum formulations measured, with a starting
hydrodynamic diameter of 791 � 400 nm and a final diameter
of 2,344 � 1,997 nm. Likewise, the 50-nm treated particles
diluted in MHRW were larger than their counterparts diluted
in water, with a diameter of 461 � 325 at the start and 1,147
� 507 nm at the end of the experiment. Large agglomerates
(particle size, 	2 �m) precipitated from solution within an
hour of suspension. Treated and untreated particles diluted in
MHRW formed agglomerates two- to fourfold larger at the
start of the experiment and three- to sixfold larger at the end
as compared to the particles in water (Fig. 3C). Aluminum
nanoparticles agglomerate in cell culture media solutions
(F12K supplemented with 20% fetal bovine serum in 1% pen-
icillin and streptomycin) [31] and in phosphate-buffered saline
[32], both of which have high ionic strength. Likewise, the
present study found that suspension of the aluminum nano-
particles in solutions with higher ionic strength, such as
MHRW, caused larger agglomerates in a shorter period of time
compared to suspension in water. Ionic strength and a pH near
the isoelectric point of the particle have been identified as
factors causing agglomeration in solution [12]. The MHRW
has both high ionic strength and a pH near the isoelectric point
for alumina (pH 7.7), which neutralizes the surface charge of
the aluminum nanoparticles and decreases the electrostatic in-
teraction barrier between the particles, allowing agglomerates
to form.

The zeta potential of treated and untreated aluminum nano-
particles is shown in Figure 3D. The zeta potential of alu-
minum particles in water was strongly positive (	30 mV), and
the surface charge stayed strongly positive throughout the
course of the experiment. In MHRW, however, the starting and
final zeta potential measurements were nearly neutral (�5
mV), indicating instability. The neutral zeta potential corre-
lated with the increase in the agglomerate size of the nano-
particles in MHRW. Treated nanoparticles diluted in MHRW
began with a negative zeta potential, which was neutralized.
The change in charge was not as dramatic as that of the un-
treated particle, suggesting that the phosphate coating provided
some degree of stabilization in MHRW but not enough to
completely protect the nanoparticles from agglomerating.

The dramatic changes in the nanoparticle properties with
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Fig. 3. Agglomerate size and zeta potential of untreated and phosphate-treated (Treated) aluminum nanoparticles in different solutions (Milli-Q�
water if not noted or moderately hard reconstituted water [MHRW]) at the start and end of the soil transport experiments. (A) Agglomerate size
of aluminum nanoparticles of different primary grain size. (B) Zeta potential of aluminum nanoparticles of different primary grain size. (C)
Agglomerate size of treated and untreated aluminum nanoparticles in different solutions. (D) Zeta potential of treated and untreated aluminum
nanoparticles in different solutions. Start, 0 h; end, 16.7 h.

introduction to different solutions and treatments demonstrate
the potential for diverse interactions with environmental ma-
trices. Surface charge has been shown to be a primary factor
in transport through soils [33] and in capture efficiency by
filter-feeding organisms [34]. Suspensions of aluminum par-
ticles treated with phosphate were negatively charged and the
most stable. Moderately hard reconstituted water neutralized
the zeta potential of the nanoparticles and accelerated agglom-
eration. Untreated aluminum nanoparticles had a strong pos-
itive charge, which influenced transport through sand and soil
matrices. The interactions pertinent to predicting environmen-
tal fate and transport and to defining exposure scenarios for
ecological risk assessments were explored further, as detailed
in the following sections on transport.

Transport of aluminum nanoparticles by top-loaded
column

Results with 50-nm aluminum nanoparticles in a sand col-
umn indicated little risk of transport given the scenario of
deposition and infiltration via rainwater. Transport experiments
were run in triplicate, and absorbance at breakthrough, defined
as the relative maximum concentration compared to the con-
trol, ranged from a 0 to 6% increase in absorbance compared
to a very soft water–only control. A small amount of material
could be observed traveling a short distance through the col-
umn, but the leachate was transparent. Doshi et al. [26] eval-
uated aluminum transport in sand using a similar top-loaded

design by placing 200 mg of 100-nm aluminum on a sand
column and eluting with 0.01 M NaCl. Significant clogging
of the column prevented passage of the leaching solution, and
the experiment was abandoned for another column design in
which 80 mg of 100-nm aluminum were placed between sand
layers and eluted with 0.01 M NaCl. A spike in the aluminum
concentration of the leachate (8 mg/L) at pH 7 was measured
after approximately 180 ml of solution passed through the
column, but the leachate concentration returned to a value of
less than 0.2 mg/L after 240 ml. Unlike the study by Doshi
et al. [26], the present study did not measure soluble aluminum
in leachate. The ultraviolet–visible light spectrophotometer
used in the present study could only detect changes in the
leachate absorbance and was not sensitive to soluble aluminum
passing through the column. It is possible that some amount
of soluble aluminum was passing through the column, as in-
dicated by Doshi et al. [26], but at a circumneutral pH, alu-
minum solubility is low and transport likely to be minimal.
Because of the clogging of the column and negligible trans-
portability, testing was not continued with other particle sizes
or matrices and will not be discussed further. The second ex-
perimental design using suspension-loaded columns yielded
more reproducible results; therefore, the remaining discussion
is limited to the suspension-loaded column experiment.

Size-related transport in suspension-loaded columns

The transport of the nominal 50-, 80-, and 120-nm pow-
dered aluminum nanoparticle materials was measured in a soil
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Fig. 4. (A) Size-dependent transport of aluminum nanoparticles
through soil based on the change in concentration from the initial (C/
C0) measured by absorbance at 700 nm. (B) Transport of 50-nm alu-
minum nanoparticles suspended in phosphate, moderately hard re-
constituted water (MHRW), and Milli-Q� water solutions. (C) Trans-
port of 50-nm aluminum nanoparticles suspended in phosphate,
MHRW, and Milli-Q water through two different media (sand and
soil).

column. The particles were prepared at a concentration of 50
mg/L in Milli-Q water, sonicated, and immediately loaded to
the column. The transport data for the three primary sizes of
aluminum are shown in Figure 4A. The concentration at break-
through was 39 and 44% of C0 for the 50- and 80-nm particles,
respectively, with transport decreasing as the number of pore
volumes increased. The transport potentials of 50- and 80-nm
aluminum were predicted to be comparable, because the av-
erage agglomerate size of each suspension was similar (
210
nm). The 120-nm aluminum nanoparticle had a larger hydro-
dynamic diameter (317 nm) and, consequently, had a lower
concentration at breakthrough, which was attributed to a fil-
tration effect by the matrix grains.

After transport, the mean agglomerate size was two- to

fivefold larger than the starting material, indicating that ag-
glomeration takes place in water for all particle sizes over
time. Because the agglomerate size was increasing and the
zeta potential decreasing, it was difficult to determine which
parameter was leading to the decrease in transport with time.
Additionally, even at breakthrough, where the concentration
is the highest, approximately 60% of the nanoparticles were
still being deposited in the soil column. The accumulation of
nanoparticles in the matrix changed the effective pore size of
the soil and, potentially, reduced transport. The local dynamics
of nanoparticle retention in the column may be complicated
by the increase of shear forces created by fluid flow through
plugged pores, resulting in partial deagglomeration and mo-
bilization of particles [33]. Further research with nanoparticles
that have stable sizes and surface chemistries will be necessary
to understand the complicated dynamics of nanoparticle trans-
port in heterogeneous media.

Surface charge and solution effects on transport

The impact of dilution media and changes in the surface
charge on transport of the nanoparticles was investigated (Fig.
4B). Phosphate treatment was used to mimic release of neg-
atively charged nanoparticles to the environment. Moderately
hard reconstituted water was used as a representative dilution
media for surface waters, and deionized water served as a
control. Phosphate-treated particles in water initially broke
through the soil columns at 71% of C0, whereas untreated
particles in water broke through at 39% of C0. After break-
through, however, transport of the treated particles was be-
tween 71 and 82% of C0 throughout the rest of the experiment,
whereas the concentration of the untreated particles dropped
dramatically to approximately 5% of C0. All particles diluted
in MHRW (phosphate treated or not) broke though and re-
mained at less than 6% of C0, indicating that regardless of
surface treatment, suspension in MHRW reduces transport po-
tential. The primary factors influencing transport were the elec-
trostatic interaction of the particles with soil matrix and the
filtration effect of the soil matrix on particles. Both primary
size and agglomerate size were important metrics influencing
filtration effects, and both mechanisms likely interacted to
some degree, but in varying proportions at different size scales,
as indicated by the results discussed below.

Both surface charge and agglomeration state have been
identified previously as being strongly influential on colloid
transport through soils [25,35]. Our transport experiments
showed that electrostatic interactions were important, as in-
dicated by the higher rate of transport of the negatively
charged, treated particles compared to untreated particles. Der-
jaguin–Landau and Verway [36,37] theory predicts repulsion
between two similar but strongly charged surfaces, such as
negatively charged, treated particles and soil. The relative rate
of retention of the untreated particles in the column therefore
can be explained by the attraction between their positive sur-
face and the predominantly negative surface of the soil par-
ticles. Similar interactions were observed in the transport of
titania particles in a micromodel system [33]. Oppositely
charged particles compared to the matrix surfaces resulted in
deposition of the particles in the matrix of the model system,
whereas similarly charged matrix and particles resulted in
transport of suspended particles through the system.

The electrostatic interaction between matrix and nanopar-
ticle has been described as a critical factor in predicting trans-
port, particularly at the nanoscale [29,33]; therefore, an ex-



Aluminum nanoparticle transport through soils Environ. Toxicol. Chem. 28, 2009 1197

Fig. 5. Negatively charged citrate gold nanoparticles attached to pos-
itively charged particulates in soil.

perimental evaluation of the soil matrix and nanoparticle in-
teraction was performed. Although not entirely valid for cal-
culating interaction energies of particles at the nanoscale,
classic Derjaguin–Landau and Verway–Overbeek theory does
demonstrate the importance that surface charge has for de-
scribing transport under certain conditions [30,33]. This theory
states that the interaction of two surfaces in a colloid solution
is described by the sum of the van der Waals forces and elec-
trostatic interactions between the surfaces [36,37]. As particle
size decreases, van der Waals forces decrease, making the
overall interaction of surfaces in aqueous media largely influ-
enced by electrostatic interactions at the nanoscale [29]. To
investigate the distribution of charge within a heterogeneous
soil sample and the homogenous white quartz sand, gold nano-
particles with different surface charges were used to measure
indirectly the surface charge distribution on soil and sand com-
ponents by assuming that particles of opposite charge will be
attracted to each other. Monodisperse, negatively charged, 37-
nm gold nanoparticles were passed through the column system,
and adsorption to the matrix was imaged using TEM. The sand
experiment showed no gold bound to the matrix, indicating
that the sand matrix had a homogenous, negative charge, and
particles and matrix components with similar charges had min-
imal electrostatic interaction at the matrix surface. The soil
experiment showed very few negatively charged gold particles
bound to the soil components, confirming that the soil used
in the present study primarily was negatively charged; how-
ever, adsorption of gold to a fraction of soil components (com-
prising 
2% of soil particles) was observable (Fig. 5). It ap-
pears that some fraction of the soil had a positive charge and
confirmed that localized electrostatic interactions took place
within heterogeneous soil matrices with nanoparticles.

Although electrostatic interactions between particles and
soil surfaces explained the difference in magnitude of the ini-
tial breakthrough between treated and untreated particles of
the same size, it did not explain why untreated particles were
increasingly retained in the column over the course of the
experiment (Fig. 4B). If the interaction between the nanopar-

ticles and soil resulted solely from the electrostatic interac-
tions, then once positively charged aluminum nanoparticles
bound to all the negatively charged surfaces in the soil matrix,
the transport of the untreated aluminum nanoparticles should
have increased. It is hypothesized that the change in agglom-
erate size with time (from 215 to 672 nm in diameter) was
partially responsible for this effect. The larger particles more
likely were excluded by the pore size of the matrix, and with
larger particles, a greater potential existed for settling before
introduction to the column. In contrast, the treated particles
had a stable size (204 nm) throughout the experiment, and
transport remained constant as a function of the number of
pore volumes. In addition to the increase in size, a decrease
in the zeta potential of the untreated nanoparticles as a function
of time was observed (Fig. 3C), and this may have contributed
to the rate at which untreated aluminum nanoparticles were
extracted by the matrix. Similar changes in charge density and
particle agglomeration have been documented for amphiphilic
polyurethane nanoparticles interacting with background elec-
trolytes in soil [38]. This is not surprising, given that high-
strength ionic solutions cause agglomeration of nanoparticles
[39] by changing the surface charge, which reduces the elec-
trostatic repulsion barrier between particles and amplifies the
relative magnitude of van der Waals forces.

Transport through different soil types

To investigate further the interactions of aluminum nano-
particle with the matrix, treated and untreated aluminum nano-
particles were transported across white quartz sand. The sand
matrix was comprised of a homogenous primary grain size
(0.2–0.3 mm), with each grain having a negative surface
charge. The investigation of a matrix with a more consistent
charge distribution and larger porosity than the soil provided
clarity regarding the relative importance of the interactions
between the filtration capacity of the matrix and the aluminum
nanoparticle surface charge. Data from the transport of treated
and untreated aluminum nanoparticles in MHRW, water, and
phosphate solution are shown in Figure 4C. For the treated
nanoparticles in phosphate, breakthrough in the sand column
occurred at five pore volumes, and a concentration of 95% of
C0 indicated that the negatively charged aluminum nanopar-
ticles did not interact with the matrix and were not restricted
by pore size. Treated particles with small size and large in-
teraction energy barriers passed through the pore spaces with-
out interacting. Dunphy Guzman et al. [33] suggest that in-
teraction energy barriers and agglomerate size may play key
roles in predicting transport. Untreated nanoparticles through
sand had a very different profile. Breakthrough with the pos-
itively charged nanoparticles was delayed until 27 pore vol-
umes, with an initial transport of 68% of C0, presumably
caused by binding of the positively charged aluminum nano-
particles to the surface of the sand matrix. After 27 pore vol-
umes, an estimated 1.207 mg of aluminum had been extracted
from solution onto the matrix, corresponding to a surface cov-
erage of 18% of the sand matrix, with 213-nm aluminum ag-
glomerates (assuming a 50% agglomerate porosity) binding to
the surface of sand grains (particle size, 250 �m). Because of
the spreading dynamics of agglomerates on the surface of sub-
strates and smaller agglomerates covering the surface more
efficiently than larger agglomerates, this calculated coverage
is what would be expected if breakthrough were caused by a
saturation of negatively charged binding sites on the sand par-
ticles. Transport of untreated nanoparticles in MHRW showed
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impeded transport resulting from destabilization of the alu-
minum nanoparticles into agglomerates. Even with a much
larger pore size as compared to the soil matrix, transport
through the sand in MHRW was very low.

If the transport in soil columns described earlier is com-
pared to the experiments with the sand matrix, transport of
both treated and untreated aluminum nanoparticles in the soil
matrix was less than that in sand. The transport of the treated
particles through the sand had breakthrough at five pore vol-
umes and relatively high transport (95% of C0) as compared
to a breakthrough in six pore volumes (71% of C0) in the soil
column (Fig. 4C). Likewise, although delayed, untreated par-
ticles in water were transported more efficiently through the
sand column (68% of C0) compared with soil (39% of C0).
Untreated particles diluted in MHRW had exceptionally low
passage by the sand (�2% of C0 at breakthrough) and the soil
column (6% of C0).

The difference in transport of the particles through sand
and soil matrices can be predicted based on electrostatic in-
teractions between the particles and matrix, the dynamic pore
size of the matrix over time, and the higher surface area per
unit mass of the soil. Electrostatic binding of particles to the
matrix contributed to clogging of pore spaces, effectively re-
ducing the pore size of the matrix over time and increasing
the effect of filtration [35]. The additive contribution of smaller
pore sizes, increased filtration rate, and a larger surface area
for electrostatic interactions also explains why transport in soil
was less than that in sand. Additionally, because the nano-
particles remain in environmentally relevant solutions, the ag-
gregation size of the particles increased. As the particles be-
came larger throughout the experiment, the effect of filtration
became greater, as more and larger particles were impeded by
the matrix. Although filtration likely was important throughout
the entire column, a collection of untreated aluminum diluted
in water in the soil column was observed at the site of intro-
duction; this collection was not observed in the sand column
or for the treated particles diluted in water. When untreated
particles in water were first introduced to the column, a strong
electrostatic effect occurred, and the particles bound to the
oppositely charged matrix. Pore sizes therefore were reduced
by this binding, which impeded the transport of progressively
smaller particle sizes through the column. The effect of filtra-
tion in the pore spaces and agglomeration over time may be
partially responsible for the magnitude of the reduction in
transport through soil—a similar effect has been shown to play
a role in other transport studies [33,35]. Because treated par-
ticles in water had a small and stable diameter, the pore size
had limited impact on physical filtering, and collection of alu-
minum on introduction to the column was not observed.

CONCLUSION

The present study demonstrated that the characteristics of
nanoparticles are dynamic in the environment and that this is
an important consideration for the design and interpretation of
nanoparticle studies. The properties of aluminum nanoparticles
were monitored in different solutions, and the transport of
aluminum nanoparticles was investigated in soil and sand ma-
trices. Although aluminum chemistry is complicated and many
factors may be implicated in soil transport processes, certain
basic principles are deterministic in predicting transport of
aluminum particles in soils at circumneutral pHs, such as size,
surface charge, and agglomeration rate. Transport of aluminum
nanoparticles was inversely related to the size of the agglom-

erated particles. Depending on the ionic strength of the solution
in which they are suspended, the agglomerate size can increase
with time and further affect transport. In solutions that mimic
surface water conditions of moderate ionic strength, aluminum
nanoparticles will rapidly form micron-sized agglomerates and
restrict transport. Similarly, particles loaded to the top of the
column had limited transport because of clogging of the matrix
by agglomerates. Particles that remain unagglomerated and
relatively small (
200 nm) have greater transport potential,
however, and could potentially reach groundwater or surface
water. Additionally, the surface charge of the particles and the
receiving matrices also are important, particularly for small,
stable agglomerates, where surface charge may be most influ-
ential in describing transport. Generally, particles with a sur-
face charge similar to that of the matrix are transported, and
those with opposite charges are retained in the matrix. Binding
to uncharged elements in the soil will occur, but to a lesser
degree than when an electrostatic attraction exists between the
particles and soil. As indicated by the results presented here,
the surface charges of the particles and the soil may be the
dominant physicochemical characteristics governing transport
of nanoparticle agglomerates at size ranges not subject to fil-
tration. Predictive models should be developed for nanopar-
ticle transport in different matrices based on relationships be-
tween rates of agglomeration, size of the starting material, and
charge of the nanoparticle and the matrix. Further work should
include evaluation of other nanoparticles in multiple soil types,
use of particles that are stable in environmental solutions, com-
parison of engineered nanoparticles to naturally occurring
nanomaterials (e.g., comparing released aluminum nanopar-
ticles to nanoscale gibbsite in the soil), and investigation into
other relevant interactions, such as the effect of organic acids
on nanoparticle characteristics and transport.

The objective of the present study was to identify how
nanoparticles with novel physicochemical properties may in-
teract with the environment, with the goal of specifically de-
signing particles that have limited transport potential. Knowl-
edge regarding the basic principles governing transport also
is critical in identifying realistic pathways of exposure to en-
vironmental media and biota and in considering how the ma-
terial should be characterized to design environmentally rel-
evant toxicity studies and risk assessment evaluations. Clearly,
salts found in the environment greatly impact aluminum nano-
particles by causing agglomeration and by decreasing transport
and, potentially, bioavailability. A number of interactions be-
tween the media, carrier solution, and particles in the in vivo
model still need to be identified, and even greater interactions
likely exist that may impact in situ systems. Further work needs
to address how particles interact or bind with specific soil
constituents as well as how particles may change with time in
different media.
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