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ABSTRACT: A coal ash spill that occurred from an ash
impoundment pond into the Dan River, North Carolina,
provided a unique opportunity to study the significance and
role of naturally occurring and incidental nanomaterials
associated with contaminant distribution from a large-scale,
acute aquatic contamination event. Besides traditional
measurements of bulk watercolumn and sediment metal
concentrations, the nanoparticle (NP) analyses are based on
cross-flow ultrafiltration (CFUF) and advanced transmission
electron microscopy (TEM) techniques. A drain pipe fed by
coal ash impoundment seepage showed a high level of arsenic,
with concentrations many times over the EPA limit. The
majority of the arsenic was found sorbed to large aggregates
dominated by incidental iron oxyhydroxide (ferrihydrite) NPs, while the remainder of the arsenic was truly dissolved. These
ferrihydrites were probably formed in situ where Fe(II) was leached through subsurface flowpaths into an aerobic environment,
and further act as a significant contributor to the elevated As concentrations in downstream sediments after the spill. In addition,
we discovered and describe a photocatalytic nano-TiO2 phase (anatase) present in the coal ash impacted river water that was also
carrying/transporting transition metals (Cu, Fe), which may also have environmental consequences.

■ INTRODUCTION

It is becoming increasing apparent that naturally occurring and
anthropogenic incidental nanomaterials play an important and
often completely overlooked role in regulating the behavior of
contaminants in complex aquatic systems. This statement is
applicable to both manmade aquatic systems, such as
nanomaterials in water treatment plants and distribution
systems,1−3 and natural aquatic systems, such as rivers and
groundwater.4−7 What has been generally missing is an example
of a major, acute aqueous contaminant spill where the central
role of naturally occurring and incidental nanomaterials has
been clearly delineated. Our opportunity to study this
underrepresented type of impact in a major aqueous
contamination scenario came in February 2014 during a coal
ash spill into the Dan River near the town of Eden, North
Carolina. Although this spill was considerably smaller than
previously studied coal ash spills in the North Carolina/
Tennessee areas,8,9 it was still a major event. The resulting flow
of ash and water was estimated to contain 27 million gallons of
water and 30 000−39 000 tons of coal ash flowing into the Dan

River from February 2 to 8, 2014, when the leak was finally and
successfully capped.10

Coal combustion residues (CCRs) can cause elevated
concentrations of toxic metals in surface water (streams, rivers,
and lakes), and potentially in groundwater.11,12 Previous studies
of coal ash spills have documented long-term chemical impacts
that may result in long-term environmental and health impacts
on these aquatic systems.9,12 There has been limited research
on these long-term impacts, however a recent study concluded
that the amount of toxic metal released from coal ash and its
further mobility in an aquatic system are considered the key
factors that control the environmental risk.8

Whereas regulations in the United States for many
contaminants commonly found in ash spills are based on
total concentrations, studies on water quality and pollutants
following coal ash spills often differentiate between solid
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particulate matter (SPM) and dissolved materials by separating
them using membrane filters (e.g., having a pore size of 0.45
μm). In fact, the “dissolved” phase present in the filtrate of
natural waters is a complex mixture including a range of sizes of
colloids, nanoparticles (NPs), and the truly dissolved
phase.13,14 In the last several years, growing attention has
been given to NPs due to their inherent reactivity with
contaminants and their implications for contaminant mobi-
lity.15,16 These NPs can be transported for long distances and
serve as carriers for contaminants that may significantly alter
their fate and transport relative to standard geochemical
assumptions, calculations, and models.
To systematically assess the role of NPs associated with toxic

metals in a major aqueous contamination scenario, water
samples from the Dan River and two inflows to the Dan River
from the coal ash impoundment areas were sequentially
separated using cross-flow ultrafiltration (CFUF) into >0.45
μm, <0.45 μm, 1 kDa−0.45 μm, and <1 kDa fractions, where 1
kDa is roughly equivalent to 1 nm in size. Major and trace
element concentrations were analyzed in each fraction. To
achieve our goal, it was necessary (1) to determine the
distribution of metals in different fractions of water; (2) to find
and identify the dominant NPs in inflows from the impound-
ment area, the river water, and river sediment samples; and (3)
to closely examine the association of toxic metals with NPs. To
characterize colloids and NPs, we used a variety of X-ray and
electron based techniques including X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning TEM
(STEM), and selected area electron diffraction (SAED)
analysis.

■ MATERIALS AND METHODS
Sample Collection. On February 9, 2014, the day after the

spill was capped, water and sediments were sampled from the
Dan River in the vicinity of the Dan River Steam Station. Water
was sampled from the river channel above the dam at the power
plant (0.6 km upstream of the spill site, Site 1; Figure 1), at the
spill site within the perimeter of a floating sediment curtain that
was deployed in the water surrounding the area of the river
around the pipe that had been leaking (Site 2), and at 1.1, 3.6,

and 14 km downstream (Sites 3, 4, and 5, respectively). Water
was sampled by using an acid-washed high-density polyethylene
bucket to collect surface water subsamples that were combined
to fill a 20-L polycarbonate carboy. Water was also collected
from two preexisting inflows to the Dan River associated with
the Dan River Steam Station. The first was a discharge just
upstream of the primary ash basin (0.5 km upstream; Inflow A
in Figure 1) fed by a mixture of seep water and stormwater.
The second inflow was a stream that runs along the earthen
dam of the secondary ash basin and into the Dan River (0.5 km
downstream of the spill; Inflow B). Detailed information on the
sampling sites and two inflows has been provided in the
Supporting Information (SI).
Five sediment samples were collected along the river at a

subset of the water sampling locations using a plastic scoop,
with the goal of collecting the top 5−10 cm of sediment. Two
sampling sites were located immediately below the spill site,
with samples being collected both within the spill mediation
curtain and outside of the curtain. Sediments were collected
from three additional sites that were 0.5, 1.1, and 2 km
downstream of the spill site.

Filtration of Water Samples. Bulk water samples were
filtered using a cross-flow ultrafiltration (CFUF) system
(Pellicon System, Millipore, USA) equipped with membranes
of different pore sizes. Water samples were sequentially
separated through a Millipore 0.45-μm Pellicon 2 HVMP
membrane and a 1-kDa regenerated cellulose Pellicon 2 PLAC
ultrafiltration membrane as described in SI Figure S1. The
retentate flow containing the colloids was directed back to the
feed container so that it became more concentrated with time,
while the permeate flow was collected separately containing the
truly dissolved phases. A concentration factor (cf) (ratio of the
volume of the initial sample to the retentate volume) of 25 was
chosen to optimize for a reliable determination of the colloidal
pool for trace metals (see details in the SI).13 In this way, each
original water sample was separated into >0.45 μm, <0.45 μm,
1 kDa−0.45 μm, and <1 kDa fractions, in which >0.45 μm and
1 kDa−0.45 μm fractions are concentrated retentates which are
referred to in this paper as SPM and colloidal suspension,
respectively. The CFUF system was initially cleaned using 0.1

Figure 1. Map of the sampling sites along the Dan River (modified according to the Dan River steam station diagram, Duke Energy17).
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M HNO3 and 0.1 M NaOH solution for 30 min, respectively.
Prior to loading each sample, the system was thoroughly rinsed
with 10 L of Milli-Q water and 1 L of feedwater sample.
The recoveries of all the elements analyzed in water by

CFUF separation were 74.1−108.6%, with the exception of Ti
(for which we recovered only 23−86%). These recoveries are
considered satisfactory due to the unavoidable system loss or
contamination. The poor recovery of Ti was a result of the loss
to the separation system and poor digestion efficiency with
HNO3 and even with 2% aqua regia, as Ti oxides are extremely
refractory phases.
ICP-MS Analysis. Major and trace element standards were

purchased from High-Purity Standards (Charleston, SC.).
Water samples and calibration standards were prepared in a
matrix of 2% nitric acid by volume in duplicates. Bulk water and
>0.45-μm fractions were acid digested according to Standard
Method 3030F.18 This method is satisfactory for most metals
but is inefficient for titanium oxides, which are insoluble even
under strong acidic condition. Sediment samples were acid
digested in duplicates following EPA Method 3050B. Major
and trace element concentrations were analyzed using a
Thermo Electron X-Series inductively coupled plasma mass
spectrometer (ICP-MS) per Standard Method 3125-B.18

Electron Microscopy Analysis. Sediment and the
retentate of the >0.45-μm fraction of inflow samples were
investigated using an environmental scanning electron micro-
scope (ESEM, FEI Quanta 600 FEG) equipped with an energy-
dispersive X-ray spectrometer (EDS, QUANTAX 400, Bruker).
Selected colloidal solution samples were placed onto a 300-
mesh copper TEM grid with lacey carbon support film
(Electron Microscopy Sciences, PA). Morphology, aggregation,
chemistry, and crystal structure of the NPs in the colloidal
solution (1 kDa−0.45 μm fraction) were investigated using a
JEM 2100 TEM/STEM (JEOL Corporation) operating at 200
kV and equipped with an energy dispersive X-ray (EDX)
spectrometer. Electron diffraction patterns of the crystalline and
semicrystalline phases were recorded in selected area electron
diffraction (SAED) mode.
XRD. The SPM suspension from Inflow A was pipetted onto

a zero background sample holder and analyzed by a Rigaku

MiniFlex X-ray diffractometer (Ni-filtered Cu Kα radiation,
scanned between 10° and 80° 2θ at a scan rate of 0.02° 2θ s−1).
All raw data files were converted to an Excel file from which the
relative intensity was plotted versus 2θ.

■ RESULTS AND DISCUSSION

The highest concentrations of contaminants in water samples
associated with CCR were measured not at the site of the spill,
but from the two inflows which enter the Dan River both
upstream (Inflow A) and downstream (Inflow B) of the ash
containment basins. Concentrations in <0.45-μm water of Na,
S, Al, Cr, Mn, Co, As, Sr, and Mo were all significantly higher in
both inflows than in any of the sampling locations within the
Dan River (SI Table S2, t-test, p < 0.05). For both inflows we
found that the majority of the trace metals were in the <1-kDa
fractions, which are considered to be the truly dissolved metals.

Characterization of Inflows. As mentioned in the site
description in the Supporting Information, Inflow A is fed by a
mixture of seepage from the primary ash basin, yard drains, and
stormwater. Although the flux of water may have been driven
by stormwater, the sample from Inflow A had high
concentrations of known coal combustion constituents in
bulk water including Fe, Mn, As, Sr, Mo, and Ba. Of particular
concern was arsenic in the bulk water. At 85 μg As L−1, the
arsenic concentration in Inflow A was more than eight times
the US EPA Maximum Contaminant Level (MCL) of 10 μg
L−1.19 Whereas the MCL applies to unfiltered water, it is
noteworthy that filtered water concentrations were 30 μg/L in
the <0.45-μm fraction and slightly lower (28.8 μg/L) in the <1-
kDa fraction, both of which were still well in excess of the
MCL. Although the Fe concentration was 3250 μg/L in the
unfiltered water, there was no measurable iron in the <0.45-μm
fraction, indicating that nearly all of the Fe was present in the
SPM fraction (Figure 2). The mass balance of elements was
calculated by including the SPM, colloidal, and dissolved
phases. Significant proportions of the total aluminum and
arsenic present in the bulk sample was also found in this largest
size fraction (SI Figure S2). For all other major elements, we
found no significant difference between concentrations in bulk

Figure 2. Concentrations of major elements (Na, Mg, Si, K, and Ca in mg/L) and trace metals (Al, Ti, V, Cr, Fe, Mn, Co, Ni, Cu, Zn, As, Sr, Mo, Sn,
and Ba in μg/L) in different fractions from Inflow A. Differences within an element between size classes are denoted as being significant at p < 0.05
(*), p < 0.01 (**), and p < 0.001 (***).
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water, <0.45-μm, and <1-kDa fractions, revealing these
elements were mostly in the dissolved phase.
The SPM fraction retained by a 0.45-μm filter had an average

hydrodynamic diameter of 1641 nm (1.6 μm) as measured by
dynamic light scattering (SI Figure S3). Further character-
ization of the particles that made up the SPM fraction by TEM-
EDS showed that these were predominantly iron-rich particles
that were intimately associated with both Si and As (SI Figure
S4). The iron particles in the SPM fraction were shown by
XRD to be mostly two-line ferrihydrites with diffuse peaks
centered at d-spacings of 1.5 and 2.5 Å. This was further
confirmed by TEM coupled with SAED (Figure 3). The finding
that these ferrihydrite particles tended to form large aggregates
is consistent with the finding that the particles had a zeta
potential of 0.05 mV suggesting that they were near their point
of zero charge and thus destabilized.
The presence of large aggregates of arsenic-rich ferrihydrites

in water from Inflow A was likely the result of a combination of
processes. In the primary coal ash basin, anaerobic conditions
in the ash material can cause the reduction and solubilization of
metals like iron and arsenic. Leaching of reduced metals
through subsurface flowpaths into an aerobic environment such
as the discharge pipe and surface water would allow for
oxidation of Fe(II) to Fe(III) through biological and
geochemical pathways, and precipitation of ferric minerals. In
the case of iron oxidation, the first phase to precipitate in
hydrolysis is usually ferrihydrite. Ferrihydrite is a poorly
crystalline iron oxyhydroxide having an approximate formula
of Fe10O14(OH)2

20 and exceptionally high surface area. Its
formation is favorable given the circumneutral pH and 5 °C
temperature of the inflow, while its high surface area would
have been conducive to sorption of As. Meanwhile, the near
zero zeta-potential allows these particles to aggregate. Although
there was extensive deposition of ferrihydrite on the rocks
lining the inflow channel (SI Figure S5), our data show that it
was also entering the stream at high concentrations. Given that
64% of the total arsenic entering the stream from this inflow
was associated with ferrihydrite-dominated aggregates, the
formation, transformation, and transport of ferrihydrite-
associated arsenic is likely the key to understanding its fate
and impacts in the stream ecosystem.

The concentrations of most constituents were in general
lower in Inflow B than in Inflow A (SI Table S1), but
concentrations of the toxic metalloid As in Inflow B was 11.6
μg/L in the unfiltered water, still above the EPA drinking water
standard of 10 μg/L. In contrast to Inflow A where the majority
of As was present in the SPM fraction, nearly all (97.5%) of the
arsenic entering the stream at Inflow B was in the <1-kDa
fraction (SI Figure S2). This may be driven by differences in
the concentration and form of iron in the two inflows. Inflow A
had an order of magnitude higher iron concentration than
Inflow B in the bulk water, with no detectable iron in the <0.45-
μm fractions. Inflow B had 41% of its iron in the <0.45-μm
fraction, for which 21% was in the colloidal fraction; there was
no evidence of ferrihydrite NPs in the SPM or colloidal fraction
using SEM or TEM. This finding can also explain the higher
proportion of As in the <1-kDa fraction compared to that in
Inflow A.

Characterization of Metals in the Dan River Surface
Water. When comparing Site 2 (spill site) with all other
surface water sites, there was significantly higher Al, Fe, Zn, Mo,
Ti, and Ni within the sediment curtain installed to contain the
spill (SI Table S1, Tukey-HSD, p < 0.05). These elevated
concentrations may have been due to either residual spill water
or the longer residence time of water in contact with spilled ash
within the curtain compared to other sampling sites in the main
channel. However, these signals did not seem to propagate
downstream, suggesting that the effects of the spill on water
column contaminant concentrations were diluted by the Dan
River below established toxicity standards within 1 day of the
spill being stopped. Arsenic concentrations throughout the river
surface waters were 0.7−1.2 μg/L, with a mean value of 0.86
μg/L, which is in agreement with the data reported by
concurrent EPA investigations at the site.21

The distribution of all analytes (with the exception of Ti),
based on their mass balance among SPM, colloidal, and the
truly dissolved water fractions shows that most of the major
components were found in the dissolved fraction (SI Figure
S6). More than 97% of Na, Mg, Si, K, and Ca are in the <1-kDa
fraction, as was 87−96% of S. The same was true for most of
the trace metals; more than 90% of V, Mn, Sr, Mo, Sn, and Ba
were in the <1-kDa fractions and 88−95% of As was in the
dissolved phase. In contrast, Al, Fe, and Cu were more

Figure 3. TEM and SAED images (left) and XRD pattern (right) of >0.45-μm fraction in the effluent from the coal ash impoundment collected at
Inflow A (sampling site A in Figure 1) showing evidence for two-line ferrihydrite.
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concentrated in the SPM and colloidal fractions (SI Figure S6).
Across all sites, Al was dominantly found in the SPM phase, but
its concentration in the SPM phase went from a low of 51% at
Site 1 to a high of 98% of total Al at Site 5. Colloidal Al showed
the opposite pattern of SPM and went from a maximum of
43.9% of total Al at Site 1 in the colloidal fraction down to 0.6%
at Site 5. There was less of a clear spatial trend for Cu or Fe,
which both had strong colloidal components ranging from 23
to 68% for Cu, and 16 to 46% for Fe. The high concentration of
Al, Fe, and Cu in the colloidal size range suggests either Al-,
Fe-, and Cu-rich NPs or high affinities of these trace metals to
NPs in these fractions.
NPs Identified in the Colloidal Fractions of Water

Samples. Recoveries of Ti ranged from 23 to 86% following
CFUF separation owing to loss to the separation system and
poor digestion even with 2% aqua regia. Even so, Ti
concentrations were much greater than the detection limit of
0.3 μg/L in all fractions >1 kDa, and they were all under the
detection limit in the <1-kDa fractions showing that Ti was
limited to the SPM and colloidal fractions. In the SPM fraction,
Ti concentrations were 8.0−21.1 μg/L and 1.9−9.4 μg/L in the
1-kDa−0.45-μm fractions. Given Ti-bearing phases’ exception-
ally low solubility and presence in the colloidal fraction, we
predicted that much of this Ti would be present as TiO2-NPs.
This prediction was confirmed when subsequent TEM

identified titanium dioxide particles in the colloidal fraction of
river water samples. TiO2-NPs were in aggregates with
individual primary particles in the size range of 20−250 nm.
The crystal structure was consistent with anatase TiO2, as
identified by SAED which showed d-spacings of 3.53, 2.43, and
2.33 matching anatase d-spacings for (1 0 1), (1 0 3), and (1 1
2).22 In addition, Cu, Al, and Fe were found to be associated
with TiO2 (SI Figure S7). Although copper grids were used for
mounting the TEM samples, there were much higher X-ray
counts generated by the TiO2 particle-associated Cu compared
to that of the background. (In addition, the Cu signal from
TiO2 was confirmed by mounting one of the samples on a gold
grid; the Cu X-ray signal from TiO2 is still present.) In an
earlier study, Kim et al.23 showed that rutile NP aggregates in
sewage sludge had an affinity with spiked Ag. Titanium oxides
have also been suggested to be associated with other metals
such as Pb and Zn in sediments according to correlation
analyses.24 By column breakthrough tests, TiO2 was observed
as a carrier and facilitated the transportation of Cu.25 In the
present study we show in environmental samples that TiO2−
NPs (anatase) sorb other metals such as Cu, Fe, and Al, thus
acting as a carrier which can alter the transport, fate, and
bioavailability of these metals.
Iron oxides were also identified by TEM-EDS in the 1-kDa−

0.45-μm fractions of the river water samples downstream of the
spill site (SI Figure S8). In general, these particles had either a
spherical or rod-like shape, with particle sizes in the range of
30−100 nm. Notably absent were both ferrihydrite- and iron
oxide-associated arsenic. Instead, the rod-like iron oxides were
shown by SAED to have d-spacings of 4.18 and 2.7 Å, which
matches those for the (1 1 0) and (1 3 0) planes of goethite,26

while spherical particles had d-spacings of 3.69, 2.71, 2.53, and
2.23 Å, which are in agreement with those for the (0 1 2), (1 0
4), (1 1 0), and (1 1 3) planes of hematite.27 These iron oxides
could be naturally occurring, or related to the ultrafine particles
released by coal ash as both goethite and hematite were also
observed in coal ash samples.28

Elevated Arsenic in Sediments. Coal ash from the spill
was, as anticipated, found to be mixed with downstream river
sediments as evidenced by their gray and black color (SI Figure
S9). This is also supported by the sediment trace metal
chemistry, which was comparable to values reported by the
EPA for coal ash in the primary impoundment and sediment at
the spill site including elevated Fe, Mn, and Ba.29,30 Elevated
arsenic concentrations were also found in the downstream river
sediments in the range of 14.8−29.2 μg/g (SI Table S3), which
overlaps the range for coal ash in the primary impoundment
(17−60.8 μg As g−1). Not surprisingly, this is dramatically
higher than arsenic concentrations in upstream sediment
control samples (0.2 μg As g−1) reported by the EPA.30

Although there is no regulatory guideline for arsenic in
sediments in the United States, the Canadian Council of
Ministers of the Environment (CCME) has provided an
interim sediment quality guideline (ISQG) of 5.9 μg/g and
probable effect level (PEL) of 17 μg/g for arsenic.31 The
arsenic concentrations in the sediments one week after the coal
ash spill were all higher than the ISQG and generally higher
than this PEL, which indicates an elevated risk of adverse effects
on sediment-dwelling organisms and the fish and wildlife that
may feed on them.31

Coal ash is a well-known source of arsenic, with
concentrations in coal fly ash worldwide in the range of 2.3−
1700 μg/g.32 Extremely high concentrations of arsenic (up to
35 000 μg/g) have been reported in some unburnt coal.33 The
coal ash from the field site described in this paper had an As
concentration of up to 60.8 μg/g according to a report by the
US EPA.29 The As trapped in coal plant scrubbers serves as a
significant contribution of As to coal slurry impoundments and
from there to impoundment outflows or leaks (e.g., Inflow A)
and, through catastrophic spills, to river sediments. Just as we
found in Inflow A, arsenic associated with ferrihydrite
aggregates were found in all of the downstream river sediments
by SEM and TEM (SI Figure S10). However, there was no
overall correlation between arsenic and iron concentrations (r =
0.4, p = 0.5) in the coal ash-influenced sediments. Regardless of
whether these ferrihydrite particles were associated with the
coal ash or only from Inflow A, it suggests that ferrihydrite may
be an important source and carrier of arsenic in the sediment.
In addition, studies on coal ash show that As (V) is found
predominantly as arsenate,34 which is known to be adsorbed
onto iron oxides and silicates in coal ash.34−36 Therefore,
arsenic-containing ferrihydrite aggregates and particles would
be expected to have different bioavailability and transport
behaviors relative to arsenic in coal ash. It is known that
ferrihydrite can sequestrate As in solution both through an
inner sphere surface complex and an outer sphere surface
complex,37 and it can release As by reductive dissolution
irrespective of whether As is coprecipitated on or absorbed
below its surface.38,39 Moreover, as ferrihydrite-associated As is
deposited in river sediments, anoxic conditions should favor the
reduction of adsorbed arsenate to arsenite,40 which is more
toxic to organisms.41

Environmental Implications. In addition to detailing the
short-term aftermath of the Dan River Steam Station coal ash
spill, we also described highly elevated concentrations of a
number of trace metals, including arsenic, in inflows to the Dan
River from the coal ash basins. Such high concentrations
provide chronic sources of toxic and potentially toxic metals to
aquatic ecosystems downstream. About 64% of the arsenic in
the upstream river inflow from the impoundment areas (Inflow
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A) was mostly associated with ferrihydrite which was probably
formed in situ where Fe(II) was leached through subsurface
flowpaths into an aerobic environment. These iron oxy-
hydroxide NPs aggregate into the SPM fraction and act as
carriers of arsenic between the ash basins and the river. In the
river, the aggregates increase the rate of settling and
accumulation in river sediments compared to what would be
expected for dissolved As. This is important to know because
arsenic that ends up in the sediments is, of course, not
permanently removed from the ecosystem. There are several
mechanisms by which this ferrihydrite-associated arsenic can be
released into dissolved and more toxic forms. Bound arsenate
may be released as the more toxic dissolved arsenite under
hypoxic or anoxic conditions. Arsenic can be competitively
displaced on ferrihydrite binding sites by organic or inorganic
compounds with a higher binding affinity.42−44 Arsenic may
also be released or transformed by microbial activity and also by
changes in water conditions,45−47 such as pH, temperature,
redox potential, or the occurrence of other compounds that can
catalyze the transformation of the metastable ferrihydrite.
In addition to the aggregates of ferrihydrite NPs in Inflow A

and the river sediment, titanium oxides in the form of anatase
were identified in the colloidal fractions of all river samples.
These anatase NPs could be from wastewater discharge or
stormwater generated by the town of Eden, NC several km
further upstream, or from coal combustion processes. Prior
studies have suggested that TiO2-NPs leached from exterior
paint and TiO2-NP in sunscreens could be important inputs of
TiO2 into aquatic systems.2,48 It is notable that the anatase
polymorph of TiO2 was identified in the present study,
although only rutile TiO2-NPs have been recently found in
sewage sludge.23 Anatase is mostly used as a catalyst due to its
very high photoreactivity, and it is considered potentially more
toxic than rutile. It has been reported that anatase can generate
more than six times more reactive oxygen species (ROS) than
rutile after UV irradiation49 and can induce DNA damage and
alterations.50,51 Recent cytotoxicity studies show that anatase
NPs also exhibit significant acute toxicity to aquatic bacteria
compared to rutile.52,53 The occurrence of anatase NPs in the
Dan River may thus have direct environmental impacts.
Perhaps more importantly, we found that several trace metals
(Al, Fe, and Cu) were associated with these titanium oxide
NPs, likely affecting their transport and fate and with
potentially important, but as yet unstudied, consequences for
their bioavilability and toxicity. Laboratory tests have shown
that copper sorbed to nano-TiO2 has greatly enhanced toxicity
to Daphnia magna due to a significant increase in copper
bioaccumulation in this organism.54 Whether such mechanisms
apply for other metals and in the more complex physicochem-
ical environment of natural systems is an important question
for further study.
By applying nanoscience perspectives and tools to the study

of this unfortunately common type of significant contaminant
spill we have been able to show that NPs are an important
component of the contaminant mixture within a coal ash spill.
Because the transport, bioavailability, toxicity, and ecological
impact of a toxin depends not only on its concentration but
also on its form, this work points out the importance of
examining the role of nanoscale contaminants as an important
component of both existing and future aquatic ecosystem
pollution scenarios.
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■ NOTE ADDED AFTER ASAP PUBLICATION
There was an error in Figure 3 in the version of this paper
published February 25, 2015; the corrected version published
March 17, 2015.
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