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Nanoscale zerovalent iron (NZVI) that was aged in simulated
groundwater was evaluated for alterations in composition
and speciation over 6 months to understand the possible
transformations NZVI could undergo in natural waters. NZVI
was exposed to 10 mN of various common groundwater
anions (Cl-, NO3

-, SO4
2-, HPO4

2-, and HCO3
-) or to dissolved

oxygen (saturated, ∼9 mg/L). Fresh and exposed NZVI
samples, along with Fe-oxide model compounds, were then
analyzed using synchrotron radiation X-ray absorption
spectroscopy (XAS) to yield both relative oxidation state,
using the X-ray absorption near edge structure (XANES), and
quantitative speciation information regarding the types and
proportions of mineral species present, from analysis of the
extended X-ray absorption fine structure (EXAFS). Over 1 month
of aging the dissolved anions inhibited the oxidation of the
NZVI to varying degrees. Aging for 6 months, however, resulted
in average oxidation states that were similar to each other
regardless of the anion used, except for nitrate. Nitrate passivated
the NZVI surface such that even after 6 months of aging
the particles retained nearly the same mineral and Fe0 content
as fresh NZVI. Linear least-squares combination fitting
(LCF) of the EXAFS spectra for 1 month-aged samples indicated
that the oxidized particles remain predominantly a binary
phase system containing Fe0 and Fe3O4, while the 6 month
aged samples contained additional mineral phases such as
vivianite (Fe3(PO4)2 ·8H2O) and iron sulfate species, possibly
schwertmannite (Fe3+

16O16(OH,SO4)12-13 ·10-12H2O). The
presence of these additional mineral species was confirmed

using synchrotron-based X-ray diffraction (XRD). NZVI
exposed to water saturated with dissolved oxygen showed a
rapid (<24 h) loss of Fe0 and evolved both magnetite and
maghemite (γ-Fe2O3) within the oxide layer. These findings have
implications toward the eventual fate, transport, and toxicity
of NZVI used for groundwater remediation.

Introduction

Nanoscale zerovalent iron (NZVI) is used for remediating
groundwater contaminated with chlorinated solvents, heavy
metals, and other reducible groundwater contaminants (1).
NZVI surface modification by polymers and polyelectrolytes
used to increase NZVI transport distances in the subsurface
(2-5) to enable emplacement also increases the potential
for unwanted exposures to sensitive biological receptors.
NZVI will oxidize once deployed into the environment, either
completely or partially from Fe0 to various Fe oxides (6). The
formation of other Fe-bearing mineral phases such as siderite
and vivianite are also possible (7, 8). The rate and extent of
oxidation and the types of mineral phases present on the
NZVI surface will depend on the geochemical conditions
under which the particles are exposed. The chemical
composition and degree of oxidation of the nanoparticle will
also affect magnetic moment and aggregation potential (9),
reactivity (10), and toxicity (11, 12). Therefore, identifying
the chemical alterations to the NZVI surfaces upon release
to the environment is essential to understanding its im-
mediate and long-term fate and toxicity (11, 13).

Nanoparticle aggregation depends on surface charge and,
in the case of NZVI, the magnetic moment, which is highly
dependent on the amount of Fe0 (9). The surface charge of
NZVI at environmental pH, and hence the behavior of NZVI
in the environment and its associations with numerous
aqueous and solid species, will depend on the types of Fe-
mineral phases present on the particle surface because each
species may have a different isoelectric point (IEP) value.
Magnetite, maghemite, and goethite, for example, have IEP
values of 6.0, 6.6, and 8.4 respectively (14), so particles may
be positive or negatively charged at pH ) 7 depending on
the species present on the surface. Increased magnetic
moment of NZVI has been shown to increase aggregation.
Phenrat et al. showed that nonmagnetic nanoparticles, like
hematite, aggregate less than magnetite and much less than
NZVI (9). Thus, the Fe0 content and the magnetic potential
of oxide that forms will influence the stability against
aggregation and mobility of NZVI, especially through porous
media (15).

Previous studies have characterized NZVI in hopes of
correlating the Fe-oxide phases present and their respective
proportions to reactivity (16, 17). Aged/oxidized NZVI
particles have lower redox activity and presumably lower
reaction potential. The oxide layer of NZVI is considered to
be passivating, and the overall activity of the particle may be
dependent on the species at the surface. Magnetite, a
conductive iron oxide (14), can provide a conductive medium
between the reactive surface species in solution and the inner
electron-rich core, whereas the presence of maghemite or
hematite at the surface, both less conductive than magnetite,
could potentially decrease the reactivity and rate of oxidation
of zerovalent iron. It has been shown that an increased
oxidation state of Fe in the particles decreases the cytotoxicity
of NZVI to E. coli (12). The toxicity may also be affected by
the species of oxide present at the surface, as goethite and
hematite are ubiquitous, often are present as nanoparticles
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in nature (18), and should be less detrimental to life than the
more redox reactive NZVI (12).

Studies correlating NZVI properties to its reactivity,
transport, and toxicity (11, 12, 16, 19, 20) have used a variety
of destructive techniques that depend on chemical trans-
formations (atomic emission spectroscopy (AES), atomic
absorption (AA), gas chromatography (GC), inductively
coupled plasma-mass spectrometry (ICP-MS)) for analysis
or are limited in the ability to distinguish between structurally
similar chemical Fe-mineral species such as magnetite and
maghemite (X-ray diffraction, XRD) (21). Microscopy such
as high resolution transmission electron microscopy
(HRTEM) can be used to identify lattice fringe spacing of
species but is limited to qualitative identification, do not
provide concentration information, and is subject to human
interpretation (22). As a result, for Fe systems that may contain
oxides with similar structures (i.e., magnetite and maghemite),
techniques that can effectively discriminate between such
species are valuable.

Synchrotron-based X-ray absorption spectroscopy (XAS)
is a technique that can provide the average oxidation state
of a sample and quantitative identification of the proportion
of Fe minerals within a system (23). X-ray absorption near
edge structure (XANES) is sensitize to and is employed here
as a means to measure the overall oxidation state of iron
(24, 25). Extended X-ray absorption fine structure (EXAFS),
the higher energy region of the XAS spectrum, is particularly
sensitive to crystal structure (24, 26) and is used in this study
to identify and quantify the mineral species within NZVI and
those that are formed during exposure.

The potential mineralogical changes (i.e., weathering)
NZVI particles may undergo when aged in the presence of
groundwater constituents have not been reported. The
objectives of this study were (1) to determine how common
groundwater anions affect the rate and extent of oxidation
over short and prolonged exposure, especially the previously
noted (27) special ability of nitrate to passivate the NZVI
surface toward reaction with trichloroethylene (TCE); (2) to
determine the species of the oxide layer when aged in
anaerobic water compared to the presence of dissolved
oxygen; and (3) to determine if exposure to anions can lead
to species other than the proposed Fe/magnetite core/shell
structure. The systems described here represent a subset of
reactions and transformations that NZVI may undergo when
in contact with natural waters that often contain many more
dissolved species than those included in this study.

Materials and Methods
Materials. Nitrate, sulfate, bicarbonate, phosphate, and
chloride (all g99.0%) were all added, as their respective Na
salts. Ultrahigh-purity Ar, N2, and H2 (5% balance N2) were
used in a glovebox atmosphere and were supplied by Butler
Gas (Pittsburgh, PA). Reactive nanoscale iron particles (RNIP,
synonymous with NZVI), were supplied by Toda Kogyo Corp.
(Onoda, Japan) as an uncoated dried powder with the specific
trade model name RNIP 10-DP and stored in an anaerobic
glovebox prior to use. Nurmi et al. previously characterized
RNIP 10-DS, a similar RNIP product that is provided as an
aqueous slurry rather than a dry powder, and similar chemical
and physical characteristics were found for our material, with
the exception of what iron species exist within the oxide
layer (17).

The model Fe-mineral species that comprised the model
compound library were either purchased from commercial
vendors or synthesized close to nanoscale as possible.
Magnetite (g99.5%) 15-20 nm, hematite (g98%) 30-50 nm,
and maghemite (g96%) 20-50 nm were purchased from
Nanostructured & Amorphous Materials Inc., Houston. The
synthesis procedure for each model compound that was not
purchased is included in the Supporting Information.

Batch Groundwater Anion Systems. NZVI particles (10
g/L) were aged for a period of 1 month and 6 months in 10
mN common groundwater anion solutions (NO3

-, SO4
2-,

HCO3
-, HPO4

2-, and Cl-) using unbuffered nanopure DI water
that had been sparged with N2(g). Initial creation of the batch
systems, aging, and pH measurements were conducted
anaerobically, and the sealed reactors (60 mL Wheaton Serum
bottles) were rotated end-over-end while aging at room
temperature (22 °C). After 1 and 6 months, the sample bottles
were opened and the pH was measured. The pH of the
systems ranged from 8.7 to 10 after a month and had risen
to 9.0-11.8 over 6 months. A series of reactors with varying
concentrations of NO3

- (0.2, 1, 3, 5, and 10 mN) was also
prepared, aged for 1 month, and analyzed in the same fashion.
This concentration range of nitrate was used because Liu et
al. showed that reactors containing [NO3] > 3 mN significantly
decreased reactivity of NZVI with TCE. They reported an
increase in inhibition between 3 and 5 mN but did not
evaluate higher concentrations (27), so this study included
a 10 mN concentration sample to see if a similar trend could
be seen regarding passivation toward oxidation of the Fe0

core. In all samples, the particles were isolated for analysis
by holding them to the bottom of their reactors using a 200
lb pull-force magnet while the solution was decanted. The
particles were dried completely using nitrogen gas flow and
stored until analysis in a glovebox.

Oxidation in the Presence of Excess Dissolved Oxygen
(DO). A 10 g/L batch of NZVI was allowed to age while
ambient air was bubbled through in order to mimic an
environmental system saturated with DO (∼9 mg/L). After
24 h, the particles were separated, dried, and stored anaero-
bically, as described above, until they were analyzed using
synchrotron radiation as described below.

Model Compound Library. To successfully identify all
mineral phases present in batch studies, a model compound
database of nanosized Fe mineral extended X-ray absorption
fine structure (EXAFS) spectra was compiled. The model
compound library consisted of common Fe oxides, Fe
hydroxides, and Fe-mineral phases that possibly could have
formed from the reaction of groundwater anions (e.g.,
magnetite, maghemite, pyrite, schwertmannite, vivianite,
goethite). A complete list of the model compounds along
with their EXAFS spectra and other measured properties are
provided in the Supporting Information (Figure S1). Samples
of model compounds were dried anaerobically into powders
and diluted into boron nitride powder prior to X-ray analysis.
EXAFS spectra were collected using the same SSRL beamline
and parameters described below and in the Supporting
Information.

X-ray Absorption Spectroscopy (XAS) Analysis. Presented
here is an abridged description of XAS data collection, data
reduction, and analysis. A detailed description of the XAS
method is included in the Supporting Information. XAS was
conducted at Stanford Synchrotron Radiation Laboratory
(SSRL) wiggler magnet beamline 10-2 under anaerobic
conditions. Samples were stored, manipulated, transported,
and analyzed under anaerobic conditions at all times. Fe
K-edge (7112 eV) XAS spectra were collected at room
temperature in transmission mode using a Fe calibration
foil over the energy range 6879-7986 eV.

Data were analyzed using SixPACK software version 0.60
(28). XAS scans were calibrated to 7112.0 eV using the first
derivative of the Fe calibration standard, averaged together,
deglitched when needed, background subtracted with E0

defined as 7125 eV, converted to frequency (k) space, and
weighted by k3. Principal component analyses (PCA) were
also performed in SixPACK, which uses an algorithm
described by Ressler et al. (29) and references therein, to
determine the minimum number of components that could
be used to model the sample set of 1 month and 6 month
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aged NZVI EXAFS spectra, respectively, and account for >90%
of the spectra. PCA was conducted in k-space in the k-range
of 3 to 12 Å, 3 to 15 Å, 3 to 17 Å, depending on the quali-
ty of the data. In all cases, e3 components was a sufficient
number to account for >90% of the spectra. The components
determined from PCA were applied to least-squares com-
bination fitting (LCF) to provide quantitative speciation
information.

LCF of individual sample EXAFS spectra of model
compounds were used to identify and quantify the mineral
phases present in a sample, with the number of phases
allowed to exist constrained to the number of components
that was determined by PCA (e3 components). LCF identified
components should be considered accurate to(25% of their
stated values. Errors reported for individual components are
calculated by SixPACK’s least squared fitting module. Com-
ponents representing less than 10% of a fit should be viewed
with caution (30, 31). The linear least-squares fitting pro-
cedure employed was adapted from Kim et al. (31). The
spectra were fit from a k-range of 3 to 12 Å, 3 to 15 Å, or 3
to 17 Å.

Synchrotron X-ray Diffraction (XRD) Analysis. Selected
dried samples were analyzed at SSRL BL 11-3 using a MAR
345 flat plate detector at a sample to detector distance of
148.3 mm as determined through calibration with LaB6. The
beam measured 0.150 mm2, and the energy of the beam was
12705 eV. This configuration resulted in a Q-range of 0-5.3
Å-1. The image from the 150 pixel2 detector was integrated
in degrees 2θ using the Area Diffraction Program (32). Each
diffraction pattern was background subtracted and peak
matched using Xpert Highscore Plus, at the energy of the
synchrotron beam, using peak positions and relative intensi-
ties as the identification parameters.

Results and Discussion
Effect of Groundwater Dissolved Solutes on NZVI Oxida-
tion. Fresh NZVI particles have been reported by other
investigators to consist of Fe0 and Fe3O4 (17, 20). Oxidation
of the particles should lead to an overall increased oxidation
state of the particles from Fe0 to Fe2+ to Fe3+ that is observable
using XANES. The XANES regions of the XAS spectra for Fe
K-edge XAS have distinctive separation of the adsorption
edge for Fe0, Fe2+, and Fe3+, with the more oxidized absorption
edges occurring at higher energy (24). In this way, the relative
extent of oxidation of a series of samples with systematic
variance can be qualitatively compared (25). Figure 1 shows
the Fe-K absorption edges for samples aged for 1 month.
There is a 2 to 3 eV shift to higher energy of the XANES edge
between the least and most oxidized samples. This type and
magnitude of shift was noted by Waychunas et al. (24) for
Fe minerals of varying oxidation states.

The samples aged over a period of 1 month show distinct
degrees of passivation of the nanoparticle surface toward
oxidation by water. The anions listed in increasing passivation
ability are HCO3

- < HPO4
2- < SO4

2- < Cl- < NO3
-. It has been

noted previously that some anions in sufficiently high
concentrations can passivate iron surfaces (14, 27) as
determined from NZVI reactivity with TCE in water. Typically
SO4

2-, Cl-, and HCO3
- are considered major constituents of

groundwater (10-3 to 10 mN), NO3
- is a secondary constituent

(10-4-10-1 mN), and HPO4
2- is usually a trace element (<10-5

mN) (33, 34). Therefore, exposures used here are at the high
end of the expected range for SO4

2-, Cl-, and HCO3
- and are

higher than would be expected for NO3
- and HPO4

2-
. After

6 months of aging, however, the degree of oxidation for most
samples was similar to that of the sample aged in DI water,
with nitrate being the notable exception. Nitrate passivated
the surface sufficiently to prevent oxidation over 6 months
(Figure 1B). Nitrate has been shown to passivate
the surface of iron toward oxidation and reaction, and the

mechanism of passivation has been proposed to be the
formation of a protective oxide layer (14).

Previous work by Liu et al. had suggested that the
passivation of the NZVI surface by nitrate occurs at nitrate
concentrations >3 mN (27). The reaction between NZVI and
TCE was used to probe the particle reactivity, but no analysis
of the NZVI was performed. Here, we look at the effects of
nitrate on the surface properties of NZVI. XANES analysis of
NZVI aged in different concentrations of nitrate showed that
above 5 mN the centroid of the XANES absorption peaks are
∼1 eV lower than those with <5 mN. Also, there was an
exclusive bimodal distribution of oxidation states with respect
to concentration (Figure 2). This suggests that NZVI oxidation
is indeed limited in the presence of nitrate >5 mN. The
mechanism for passivation at high nitrate concentration has
been suggested to be the buildup of nitrite and subsequent
formation of a passivating and insoluble Fe(III) oxide layer,
likemaghemiteorhematite(35).However,neithermaghemite,
hematite, nor goethite was observed using EXAFS (discussed
next), suggesting that the passivating layer is some other
phase, is present at too low of a concentration to detect using
EXAFS, or that saturation of reactive surface sites by nitrite
may be enough to hinder oxidation by water (36).

NZVI Speciation and Additional Mineral Formation. The
proposed model for the oxidation of NZVI is typically a
progression from R-Fe0 to Fe3O4, with a thickening of the
oxide layer over time. Generally, this model has been backed
by both TEM and XRD data (17). Other investigators have
detected the presence of the more oxidized maghemite (γ-
Fe2O3) in granular iron using micro-Raman spectroscopy (37).

FIGURE 1. Relative oxidation state of NZVI aged anaerobically
(except for DO) in the absence and presence of common
groundwater anions (10 mN) after 1 month (A) and 6 months (B)
represented as the Fe K-edge XANES. The legend is included
within both graphs to aid in line identification. The relative
positions of the curves represent the average oxidation state of
the bulk sample with the most oxidized representing the largest
absorption edge shift toward higher energy. (A) After only 1
month, there are varying degrees of passivation depending on
anion, with just water and excess DO being the most oxidized.
(B) The passivation effect has decreased; however, nitrate
maintains a similar oxidation state.
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In the presence of dissolved oxygen, it is plausible that the
formation of Fe3+-only species, instead of mixed Fe2+/Fe3+

species, could occur at the surface of the NZVI particle. Due
to the limited extent of the oxide layer in NZVI and the similar
spinel crystal structure of both maghemite and magnetite,
their differentiation by XRD is very difficult (38). EXAFS
analysis using high quality, well-characterized model com-
pound spectra is more sensitive to interatomic distances and
coordination number rather than lattice spacing and is
capable of providing quantitative information regarding the
amounts of each constituent in a sample. The distinction
between these two phases and quantifying them is an
important objective of the field of nanoparticle engineering;
because it is the surfaces of such particles and the associated
physicochemical properties (e.g., surface charge) that govern
the biotic and abiotic interactions these particles will face in
the environment including, e.g., deposition, attachment to
bacteria, and aggregation.

LCF of the initial starting material (Figure 3), a dry powder,
showed that Fe0, magnetite, and an iron-sulfate species, e.g.,
schwertmannite, were the dominant mineral phases present.
This finding is different from previously published papers
that have characterized the precursor material in its aqueous
slurry phase (RNIP 10-DS). These studies have the composi-
tion of slurry particles to be between 30 and 70% Fe0 content
(17, 20), and commonly, the balance is assumed to be
magnetite. The presence of schwertmannite in the dry powder
starting material is likely due to the high initial amounts of
sulfur in the particles of 0.5 wt % (20) and the precipitation
of schwertmannite upon drying to form the dry powder (RNIP
10-DP). EXAFS LCF of the dry starting material that was aged
for 1 month in deoxygenated water in an anaerobic glovebox
agreed with previous results with the bulk particles containing
40% ( 1% Fe0 and 59% ( 1% Fe3O4 (Figure 4). Brief exposure
to water alone or in the presence of any anion causes
disappearance of schwertmannite and oxidation of Fe0 to
magnetite; as all of the 1 month aged samples have similar
composition to Figure 4. After 6 months of exposure in
anaerobic water, the composition changed to 38.4% ( 0.6%
Fe0 and 70% ( 2% magnetite due to continuing oxidation of
Fe0 by water-derived protons (Figure 3).

The passivation effect of nitrate is further reinforced by
comparing the results of EXAFS analysis of the unreacted
NZVI particles (10-DP unexposed to water) and NZVI particles
after 6 months of aging in 10 mN nitrate (Figure 3). The
unreacted NZVI and the 6 month aged sample in 10 mN
nitrate both contain Fe0, schwertmannite, and magnetite in

similar proportions. This effect is unique among the reactions
that occurred in the presence of anions because not only did
the nitrate passivate the surface from further oxidation but
also passivation occurred rapidly enough to limit schwert-
mannite disappearance and formation of any additional
mineral phases.

NZVI aged in the presence of phosphate or sulfate for 1
month had only Fe0 and Fe3O4 (Supporting Information,
Figures S2 and S3). NZVI particles aged forg6 months in the
presence of phosphate or sulfate formed vivianite, Fe3(PO4)2 ·
8H2O (Figure 3) or Fe-S minerals, e.g., schwertmannite,
Fe3+16O16(OH,SO4)12-13 ·10-12H2O (Figure 3), respectively.
There was also a significant decrease in the amount of Fe0

in both batches of 6 month aged particles to ∼9%. A previous
column study involving Fe0 and contaminated groundwater
also reported the formation of iron-sulfur mineral phases

FIGURE 2. Passivation of nitrate as a function of concentration
is shown in the Fe K-edge XANES of NZVI aged with varying
concentrations of nitrate (0.2-10 mN) showing bimodal
retardation of NZVI oxidation by water over 1 month. The
higher concentrations retain an average particle oxidation state
close to the original particle, with 5 mN and 10 mN sharing
identical shape and position, whereas the lower concentrations
of 0.2-3 mN advance to higher oxidation.

FIGURE 3. Transformation of NZVI over 6 months as shown by
LCF of 6 month aged samples in 10 mN of the respective
anions. Black ) data, gray ) fits. Quantitative results also
listed to the right of the respective spectrum with uncertainty
for the last digit in parentheses. From top to bottom: Unreacted
NZVI is the dry starting material (RNIP 10-DP); particles aged in
water are the control as no anions were present in solution
and have shown significant oxidation; nitrate passivates the
surface of NZVI so that the spectrum looks very similar to that
of the unreacted material; phosphate promotes the formation of
vivianite; and sulfate results in the formation of an iron sulfate
mineral (possibly schwertmannite).

FIGURE 4. LCF of the EXAFS spectrum of NZVI aged for 1 month
in deoxygenated water with corresponding speciation data and
uncertainty for the last digit in parentheses. The solid black
line ) data, the solid gray line ) fit, the dashed black line )
magnetite, and the dotted black line ) Fe0 foil. From the
unaged NZVI, shown in Figure 3, the sulfate species has
disappeared and magnetite layer has spread; consequently, the
amount of Fe0 has dropped by 20%.
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and other precipitates (39). The presence of mineral phases
in addition to Fe0 and Fe3O4 typically reported suggests that
these phases could affect NZVI behavior in aqueous envi-
ronments containing common solutes such as sulfate (e.g.,
in marine environments).

XRD analysis of the powdered starting material and the
sulfate and phosphate aged samples is consistent with the
EXAFS results. The unreacted RNIP 10-DP (Figure 5a) is
dominated by peaks for Fe0 but contains less-intense peaks
for magnetite and schwertmannite. The peaks from 15°-25°
2θ, of Figure 5a, match several iron sulfate XRD cards to
differing degrees. The two species that matched the closest

were schwertmannite and mikasaite, Fe2(SO4)3, but it could
neither be determined which was more likely nor confirmed
using EXAFS because a model compound of mikasaite was
not available. After 1 month of aging in the presence of sulfate
(Figure 5b) or phosphate (not shown, but identical to sulfate),
the particles are predominately Fe0 and Fe3O4. However, after
6 months of aging, vivianite peaks (7.5° 2θ and several) appear
in the XRD pattern for the phosphate aged sample (Figure
5c) and an iron sulfate species appears in the sulfate aged
sample (Figure 5d), matching schwertmannite.

Effect of Dissolved Oxygen (DO). After 24 h of exposure
to O2-saturated (pO2)0.21 atm) water, some NZVI had visibly
turned from black to dark brown/orange, suggesting the
formation of an iron oxide phase other than magnetite, which
is black. EXAFS LCF analysis of these particles indicated
growth of maghemite within the oxide layer and near
complete oxidation of Fe0 in the particles. The composition
of the DO exposed particles was 2.1% ( 0.5% Fe0, 77.7% (
9.5% Fe3O4, and 15.4% ( 10.3% γ-Fe2O3 (Supporting Infor-
mation, Figure S4). Maghemite was not observed in any of
the 6 month aged particles in anaerobic solutions. The growth
of maghemite is likely due to oxidation of the magnetite layer
which occurs once the Fe0 in the particle core is oxidized.
Previous results have shown that maghemite can be syn-
thesized from magnetite (14). Besides the increased amount
of oxidation, the dramatic increase in rate of Fe0 oxidation,
in the presence of dissolved oxygen compared to samples
aged anaerobically for 1 and 6 months, has critical implica-
tions toward NZVI speciation and reactivity, especially the
reducing power and reactive lifetime when used as a
remediation agent.

Implications for the Application of NZVI and for the
Environment. There are several implications of this study
regarding the effectiveness and safety surrounding the use
of NZVI for groundwater remediation. First, the presence of
common groundwater anions does not appear to inhibit the
oxidation of NZVI in the long term. This implies that complete
oxidation of the Fe0 in the particles under in situ conditions
is possible. One exception is nitrate which passivates the
surface, thereby encapsulating the Fe0 and decreasing particle
reactivity. The effect of this passivation on NZVI toxicity has
not been studied. This precludes NZVI use in areas with high
concentrations of nitrate as a cocontaminant (e.g., Oak Ridge
National Laboratory (40)). The formation of additional
mineral phases (e.g., vivianite- and schwertmannite-like
phases) on the particle surfaces other than the typically
reported magnetite may affect the reactivity of the NZVI with
contaminants as well as the interaction potential between
NZVI and aquifer media and biological receptors, thereby
affecting exposure and toxicity potential.

Dissolved oxygen very rapidly oxidizes NZVI and can cause
the formation of maghemite along with magnetite. Any DO
in groundwater will, therefore, use Fe0 that would otherwise
have been used for contaminant degradation, thereby
requiring more NZVI to treat a given mass of contaminant
than when applied under anaerobic conditions. The loss of
Fe0 from NZVI and an increase in the maghemite to magnetite
ratio in NZVI exposed to DO can decrease aggregation and
increase transport in porous media (9) and, therefore,
increase potential for exposure. Conversely, the potential
biological effects of NZVI to subsurface microorganisms and
to human health will decrease with increasing oxidation to
Fe3+ oxides such as maghemite (11, 12). The effect of common
groundwater constituents on the overall fate, transport,
reactivity, and potential toxicity of NZVI discussed here
suggest that an understanding of the site geochemistry is
needed to evaluate potential effectiveness and safety of NZVI
as a remediation strategy.

FIGURE 5. (A-D). XRD patterns of unreacted and exposed NZVI,
in 10 mN sulfate and phosphate. (A) ) dry-unreacted RNIP
showing the presence of mostly Fe0, with some magnetite and
iron sulfate species (schwertmannite and mikasaite). (B) )
NZVI aged for 1 month in sulfate, where the sulfate species
from (A) have disappeared and magnetite has increased in
proportion to Fe0. (C) ) 6 month aged in phosphate; vivianite
peaks appear at ∼7° and 25° 2θ. (D) ) 6 month aged in sulfate;
indications of schwertmannite arise as peaks at ∼13° and 16°
2θ. Species symbols and line styles in (A) indicated in
parentheses: Fe0 is labeled as such, M ) magnetite (dotted), S
) schwertmannite (dashed), K ) mikasaite/Fe2(SO4)3 (solid
line). Vivianite only appears in (C) and is represented by V. (A)
has been cropped to show more detail below 800 counts. The
peak at ∼28° 2θ has a maximum value of ∼1000 counts.
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