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The pyrophoric character of zerovalent iron nanoparticles
and cumbersome handling of this material has been a
drawback in practical applications, despite the expectation
of an enhanced reactivity. We have been interested in
how the iron nanoparticles can gain stability in air without
significantly sacrificing reactivity. The freshly synthesized
iron nanoparticles ignited spontaneously upon exposure
to air. However, when exposed slowly to air, an ∼5 nm
coating of iron oxide was formed on the surface of particles.
The oxide shell did not thicken for at least two months,
indicating no sign of further corrosion of iron particles. The
reactivity studies on nitrate reduction showed that the
freshly synthesized iron reacted at the fastest rate. After
formation of the oxide shell the rate constants decreased by
ca. 50% of that of fresh iron, but were still higher than
that of commercial grade micro- or milli-sized iron powder.
Nitrate (50 ppm/350 mL) can be recharged 6 times into a
bottle containing 0.5 g of iron nanoparticles. The reduction
rate of the second cycle was the fastest among the six
cycles, which can be attributed to the increase of surface
area and the fresh iron surfaces that were bared by the
dissolution of oxidized iron species on the surface. The oxidized
iron was transformed to crystalline magnetite (Fe3O4) in
solution.

Introduction
Recently, zerovalent iron has been intensively studied for
the remediation of soil and groundwater contaminants such
as chlorinated organic compounds (1-3), toxic metals (4, 5),
and nitrate (5-11).

Due to the recent development of nanotechnology,
researchers in environmental science have also shown
interest in nanosized agents to improve the efficiency of
chemical treatment to control contaminants. Nanosized
zerovalent iron has shown an improved reactivity compared
with micro- or milli-sized iron for the dechlorination of
halogenated organic contaminants, and reduction of Cr(VI)
and Pb(II) to Cr(III) and Pb(0) (12-16).

Freshly synthesized iron nanoparticles often ignite spon-
taneously upon exposure to air or undergo a rapid exothermic
reaction with oxygen under ambient aerobic conditions. TEM
analyses of nanosized zerovalent iron reported in the
literature have shown a core-shell structure with iron oxide
surrounding the particles (17-19), and this oxide shell was
claimed to protect the iron core from rapid oxidation in air.
For reactivity studies using the zerovalent iron as a reagent
to treat environmental pollutants, the oxide shell is an
important factor in terms of stability to protect the inner
iron and the ability to transport the charge and mass across
it. Recently, Lowry et al. reported that the shell thickness
could cause differences in reactivity of TCE dechlorination
(17). However, there have been no systematic investigations
as to how this oxide shell can be formed, how the aging of
particles influences the shell thickness, whether the oxide
shell gets thicker or alters their phase during reaction, and
how the presence of the oxide shell affects the reactivity. In
this study we explore the possibility that nanoparticles can
be stabilized such that they can be handled in air in the
absence of an inert gas environment and at the same time
have reactivity superior to that of micro- or milli-sized iron
on nitrate reduction. We have also investigated the physical
characteristics of iron particles with different durations of
exposure to air and studied how the aging process of iron
influences its reactivity toward nitrate. XRD, TEM, and SEM
were used to observe and quantify the particle morphology
and oxidized iron precipitates during reduction.

Another important parameter to be considered for ap-
plication of this technique is the efficiency of iron dose to
reduce remediation cost. Reaction with zerovalent iron is
heterogeneous, so iron concentration in the reactors was
usually much larger than the stoichiometric requirement to
complete the reduction (5, 6, 9, 11, 20, 24, 25). Therefore,
unused iron particles remain after a treatment and it is worth
estimating the efficient dose of iron for the reduction of a
certain amount of nitrate.

Experimental Section
Preparation of Iron Nanoparticles. All procedures for
syntheses and handling during this experiment were carried
out under an atmosphere of N2 (99.9%), using standard
Schlenk and vacuum line techniques (21). All solvents were
degassed and saturated with N2 before use. Based on the
literature (16, 22) iron nanoparticles were synthesized by
adding KBH4 solution to FeSO4‚7H2O solution (mol ratio of
KBH4/FeSO4‚7H2O ) 2.5:1). After addition of the KBH4, the
solution was stirred for 15 min under room temperature.
The metal particles formed were settled, and the supernatant
was decanted with a double-tipped needle. Then the solid
was washed with degassed and deionized water several times
and finally with degassed acetone. The resulting gray-black
solid was vacuum-dried.

Formation of Thin Oxide Coating. A Schlenk flask
containing freshly prepared iron nanoparticles was put into
a desiccator. Then, the stopcock of the Schlenk flask was
opened so that the nitrogen gas inside the flask and the air
from outside gradually mixed and the iron nanoparticles
slowly came into contact with air to form the protective iron
oxide shell. Usually after 2 days iron nanoparticles could be
handled in air.

Batch Experiments. Typically, a given amount of iron
nanoparticles was charged into the Schlenk flask containing
350 mL of nitrate solution under stirring. The nitrate solution
was deoxygenated by a N2 stream for 2 h before adding iron.
Periodically, 10 mL samples were withdrawn under a N2
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stream and filtered through a 0.45 µm membrane filter
(Advantec MFS). The concentrations of nitrate and nitrite
were determined by ion chromatography (Dionex 120).
Samples for the determination of ammonia were treated with
a few drops of dilute HCl to trap ammonia as ammonium
ion, which were then analyzed by ion chromatography or by
UV (Shimadzu 1600) using the Indophenol method (23). The
pH of the solution was not controlled.

Repetitive Reaction and Isolation of Iron Nanoparticles
from each Cycle. Six reaction bottles were filled with a 50
ppm/350 mL nitrate solution and 0.5 g of iron. After the first
round of reaction was performed, the iron particles were
settled, and the solutions were decanted. Among six bottles,
only one bottle was connected to a vacuum pump to dry the
remaining solid. The other bottles were filled again with 50
ppm /350 mL of nitrate solutions and the reductions were
performed. After the second round of reaction was complete,
the iron particles were settled, and solutions were decanted.
Among five bottles, one bottle was connected to the vacuum

pump to dry the remaining solid. The other four bottles were
filled again with 50 ppm /350 mL of nitrate solutions and
reductions were performed. This process was repeated until
the sixth round of reaction was finished. Iron samples isolated
from each cycle were exposed to air by the same method
described above (Formation of Thin Oxide-Coating on Iron
Nanoparticles) in order to be stabilized, and then were
analyzed by SEM, TEM, and XRD.

Measurements. The surface area of the synthesized
particles was measured using nitrogen adsorption method
with a particle size analyzer (UPA-150, microtrac Korea basic
science institute). XRD measurements were performed with
the PW 1830 APD System (Panalytical, Netherland) equipped
with a graphite monochromator (Cu KR radiation, λ ) 1.54056
Å), and qualitative analyses were achieved by an X’pert
HighScore Plus (PW3121, Panalytical, Netherland) refinement
program (Rietveld method). Surface morphologies of nano-
particles were examined by a field emission scanning electron
microscope (FE-SEM, Hitachi S-4700) operating at an ac-
celeration voltage of 10 kV. The microscopic features of the
sample were observed by a high-resolution transmission
electron microscope (HR-TEM, JEM-2100F, JEOL, Japan,
FRG-TEM) operating at 200 kV. Sample for TEM measurement
were prepared on 200 mesh copper grid coated with carbon.
After diluting the samples to an appropriate concentration

FIGURE 1. SEM and TEM images of iron nanoparticles: (A) SEM
image; (B) TEM image of three-days aged particles; (C) HR-TEM
image of two-months aged particles; (D) magnified HR-TEM image
of two-months aged particles showing oxide coating.

FIGURE 2. X-ray powder diffraction patterns of the synthesized iron
nanoparticles: (A) sample ignited spontaneously when freshly
prepared iron was rapidly exposed to air; (B) three-days aged iron
nanoparticles; (C) two-months aged iron nanoparticles.

FIGURE 3. First-order kinetic for reduction of nitrate (50 ppm nitrate/
350 mL). Variable: iron dosage; b 0.2 g iron kobs ) 2.26 h-1 (r2 )
0.99), 9 0.35 g iron kobs ) 2.44 h-1 (r2 ) 0.98), f 0.5 g iron kobs) 5.25
h-1 (r2 ) 0.98), 3 1 g iron kobs) 10.12 h-1 (r2 ) 0.99). Inset: linear
correlation between iron dose (g/350 mL) and kobs.

FIGURE 4. Aging effect of iron nanoparticles on the nitrate
reactivity: b freshly synthesized iron kobs) 5.25 h-1 (r2 ) 0.99); ×
three-days air exposed iron kobs) 2.46 h-1 (r2 ) 0.98); 1 one-month
air exposed iron kobs) 2.57 h-1 (r2 ) 0.98), [ two-months air exposed
iron kobs) 2.74 h-1 (r2 ) 0.99).
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in ethanol, the solution was sonicated for 10 min, and then
a copper grid was carefully dipped into the solution and
dried under ambient temperature. The sample preparation
for the measurements of XRD, TEM, and SEM was performed
under atmospheric conditions without air protecting equip-
ment. The pH was measured using HANNA instrument 8520.

Results and Discussion
Characterization of Iron Nanoparticles and Oxide Shell in
Aging Processes. Morphology of the particles in diverse aging
conditions was determined using SEM and TEM images, as
shown in Figure 1. As described in the Experimental Section,
the oxide coating was formed intentionally through gradual
exposure of iron particles to air.

This oxide coating can be seen in Figure 1B and C as the
slightly brighter shell surrounding the particles. The magni-
fied high-resolution TEM in Figure 1D reveals that the oxide
coating surrounds the large metallic cores with ca. 5 nm
thickness. Figure 1C and D show two-months aged iron
nanoparticles, indicating that the oxide shell, once it had
been formed, did not thicken for at least two months. Tratnyek
et al. (18) also observed the 5 nm thick oxide surrounding
the iron core in TEM, even though they prepared the iron
sample for TEM measurement in an anaerobic chamber.
This indicates that surface iron was already oxidized before
being mounted on the carbon-coated TEM grids. We also
observed that occasionally the synthesized iron particles
already had the oxide shell with same thickness, although
not intentionally exposed to air. Combining our experience
with the results of others, we can conclude that the oxide
shell is formed during the synthesis procedure by casual
contact with oxygen. In any case, whether it forms by
intention or by accident, it obviously protects the inner
zerovalent iron from further corrosion and is responsible for
the stability of iron nanoparticles in air.

X-ray powder diffraction analyses (Figure 2) give supple-
mentary information on the oxidation state of iron in diverse
conditions. Figure 2A shows the formation of diverse phases
of iron oxides after spontaneous ignition upon rapid exposure
to air. Hematite and magnetite are the major oxide forms.
Figure 2B shows the XRD pattern for iron nanoparticles that
are gradually exposed to air. The sample was the same as
that used in the TEM analysis of Figure 1B. Here, and also
in the case of the two-months aged iron particles (Figure
2C), the signals of the iron oxide shell were not observed,
possibly due to either amorphous phase of oxide or the
diffraction was too weak. BET surface area analysis gave 8.1
( 0.1 m2/g (average of 2 measurements: 7.2 ( 0.1 and 9.0
( 0.1 m2/g). This value is lower than those previously reported
(31.4-35 m2/g) (14, 16, 17, 20), yet it is close to the BET value
reported by another (5 m2/g) under the same synthesis
conditions (18). While specific surface areas (m2/g) of iron
nanoparticles are generally larger than that of micro- or milli-
sized iron particles, they appear to have a large deviation
depending on the synthesis method and conditions.

Reactivity of Nitrate Reduction: Nanosize Effect. Batch
experiments were conducted to test the reactivity of fresh
iron nanoparticles prepared in this way for nitrate reduction.
Kinetic data were calculated from the average values of
replicate tests (n ) 3-6) for each set of reactions. Four
different iron doses (0.2, 0.35, 0.5, and 1 g) with 50 ppm
nitrate solution were tested. Nitrate removal rate fits the
pseudo-first-order reaction kinetics very well (Figure 3). The
observed rate constants (kobs) of the freshly synthesized iron
were 2.26 h-1 for 0.2 g of iron, 2.44 h-1 for 0.35 g of iron, 5.25
h-1 for 0.5 g of iron, and 10.12 h-1 for 1 g of iron. R 2 values
ranged from 0.98 to 0.99. kobs increased proportionally to the
increasing amount of iron (r2 is 0.98) under the tested reaction
conditions (inset in Figure 3). Surface area normalized rate

constants, kSA, were 0.42, 0.302, 0.45, and 0.44 L‚m-2‚h-1,
respectively (average of 0.403 L‚m-2‚h-1).

For the purpose of comparison, the kinetic data obtained
from other studies with micro- or milli-sized iron powders
and our own experiment are summarized in Table S1
(Supporting Information). Mass normalized rate constants
(km, L‚g-1‚h-1) and surface area normalized rate constant
(kSA, L‚m-2‚h-1) were calculated. Table S1 shows that both
km and kSA are larger with nanosized iron than micro- or
milli-sized iron despite the different experimental conditions,
which means that the enhanced reactivity with nanosized
iron seems to be a general phenomenon.

In these experiments, pH increased rapidly to 9-10 within
a few minutes after the beginning of the reaction and
remained between 9.0 and 10 throughout the reaction,
regardless of the amount of iron. The fact that nitrate was
reduced so rapidly in the alkaline solution is very surprising,
because nitrate reduction with micro- or milli-sized iron
powders did not take place in alkaline solution above pH 9
or at least the reactivity decreased significantly. The optimum
pH was reported to be weakly acidic (5, 9, 11, 24, 25). More
detailed investigation is needed to determine the factors that
drive the reduction of nitrate despite unfavorable pH.
However, this finding has a very practical meaning because
it is unnecessary to add an acid to reaction media continu-
ously or to use a buffer solution in order to hold the pH of
the solution to acidic condition.

Influence of Aging of Iron Nanoparticles on Nitrate
Reduction. As shown above, freshly synthesized nanosized
zerovalent iron shows superior performance for nitrate
reduction, and the slowly air-exposed iron nanoparticles do
not undergo a rapid oxidation in air (increased stability) due
to the oxide shell. From a practical point of view, stability
and reactivity are both important requirements for materials
to treat environmental problems. To investigate the influence
of aging of iron nanoparticles (thus, the influence of the oxide
shell) on reactivity, we tested four types of iron nanopar-
ticles: freshly synthesized iron, 3 days air-exposed iron, 1
month air-exposed iron, and 2 months air-exposed iron. All
iron samples originated from a single batch, with aging as
the only variable.

Figure 4 shows that kobs of freshly synthesized iron was
5.25 h-1 (50 ppm/350 mL nitrate solution with 0.5 g of iron),
and kobs of aged iron nanoparticles decreased almost 50%
resulting in 2.46 h-1 for 3 days aged iron, 2.57 h-1 for 1 month
aged iron, and 2.74h-1 for 2 months aged iron. These kinetic
data show that iron nanoparticles with the oxide shell (aged
one) sacrificed some reactivity compared to fresh iron, and
once the oxide shell had been formed, there was no significant

FIGURE 5. Repetitive reactions of 0.5 g of iron with nitrate; 350 mL
of 50 ppm nitrate solution was repeatedly recharged. The rate
constants: 1st, 5.25 h-1 (r2 ) 0.99); 2nd, 9.34 h-1 (r2 ) 0.99); 3rd, 5.62
h-1 (r2 ) 0.99); 4th, 5.01 h-1 (r2 ) 0.99); 5th, 4.72 h-1 (r2 ) 0.99); 6th,
1.64 h-1 (r2 ) 0.99).
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altering of reactivity during the tested periods. The air-
exposed nanosized iron, with average kobs ) 2.59 h-1, km )
1.81 L‚g-1‚h-1, and kSA ) 0.22 L‚m-2‚h-1 still reduced nitrate
much faster than micro- or milli-sized iron.

Therefore, iron nanoparticles used in our study seem to
fulfill our expectation of dual benefits: stability in air and
superior performance as a reducing agent for nitrate reduc-
tion. However, our result with the 5 nm thick oxide shell is
limited to the experimental conditions tested. A further study
is needed to elucidate whether the size of iron particle has
an influence on the thickness of the oxide coating and thereby
whether their thickness affects the reactivity.

Repetition of Nitrate Reduction and Transformation of
Iron. Since the reduction occurs on the surface of iron, an
excess of iron is usually employed. For an example in our
experiment, 0.5 g (8.9 mmol) of iron was used to treat 50
ppm/350 mL (0.28 mmol) nitrate; this iron dose corresponds
to 8-times excess (eq 1).

There has been no reference to the optimal amount of
iron to reduce a certain quantity of nitrate while minimizing
the loss of unused iron. To estimate the amount of iron need-
ed, we carried out the following experiment: 50 ppm/350
mL nitrate solution was spiked repeatedly in a bottle contain-
ing 0.5 g iron until the reduction did not take place any more.

According to eq 1, 0.5 g of iron (8.93 mmol) can theoretically
reduce 140 mg (2.23 mmol) of nitrate, assuming that all the
iron is consumed as if the reaction occurred in a homoge-
neous condition. The result summarized in Figure 5 was very

astonishing. The reduction was repeated 6 times (theoretically
8 times, as the mass of nitrate in 350 mL solution is 17.5 mg
(0.28 mmol)) and the amount of consumed iron reached
77% of the amount added. Furthermore, the rate of the second
reaction (kobs ) 9.34 h-1) was faster than the first, and even
the third and fourth reaction rates (5.62 h-1 (r2 ) 0.99) and
5.01 h-1 (r2 ) 0.99)) were almost the same as the first.

There was speculation that the oxidized iron forms an
insoluble oxide layer that will get thicker as the reduction
proceeds (26). Then, the penetration of nitrate ions into the
iron core becomes difficult and iron particles will be
deactivated with a certain thickness of oxide layer (Scheme
S1a). If this hypothesis were correct, we would expect a
gradual decrease of reactivity as the reaction steps were
repeated, and the reduction would take place only as long
as charge and mass transfer through this oxide shell are
possible. However, it turned out that the iron oxide layer did
not thicken. Lowry et al. (17) also reported that they could
not observe the growth of the oxide shell.

The HR-TEM of iron nanoparticles isolated after each
repetitive reduction showed the ca. 5 nm thickness of oxide
shell, almost the same thickness as the original nanoparticles
before reaction (Insets in Figure 6). When dry iron particles
isolated after the first, second, and third reaction were
exposed to air without the pretreatment step of oxide
formation (described in Experimental Section), they ignited
spontaneously. This indicates that during reduction of nitrate
the iron surface was peeled to bare the naked zerovalent
iron surface. What may happen on the surface of the iron is
proposed in Scheme S1b. As reduction takes place on the
iron surface, the pH of the solution increases above 9 within

FIGURE 6. TEM images of the transformation of Fe(0) to magnetite during the repetitive nitrate reduction: (A) before the reaction; (B) after
first reaction; (C) after third reaction; (D) after sixth reaction. Insets: HR-TEM images of iron nanoparticles showing ca. 5 nm thick iron
oxide shell.

NO3
- + 4Fe(0) + 10H+ f NH4

+ + 4Fe2+ + 3H2O (1)
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a few minutes. In this basic condition the oxidized iron forms
anionic hydroxo species, such as Fe(OH)y

2-y and Fe(OH)x
3-x.

These species are known to be soluble and unstable in alkaline
media, so that they transform to another phase of iron oxide
by reconstructive transformation mechanisms: dissolution
and reprecipitation. The dissolution of oxidized iron offers
fresh iron surface to nitrate ion resulting in an increase of
reduction rate. The mechanical abrasion of oxides from the
iron surface during mixing could be considered for peeling
of the oxide shell, but it cannot explain the formation of the
crystalline hexagonal plates of iron oxide shown in Figures
6 and 7. Therefore, this possibility seems to be very low.

TEM and SEM in Figure 6 and Figure 7 clearly show the
transformation process of zerovalent iron to iron oxide. As
the reduction was repeated, the size of zerovalent iron
particles became smaller and a new compound in a hexagonal
plate shape appeared (Figure 6). SEM in Figure 7 also showed
the successive transformation of iron with the appearance
of new species in a plate shape among zerovalent iron
particles (TEM and SEM images of samples from the second
and fourth reaction are given in Supporting Information,
Figure S1 and Figure S2).

XRD analyses for samples from the repetitive reactions
(Figure S3, Supporting Information) show the signals of
zerovalent iron and magnetite (Fe3O4). Signal intensity of
iron oxide increases and that of zerovalent iron decreases.
The absence of two signals at 2θ ) 23.84 (hkl ) 210) and
26.19 (hkl ) 213) excludes the possibility for iron oxide to
be maghemite (γ-Fe2O3); except for these two signals, other
XRD patterns of maghemite and magnetite are identical.
Comparison of d spacing values of the formed iron oxide
with standard JCPDS γ-Fe2O3 and Fe3O4 data are also in
agreement with magnetite (Fe3O4) (Table S2, Supporting
Information) (27). Under the highly reducing and alkaline
conditions, magnetite is thermodynamically stable and major
species (27, 28). Figure S4 shows the result of quantitative
XRD analysis on the repetitive reaction, demonstrating that

the amount of iron oxide increased linearly in proportion to
the number of reaction turns.

Of particular note is that specific surface area of the solid
changed after the reduction. Specific surface area of the
particles after the first reaction was 23.5 ( 0.4 m2/g, after the
second reaction was 25.4 ( 0.4 m2/g, and after the third
reaction was 27.2 ( 0.4 m2/g. These values are approximately
three times higher than that of iron nanoparticles before
reaction. A necklace-like aggregate of iron nanoparticles may
be disaggregated into a shorter chain by the corrosion of the
surface iron. Newly formed iron oxide also contributes to
specific surface areas and their portion will increase as the
reaction is repeated, and the available iron diminished
significantly at the fourth, fifth, and sixth reactions. Therefore,
further investigation will be necessary to determine whether
it is related to the enhanced rate constants, especially at the
second and third reaction steps.

Nitrogen mass balance, defined as the percentage of the
sum of measured NO3

-, NO2
-, and NH4

+ over initial NO3
-,

was in the range of 80-90%. Presumably, the equilibrium
between ammonium ion and ammonia shifts to ammonia
due to the increase in pH of the solution in an alkaline range
during the reaction, and ammonia can partially dissipate
along with N2 upon opening the reactor for sampling. A small
amount of NO2

- (below 1 ppm) as an intermediate was also
detected (6, 10, 11, 24).

This work represents the first systematic effort to quantify
the reactivity and the efficiency of nitrate reduction by iron
nanoparticles, including their effect of aging on the reactivity
and transformation pathway. Results from this study will
enhance the application of nanosized iron and further the
understanding of zerovalent iron in remediation processes.
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FIGURE 7. SEM images of the transformation of Fe(0) to magnetite during the repetitive nitrate reduction: (A) before the reaction; (B) after
the first reaction; (C) after the third reaction; (D) after the sixth reaction.
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Supporting Information Available
TEM and SEM images showing the successive transformation
of iron to iron oxide, XRD of iron samples isolated from the
repetitive nitrate reduction, a plot of the amount of iron
oxide versus the number of repetition, a table showing the
comparison of the reactivity of micro- or milli-sized iron and
nanosized iron, a table showing the comparison of d spacing
values of the obtained iron oxide with standard JCPDS γ-Fe2O3

and Fe3O4 data, a scheme showing proposed mechanism for
the transformation of Fe(0) to magnetite during nitrate
reduction. This material is available free of charge via the
Internet at http://pubs.acs.org.
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