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Borohydride reduction of an aqueous iron salt in the
presence of a support material gives supported zero-
valent iron nanoparticles that are 10-30 nm in diameter.
The material is stable in air once it has dried and contains
22.6% iron by weight. The supported zero-valent iron
nanoparticles (“Ferragels”) rapidly separate and immobilize
Cr(VI) and Pb(II) from aqueous solution, reducing the
chromium to Cr(III) and the Pb to Pb(0) while oxidizing the
Fe to goethite (R-FeOOH). The kinetics of the reduction
reactions are complex and include an adsorption phase.
About 10% of the iron in the material appears to be located
at active surface sites. Once these sites have been
saturated, the reduction process continues but at a much
lower rate, which is likely limited by mass transfer.
Rates of remediation of Cr(VI) and Pb(II) are up to 30
times higher for Ferragels than for iron filings or iron powder
on a (Fe) molar basis. Over 2 months, reduction of Cr(VI)
was 4.8 times greater for Ferragels than for an equal weight
of commercial iron filings (21 times greater on the basis
of moles of iron present). The higher rates of reaction, and
greater number of moles of contaminant reduced overall,
suggest that Ferragels may be a suitable material for in
situ remediation.

Introduction
Inorganic contamination is a significant environmental
hazard to drinking water supplies. The U.S. EPA action level
for chromium is 0.1 mg/L for Cr, while for Pb it is 0.015 mg/L
(1, 2). Additionally, the EPA has set a Maximum Contaminant
Level Goal for Pb of 0 mg/L (3). Most of the contamination
comes from steel mill runoff and erosion of natural deposits
in the case of Cr and from corrosion of household plumbing
and natural erosion in the case of Pb (4). The EPA estimates
that as many as 40 million U.S. residents may use water with
Pb levels higher than the action level of 0.015 mg/L.

The use of zero-valent iron for in situ remediation has
expanded to include several kinds of reducible contaminants.
Much of this research originally focused on the remediation
of chlorinated hydrocarbons in aqueous streams (5-11).
More recently, remediation by zero-valent iron has been
applied to other contaminants (12-15). While several studies
have examined the reduction of Cr(VI) by zero-valent iron

(12, 16, 17), very little work has been performed on the
reduction of aqueous Pb(II) (18, 19).

Zero-valent iron removes aqueous contaminants by
reductive dechlorination, in the case of chlorinated solvents,
or by reduction to an insoluble form, in the case of aqueous
metal ions. Iron also undergoes redox reactions with dissolved
oxygen and water.

One important parameter in the rate at which remediation
of all these analytes occurs is the surface area of the zero-
valent iron particles. It follows that increasing the surface
area of the iron should also increase the rate of remediation.
Previous work using nanoscale zero-valent iron formed by
borohydride reduction suggested that the kinetics follow the
general equation

in which ν is the rate, k is the rate constant (M-1 m2 -1), Me
is the metal contaminant (M), and As is the surface area of
the iron particles (m2) (20). However, this equation may not
be universally applicable because it makes the following
assumptions: (1) that reactive surface sites of the iron are
far below saturation, (2) that the rate constant does not
depend on initial metal ion concentration, and (3) that the
reaction is monophasic and first order. Other studies in the
literature on reduction of organics by iron filings have shown
that reduction rates depend not only on the initial iron
concentration but also on the initial concentration of
contaminant (6, 9, 21, 22). Also, there appears to be an initial
phase of the reaction in which the contaminant is sorbed
onto the iron at a faster rate than it is reduced (10, 22). These
complicating factors suggest that the overall kinetics cannot
be simple first order, and other more complicated mixed-
order models have been proposed (21-23).

In this study, nanoscale particles of zero-valent iron,
10-30 nm in diameter, were prepared by borohydride
reduction of an aqueous iron salt (24). The reduction is done
in the presence of a support material, which may be a
polymeric resin, silica gel, or sand, and the product is a solid
black material in which nano-iron is bound to the support.
The use of a support prevents agglomeration of the iron and
therefore presents a higher specific surface area of iron to
the aqueous stream. The use of a support for nanoscale metal
particles is a common practice for heterogeneous catalysis
for a similar reason (25).

In this study, supported zero-valent iron particles formed
by borohydride reduction (“Ferragel”) were tested for their
ability to separate and immobilize Cr(VI) and Pb(II) ions
from aqueous solution. Comparisons were made between
commercial iron powder and iron filings, unsupported
nanoscale iron, and nanoscale iron supported on a com-
mercial polymer resin.

Experimental Section
Synthesis of Materials. In a typical Ferragel synthesis, 10.00
g of FeSO4‚7H2O was dissolved in 100 mL of 30% technical
grade ethanol, 70% deionized water (v/v). Support material
(4.00 g) was added while stirring. The pH was adjusted to
about 6.8 with 3.8 M NaOH. NaBH4 powder (1.8 g) was added
incrementally to the mixture, allowing the foaming to subside
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2Fe0
(s) + O2(g) + 2H2O f 2Fe2+

(aq) + 4OH-
(aq) (1)
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(s) + 2H2O f Fe2+

(aq) + H2(g) + 2OH-
(aq) (2)

ν ) kAs [Me] (3)
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between increments. After addition of all of the NaBH4, the
mixture was stirred for 20 min and then filtered through a
0.2 µm filter. Just prior to formation of a liquid meniscus
between the solid particles, the solid was washed twice with
technical grade ethanol, effectively substituting ethanol for
the water in the mixture. This step helps to prevent immediate
rusting as the filtration process is completed. The resulting
black solid was vacuum-dried overnight and then broken up
with a spatula to form a fine black powder.

While this preparation method was satisfactory at this
scale, larger batches (100 g or more) showed significant
rusting in the finished product, suggesting that a faster
method of drying is needed for large scale production.
Alternatively, the reaction could be done in an inert
atmosphere, but the caveat here is that introduction of oxygen
to nonpassivated zero-valent iron causes a strongly exo-
thermic redox reaction. Atmospheric oxygen must be rein-
troduced slowly to the vacuum in order to allow the generated
heat of this reaction to dissipate. Otherwise, the high surface
area supported iron may ignite spontaneously.

Iron-on-resin Ferragels were made using mixed grade
(20-30 µm) PolyFlo resin as the support. PolyFlo is a
nonporous, hydrophobic resin available from PureSyn, Inc.,
Malvern, PA. This resin was chosen as a support because it
is unreactive with borohydride and aqueous metal ions, and
because it provides a high surface area upon which to disperse
the nano-iron.

Iron filings (∼40 mesh, Fisher) were used as received.
Iron powder (-325 mesh, J. T. Baker) and electrolytically
pure iron chunks (10-30 mesh, 99.999%, Aldrich) were also
used as received. It has been noted that an HCl wash can
improve the activity of these commercial materials, but
because this step is unlikely to be implemented in real
applications, it was not used in this work. Therefore all
comparisons of rates are derived from as-received iron
materials. To gauge the influence of borohydride on the iron
activity, “activated” iron filings were prepared by substituting
an equimolar amount of iron powder (Baker) for the iron
salt, omitting the support, and using the same procedure for
Ferragel synthesis. To assay the effect of the support itself
on contaminant removal, treated resin was prepared by
omitting the iron salt in the same procedure.

Batch Tests. Typically, Ferragel was tested by adding the
solid directly to 100 mL of metal ion solution in a 125 mL
high density poly(ethylene), HDPE, bottle. The pH was
measured but not actively controlled, and no added buffers
were used in these experiments. For Cr(VI), CrO3 (Aldrich)
was used as received, while Pb(C2H3O2)2 (Aldrich) was used
(as received) for Pb(II). Rate constants were measured by
adding 0.100 g of material to 100 mL of a 0.500 mM solution
of the metal contaminant. At timed intervals, samples were
taken by needleless, HDPE, 3 cm3 syringe, filtered through
a 0.2 µm poly(vinylidene fluoride), PVDF, syringe filter
(Acrodisc), and tested for metal ion content using a Perkin-
Elmer Model 530 Atomic Absorption spectrometer (AAS).
Each bottle was given four sharp shakes every 2 min during
the first 10 min of exposure, then every 5 min thereafter. This
mixing method was used to help avoid the incidental passage
of solids through the syringe filter and to prevent clumping
caused by magnetic stirring. Control experiments to test
variation of mass transfer rates against this method used a
shaker table for mixing but showed no difference ((0.4 µmol)
in either the reduction rate of the contaminant or the iron
content.

To test the relative reduction rates of iron filings, unsup-
ported nano-iron, and Ferragel over the longer term, an
amount of each material containing 1.414 mmol of iron (0.100
g of filings, 0.239 g of nano-iron, 0.465 g of Ferragel) was
mixed with 1.000 L of 1.500 mM CrO3 and 1.000 L of 1.500

mM Pb(NO3)2. No buffers were added to the solutions, and
the initial pH was 2.67 for the Cr solution and 2.92 for the
Pb. Samples were then taken over a period of 60 days.

Measurements. Iron content was determined using acid
dissolution followed by AAS. X-ray powder diffraction (XRD)
was performed using a Phillips X′Pert MPD diffractometer.
X-ray photoelectron spectroscopy (XPS) was performed on
a Kratos XSAM800 pci. Nitrogen BET surface analysis was
performed using a Micromeritics ASAP 2010.

Results and Discussion
Material Characterization. The iron-on-resin Ferragels
resulting from the borohydride reduction process contained
22.6% iron by weight, as determined by AAS. The surface
area of the material was 24.4 ( 1.5 m2/g, with little or no
hysteresis in nitrogen BET analysis. The surface area, by
nitrogen BET, of the nonporous resin itself, after treatment
with borohydride (but in the absence of iron) was 3-3.5
m2/g, depending on the average diameter of the particles.
The surface area of unsupported nano-iron, made in the
absence of a support material, was 21.7 ( 1.5 m2/g. One can
conclude from these results that the surface area of Ferragel
derives primarily from the supported iron nanoparticles.

Remediation of Cr(VI) and Pb(II). The rates of removal
and immobilization of aqueous Cr(VI) and Pb(II) could be
fit to pseudo-first-order reaction kinetics in both the aqueous
ion and the iron (Figure 1). For 100 mL of 0.50 mM metal
solution and 0.100 g of Ferragel, the initial rates were 1.18
and 1.44 h-1, respectively. By comparison, the initial rates
for 0.100 g of commercial iron filings (∼40 mesh, Fisher)
were slower, 0.22 h-1 for Cr(VI) and 0.44 h-1 for Pb(II), even
though there was 3.5 times as much iron in the filings as in
the Ferragel. Other forms of zero-valent iron were also tested
and were also substantially slower reductants (Table 1). Note
that all commercial materials were used as received and
contain differing amounts of iron due to carbonaceous
inclusions.

From Figure 1, it is apparent that there is an initial sorption
phase during which the rate of disappearance of the
contaminant from solution is significantly faster than at later
times. With Cr(VI) and Pb(II), this initial phase appears to be
complete after 10 min, resulting in a flattening of the first-
order kinetic plots. Thus, the overall mechanism is more
complicated than suggested by eq 3. The fact that this initial
high rate of removal, and the subsequent slowing of the rate,
occurs regardless of contaminant species or concentration
suggests that the mechanism is physical (i.e., that it involves
occlusion of the zero-valent iron) rather than chemical.

XPS and XRD analysis show that Cr(VI) is reduced to
Cr(III), while Pb(II) is reduced to Pb(0) and possibly other
insoluble phases. Research on zero-valent iron and the
reduction of chromium shows that the typical result from
this redox reaction is a chromite, with some of the iron
substituted for the chromium (17, 26). Based on these earlier

TABLE 1. Comparison of Rates for Various Forms of
Zero-valent Iron

apparent rate
constant for

type of iron
mmol
Fe/g

Cr(VI)
(h-1)

Pb(II)
(h-1)

resin-supported Ferragel 4.05 1.18 1.44
iron filings, ∼40 mesh 14.1 0.22 0.09
iron powder, -325 mesh 14 0.24 0.05
“activated” iron powder, -325 mesh 0.28 0.33
high purity iron chunks, 10-30 mesh 18 0.22 0.08
unsupported nano-iron 5.96 1.16

VOL. 34, NO. 12, 2000 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 2565



studies, the chromium endproduct here is expected to have
the same general chemical formula (Cr1-xFex)(OH)3(s), where
x is typically about 0.33.

No previous data exist for Pb(II). To maximize Pb
deposition, 0.5 g of Ferragel was exposed to 200 mL of 50
mM Pb(C2H3O2)2 for 30 days. XPS analysis of the resulting
solid gave a surface composition of 8.2 atomic % Pb, 7.2
atomic % Fe, and 31.9 atomic % O with an approximate
sampling depth of 25 Å. At this depth, all of the Pb appeared
to be in the 2+ oxidation state, with a peak at 138.7 eV, while
the iron was oxidized to the 3+ state with a peak at 711.2 eV.
Oxygen showed a binding energy of 531.7 eV (Figure 2). It
is unclear whether the presence of surface Pb2+ is due to a
passivation layer formed in the original solution, sorption of
Pb2+ onto the surface from the solution, or air oxidation of
Pb0 formed in the reaction. The powder XRD patterns were
complicated by the presence of iron oxides and oxyhydroxides
but showed a progression of peaks consistent with Pb0.
Diffraction peaks were also assigned to Pb(OH)2 and PbO‚
xH2O; however, there were also strong lines in the pattern
that could not be indexed (Figure 3). Pb has a substantial
intial deposition overpotential (27) and therefore tends to

grow in dendritic fashion. The high surface area of these
deposits may favor adsorption of Pb2+ or air oxidation of
zero-valent Pb species on these materials.

FIGURE 1. Comparison of first-order kinetics for reduction of Cr(VI) and Pb(II). a.: Cr(VI) reduction: 100 mL of Cr(VI) solution, 0.100 g
of iron-on-resin Ferragel O ) 0.25 mM, b ) 0.50 mM, 0 ) 0.55 mM, 9 ) 0.65 mM, ] ) 0.75 mM, × ) 0.85 mM, and 2 ) 1.00 mM.
b.: Pb(II) reduction: 100 mL of Pb(II) solution, 0.100 g of iron-on-resin Ferragel. O ) 0.099 mM, b ) 0.149 mM, 0 ) 0.20 mM, 9 ) 0.25
mM, × ) 0.30 mM, 2 ) 0.35 mM, + ) 0.40 mM, and [ ) 0.50 mM. c.: Cr(VI) reduction: 100 mL of 0.50 mM Cr(VI) solution, iron-on-resin
Ferragel solid. × ) 0.190 g, [ ) 0.160 g, ] ) 0.130 g, 9 ) 0.120 g, 0 ) 0.100 g, b ) 0.75 g, O ) 0.50 g. d.: Pb(II) reduction: 100 mL
of 0.50 mM Pb(II) solution, iron-on-resin Ferragel solid. × ) 0.175 g, [ ) 0.150 g, ] ) 0.125 g, 9 ) 0.100 g, 0 ) 0.075 g, b ) 0.051 g,
O ) 0.029 g.

FIGURE 2. XPS of solids from 0.500 g Ferragel in 200 mL of 50 mM
Pb(II) solution for 30 days. Graphitic carbon peak set at 284.6 eV.
a: Pb peak at 138.7 eV. b: O peak at 531.7 eV. c: Fe peak at 711.2
eV.
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The general reactions for the remediation of Cr(VI) and
Pb(II) are thought to be

However, it is clear that one or more additional processes
are in play in the Pb reaction and result in the formation of
oxidized surface species.

Overall, 1.00 g Ferragel (4.05 mmol Fe) removed and
immobilized 0.12 mmol of Cr(VI), or 0.18 mmol of Pb(II),
from solution, based on tests of 0.5 g in contact with 100 mL
of 50 mM solutions for 8 days. Under the same conditions,
iron filings removed less than 0.01 mmol of Cr(VI) from
solution. Over 68 days, Ferragel removed 0.625 mmol of Cr,
giving an average removal rate of 0.0185 mmol Cr/day/g
material (4.56 mmol/day/mol Fe). In contrast, iron filings
removed 0.13 ( 0.03 mmol Cr in 102 days, with an average
removal rate of 0.0026 mmol Cr/day/g material (0.147 mmol
Cr/day/mol Fe). The Ferragel rate of removal was 7.1 times
that of the iron filings, on a material weight basis, and 31
times faster than iron filings on a (Fe) molar basis. In terms
of total amounts, Ferragel removed 4.8 times more Cr(VI)
than an equal weight of iron filings and 21 times more Cr(VI)
than an equal number of moles of iron filings.

As a control experiment, 0.100 g of borohydride-treated
PolyFlo was also tested. This amount of support material
adsorbed minimal amounts of contaminants (0.003 mmol
Cr(VI) over 74 days and 0.020 mmol of Pb(II) over 7 days),
demonstrating that nano-iron is the active ingredient in the
Ferragel. PolyFlo is hydrophobic, and addition of larger
amounts of resin to the container (125 mL of HDPE) causes
agglomeration and does not increase total sorption. Inter-
estingly, the resin-supported Ferragels are hydrophilic and
are completely wetted by aqueous solutions.

As expected from eq 3, the apparent rate constant (k*As)
increases linearly with the amount of iron used. However,
the apparent rate constant decreases with increasing initial
concentrations of metal contaminant (Figure 4). A similar
rate dependence on initial concentration has been noticed
by other researchers in the reduction of CCl4, chlorinated
ethenes, and nitroaromatics (9, 21, 22, 28). That this rate
dependence also occurs with aqueous inorganics suggests
that it is a consequence of the oxidation kinetics of zero-
valent iron and is not a specific effect of the analyte being
reduced. This supports the notion that kinetic equations

worked out for other contaminants should be directly
applicable to other systems that use zero-valent iron as the
reductant (21-23). Indeed, this generalized applicability was
the stated intent of Gotpagar et al. (23). While the apparent
rate constant is expected to increase monotonically as the
iron content (and therefore, the total iron surface area, As)
is increased, the rate dependence on initial metal concen-
tration demonstrates that eq 3 is inadequate to describe the
kinetic behavior of the system.

There is a dramatic increase in the apparent rate constant
when the number of moles of iron used is more than about
10 times the number of moles of contaminant. The increase
in apparent rate constant is 10 times larger in the case of
Pb(II) and about five times larger in the case of Cr(VI). This
consistent breakpoint in the apparent rate constants suggests
that only 8-10% of the iron in Ferragels is present at active
surface sites. At iron contents below the breakpoints, these
surface sites are saturated, and mass transfer of the analyte
to the occluded zero-valent iron becomes rate-limiting. The
breakpoints are presented as a percentage of total iron but
cannot easily be translated into a number of active surface
sites. To do this, a quantitiative assessment of the surface
morphology, mass transfer, and sorption kinetics, and ulti-
mately the rate constant of the reaction, would be needed
(29). It should also be noted that complex kinetics should
make linear kinetic fits (such as those shown in Figure 4)
inaccurate. It may be that the range of concentrations used
in these experiments simply fell within the pseudo-first-order
regime of an overall combined-order kinetic system.

In longer term (60 day) experiments, unsupported nano-
iron outperformed Ferragel in remediating Cr, but Ferragel
reduced significantly more Pb (Figure 5). Both forms of nano-
iron far outperformed iron filings (Fisher). It is also interesting
that 90% of the total removal of contaminant occurred within
the first 48 h, suggesting that even in column or in situ barriers
the primary reduction process occurs upon first contact of
iron with the analyte. The pH after 60 days in the Cr solution
was 3.25 with Ferragel, 2.99 with unsupported nano-iron,
and 2.71 with iron filings. For the Pb solutions, the final pH
was 4.01 with Ferragel, 3.62 with nano-iron, and 3.12 with
iron filings. The Fe content of the solution in all cases was
below the detection limit of 1.8 µM.

The reason for the additional reduction of Cr by unsup-
ported nano-iron, which began after the first 24 h and ended
with about 5% (0.075 mmol Cr) more reduced than with
Ferragel, is unknown at this time. As expected, the initial
rates for similarly sized iron nanoparticles, when normalized
to the number of moles of iron present, are very nearly equal
(Figure 6). Likewise, the substantially more efficient removal
of Pb (35%, 0.525 mmol Pb) from solution by Ferragel
compared to unsupported nano-iron is surprising since the
number of moles of iron used were equal. Given that the
total surface area of the supported nano-iron is only slightly
higher than that of unsupported nano-iron, a 35% increase
in total remediation is unexpected. As a blank, 0.100 g of
borohydride-treated resin was mixed in 100 mL of 0.500 mM
Pb solution for 7 days but removed only 0.200 mmol of
aqueous Pb/g of PolyFlo. For the above experiment, resin
content is estimated at 0.36 g of the Ferragel, and Pb removal
due to the resin is estimated at 0.072 mmol. These results are
under further investigation.

Applicability to in Situ Remediation. There are three
important factors that determine the utility of a zero-valent
iron material for in situ remediation. One is the iron content,
since the amount of iron must at least be sufficient to react
stoichiometrically with the contaminant. For most contami-
nated plumes, the overall concentration is low, in the ppm
or ppb range. However, because of the slow flow of ground-
water and the partitioning of contaminants in to and out of
the solid phase, a typical plume may require 100-200 years
to travel past a given point. The second factor is how efficiently

FIGURE 3. Powder XRD patterns and Miller indices of spent
Ferragels. a: After exposure to Pb(II) solution. x ) Pb(0), * )
PbO‚xH2O (tentative), and + ) Pb(OH)2 (tentative, no indexing
available). b: After exposure to Cr(VI) solution. Indexed peaks are
for goethite (r-FeOOH).

2Fe0
(s) + 2H2CrO4 + 3H2O f

3(Cr.67Fe.33)(OH)3(s) + FeOOH(s) (4)

2Fe0
(s) + 3Pb(C2H3O2)2 + 4H2O f

3Pb0
(s) + 2FeOOH(s) + 4HC2H3O2 + 2H+ (5)
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the reductant is used. Excavation is the most costly capital
expense in in situ remediation. The ability to reduce a greater
number of moles of contaminant for the same number of
moles of iron means that it is likely that a smaller volume
of barrier material is needed for a specific application, and
thus, the total excavation volume can be reduced. The third
factor is the corrosion rate of the iron, which must be
considered because reactions 1 and 2 are thermodynamically
favorable. It is important that these reactions be sufficiently
slow in the time scale of the remediation process.

In terms of reduction rates for Cr, zero-valent iron
nanoparticles are 7-12 times faster than equivalent weight
of iron powder. When the data are normalized to the number
of moles of iron in each material (Figure 6), the rate of
reduction is 30 times faster for iron nanoparticles. The total
amount of Cr(VI) removed over 60 days from a 1.500 mM
solution was 4.8 times more for Ferragel compared to an
equimolar amount of iron filings. This means that iron
nanoparticles, with their larger surface area, have a signifi-
cantly higher atom efficiency for reductive remediation of

FIGURE 4. Breakpoints of apparent rate constants for iron-on-resin Ferragel. a: 100 mL of 0.50 mM Cr, O ) 0.104 g solids (0.42 mmol Fe).
b: 0.100 g solids (0.405 mmol Fe) in 100 mL of Cr solution, O ) 0.57 mM Cr. c: 100 mL of 0.50 mM Pb, O ) 0.126 g solids (0.510 mmol Fe).
d: 0.100 g solids (0.405 mmol Fe) in 100 mL of Pb solution, O ) 0.278 mM Pb.

FIGURE 5. Fractions of initial concentrations remaining for 1.000 L of 1.500 mM solutions after exposure to zero-valent iron materials
containing 1.414 mmol Fe. a: Cr(VI). b: Pb(II). Circles are 0.465 g of iron-on-resin Ferragel, squares are 0.239 g of unsupported nano-iron,
and diamonds are 0.100 g of iron filings (Fisher).
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contaminants. Atom efficiency refers to the fraction of iron
atoms that can be used in the reaction and is directly related
to the accessibility of the iron. The combination of high
reaction rates and higher atom efficiency suggests that
Ferragels will allow for significantly smaller excavation
volumes when used for in situ remediation of contaminated
groundwater flows. However, the batch tests reported in this
study do not provide for a constant influx of water and
dissolved oxygen. Thus, the greater atom efficiency may not
translate directly to column or field tests, and additional
characterization (particularly of the corrosion rate under
realistic conditions) is needed. Additionally, batch tests do
not consider hydraulic conductivity. Clumping of nanopar-
ticles would adversely affect permeability and would impede
the flow of groundwater through an in situ barrier. Whether
Ferragel particles would clump in situ, and whether this effect
could be eliminated by using larger support particles or by
pelletizing the Ferragel remains to be seen.

One issue that should be considered for practical
applications is the presence of humic and fulvic acids in
natural waters. These compounds could possibly ligate the
iron, especially Fe(II), and alter the activity. This effect is
unlikely to cause serious problems because of the low affinity
of these acids to iron in neutral to alkaline waters (30). Recent
work suggests that in acidic waters, natural organic material
may be used to aid in the reduction of contaminants such
as Cr(VI) (31).

A second issue to be investigated is the relative reactivity
and atom efficiency of different forms of irons, when
measured over long time periods that are relevant to
remediation of slow-moving plumes. While Ferragels clearly
make more efficient use of iron atoms in the short term, it
remains to be seen if less active forms of zero-valent iron can
attain high atom efficiencies over time periods of decades
to hundreds of years. Accelerated tests of corrosion and
reactivity are currently being conducted to estimate the
relative performance of Ferragels and other forms of iron
under these conditions.
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FIGURE 6. a: Removal of Cr(VI) from 100 mL of 0.50 mM solution by 0.100 g of supported nano-iron (Ferragel), unsupported nano-iron, and
iron powder (-325 mesh, Baker). b: The same data normalized per mol of iron present shows equivalent rates for nano-iron with or without
support. Both kinds of nano-iron far outperform the iron powder. Solid circle is unsupported nano-iron, crosshatched square is nano-iron
on a resin support (Ferragel), and solid square is unsupported iron powder.
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