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ABSTRACT: The sequestration of Se(IV) by zero-valent iron (ZVI) is strongly
influenced by the coupled effects of aging ZVI and the presence of a weak magnetic field
(WMF). ZVI aged at pH 6.0 with MES as buffer between 6 and 60 h gave nearly
constant rates of Se(IV) removal with WMF but with rate constants that are 10- to 100-
fold greater than without. XANES analysis showed that applying WMF changes the
mechanism of Se(IV) removal by ZVI aged for 6−60 h from adsorption followed by
reduction to direct reduction. The strong correlation between Se(IV) removal and Fe2+

release suggests direct reduction of Se(IV) to Se(0) by Fe0, in agreement with the
XANES analysis. The numerical simulation of ZVI magnetization revealed that the
WMF influence on Se(IV) sequestration is associated mainly with the ferromagnetism of
ZVI and the paramagnetism of Fe2+. In the presence of the WMF, the Lorentz force
gives rise to convection in the solution, which narrows the diffusion layer, and the field
gradient force, which tends to move paramagnetic ions (esp. Fe2+) along the higher field
gradient at the ZVI particle surface, thereby inducing nonuniform depassivation and
eventually localized corrosion of the ZVI surface.

■ INTRODUCTION

Zero-valent iron (ZVI) has been shown to remove a wide
variety of contaminants from water by a mixture of trans-
formation, adsorption, and coprecipitation processes. The
relative significance of these processes varies with the type of
contaminant, condition of the ZVI, solution chemistry, and
hydrodynamic operating conditions. In cases where contami-
nants are not degraded, but rather are removed by transfer from
the aqueous to solid phase, the overall treatment process is
referred to as cementation1 or sequestration.2,3 Sequestration
by ZVI is applicable to almost all heavy metals4,5 and has been
studied intensively for some, especially the oxyanion-forming
metals chromium,6−8 arsenic,9−11 and uranium.12−14

The sequestration of metals in ZVI-based systems is
generally favored by the growth and accumulation of iron
oxidesand other iron-containing solid phasesthat are
formed by the Fe2+ released during corrosion of Fe0.15

However, the specific effects of these authigenic phases are
multiple and variable, so the relative importance of specific
effects is not always clear, despite many studies that have
addressed aspects of this issue. For example, although thicker
passive films (and the formation of secondary authigenic
phases) increase the surface area for contaminant removal by
nonreductive processes, breakdown of the passive film on ZVI

generally favors contaminant reduction by exposing more
strongly reducing surface area.16,17 When ZVI is deployed for
water treatment under oxic conditions, the role of authigenic
iron oxides is even more critical because the phase trans-
formations are more dynamic and oxidative pathways for
contaminant treatment become more significant.18

There are many factors that determine the structure and
composition of the oxide phases associated with ZVI under
remediation conditions, the most widely recognized and
thoroughly studied being solution chemistry. For example, it
has long been known that nitrate in the medium passivates ZVI,
resulting in slower reduction of cocontaminants19−21 and that
dissolved carbonate is corrosive in the short term but
passivating in the long run, resulting in a parallel dependence
of cocontaminant reduction rates.22−24 Recent studies have
documented analogous effects for other medium components,
including additional inorganic anions,9,20 various cations,25−27

and polyelectrolytes.28−30 In most cases, changes in medium
composition induce changes in the oxide film that take place
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over time frames of hours to days or weeks, resulting in
transformations that are collectively referred to as “aging”.
Aging effects are relevant to laboratory- and field-scale
applications of ZVI for water treatment, so the increased
attention to them in recent studies (e.g. refs 31−34) is an
important development in the maturation of this field.
Given the key role that oxide/passive films play in the

short- and long-termperformance of ZVI in remediation
applications, it is inevitable that many strategies for maintaining
or enhancing ZVI treatments involve manipulating the
properties of the oxides. The earliest example of this was acid
washing, which removes oxides and therefore increases the
rates of contaminant reduction in laboratory tests.35−38 Another
example is ultrasonication, which favors contaminant degrada-
tion by physically disrupting the oxide coating on ZVI and may
also dislodge oxide precipitates that obstruct pore channels in
reactive barriers.39−42 A third approach involves application of
an electrical potential from an external source to reduce the
oxides that comprise the passive film, thereby increasing
reaction rates and possibility adding to the longevity of ZVI
treatments.43,44 Recently, we reported evidence in support of
another approach to enhancing ZVI performance: application
of a weak magnetic field (WMF), which can accelerate
corrosion of ZVI resulting in greater dissolution of Fe2+ and
more rapid sequestration of Se(IV).45

The evidence for a WMF effect on contaminant removal by
ZVI presented in our previous work45 was limited to Se(IV)
sequestration by one high-purity micrometer-sized ZVI in
media representing two solution chemistry variables (pH varied
from 4 to 7.2, initial Se(IV) concentration varied from 5 to 40
mg L−1). This leaves a wide range of factors to be considered
before the overallfundamental and/or practicalsignificance
of the WMF effect can be assessed. Since the WMF effect likely
arises from changes in the oxides associated with ZVI,
operational factors that determine oxide film conditions are
the highest priority. Therefore, in this study, we investigated the
effect of aging ZVI on the WMF effect in a series of controlled
batch experiments designed to demonstrate how the two effects
are coupled. To accomplish this, we (i) prepared aged ZVI
(AZVI) for time periods from 0 to 96 h and characterized the
structure and composition of the resulting materials, (ii)
measured and compared the Se(IV) sequestration kinetics
using pristine (unaged) and AZVI; and (iii) numerically
simulated the distribution of magnetic flux density and the
magnetic field gradient around ZVI particles after exposure to a
WMF. Future work will address the WMF effect in delaying
ZVI passivation and recovering the reactivity of passivated ZVI
from permeable reactive barrier under conditions of reactive-
transport.

■ MATERIALS AND METHODS
Materials. All chemicals were of analytical grade and used as

received. The ZVI described in our previous study was also
used in this study.45 This material is high purity Fe0 (99.8−
99.9%) with mean diameter (D50) ∼7.4 μm and BET specific
surface area (as) = 0.3015 m2/g. All the other chemicals were
purchased from Shanghai Qiangshun Chemical Reagent
Company. The stock solutions were prepared by dissolving
the corresponding salts in ultrapure water generated from a
Milli-Q Reference water purification system.
Synthesis and Characterization of AZVI. To synthesize

the AZVI samples, 10.0 g of pristine ZVI particles was
incubated in 0.5 L of doubly distilled water buffered at pH 6.0

± 0.1 with 0.20 M 2-(N-morpholino)ethanesulfonic acid
(MES) for different exposure times. MES was chosen for this
work for the same reason that it was used in so many other
studies with ZVI.35 Aging was performed in wild-mouth bottles
open to the air with mixing at 310 rpm using a propeller type
stirrer (D2004W, Shanghai Sile Instrument Co., Ltd.). The
suspension pH was monitored frequently and, if necessary, was
readjusted to pH 6.0 ± 0.1 with NaOH or HCl. Eight kinds of
AZVI were synthesized by aging the pristine ZVI in MES buffer
for 0, 6, 12, 24, 48, 60, 80, and 96 h, which were denoted as
AZVI-0, AZVI-6, AZVI-12, AZVI-24, AZVI-48, AZVI-60,
AZVI-80, and AZVI-96, respectively. The precipitates were
collected after predetermined intervals, washed with DI water,
freeze-dried, and then kept in a glovebox for subsequent
characterization and use. The prepared AZVI samples were
subject to Field Emission Scanning Electron Microscopy (FE-
SEM), XRD, Raman, and BET analysis, and the details were
present in Text S1 in Supporting Information.

Batch Experiments and Chemical Analysis. To
investigate the feasibility of depassivating AZVI with WMF,
the experimental setup employed in our previous study45 was
also used here. In brief, two cylindrical neodymium−iron−
boron permanent magnets with a diameter of 30 mm and a
height of 5 mm on an iron sheet were placed under the reactor,
which provided a maximum magnetic field intensity of ∼20 mT
at the bottom of the reactor throughout the course of the
experiment. Each batch reactor received 0.50 g of ZVI and 0.5 L
of aqueous medium (i.e., 1.0 g L−1 ZVI). The aqueous medium
consisted of 40.0 mg L−1 Se(IV), 0.01 M NaCl, and 0.1 M MES
as buffer. All experiments were carried out open to the air, and
the solution was mixed at 310 rpm at 25 °C. At this stirring
intensity, the ZVI was uniformly suspended, and aggregation
was not observed. The oxidation−reduction potential (ORP) of
this suspension was monitored in situ with an Pt ORP sensor
connected to a pHS-3C pH meter, and the concentration of
dissolved oxygen (DO) was determined in situ with a JPB-607
portable DO analyzer (Shanghai Precision & Scientific
Instrument Co Ltd.). All experiments were run in duplicate
or triplicate, and the replicates were averaged for use in figures
and fitting. The corresponding standard deviations, or standard
errors, are shown where appropriate.
At fixed time intervals, 5 mL of suspension was taken, filtered

through a 0.22 μm pore size membrane, acidified with one drop
of 65% HNO3, and analyzed for selenium concentration using a
PerkinElmer Optima 5300 DV ICP-OES. Fe2+ concentration
was examined with the modified ferrozine method using a TU-
1901 UV/visible spectrophotometer at the wavelength of 562
nm following the procedure of Stookey.46 In order to
investigate the valence of Se in the precipitates, the reacted
ZVI samples were collected at different intervals, washed with
distilled water, freeze-dried, and put into zippered bags before
subjecting to Se K-edge X-ray Absorption Near Edge Structure
(XANES) analysis. The details of XANES analysis were present
in Text S1 in the Supporting Information.

Magnetic Field Characterization. The strength, direction,
and gradient of magnetic field induced by ZVI particles was
characterized using 3D magnetic field numerical simulation
software (Amperes and Magneto, from Integrated Engineering
Software Inc.), assuming that a 10 μm diameter pure Fe0 sphere
was exposed to an external homogeneous magnetic field with
flux density of 10 mT. Experimental visualization of the WMF
effect on Fe0 corrosion was performed with iron wire, as
describe in Text S2 in the Supporting Information.

Environmental Science & Technology Article

dx.doi.org/10.1021/es500958b | Environ. Sci. Technol. 2014, 48, 6326−63346327



■ RESULTS AND DISCUSSION
Material Characterization. Characterization of the ZVI

used in this study by XRD (Figure S1) confirmed that the
major component of the pristine material (AZVI-0) was α-Fe0

(JCPDS 06-0696). XRD peaks corresponding to magnetite
(Fe3O4, JCPDS 88-0315) started to appear at 12 h (AZVI-12)
and then increased in intensity progressively with further aging.
Peak intensity for Fe0 decreased with aging, disappearing
completely in AZVI-96 with concomitant appearance of two
new peaks identified to be lepidocrocite (γ-FeOOH, JCPDS 74-
1877). The data in Figure S1 were used to estimate Fe0 and
Fe3O4 content during aging, and the results are shown in
Figures 1A and B. The Fe0 content decreases linearly with aging

time, with a slope of 0.010 ± 0.001 fraction Fe0 h−1. The
increase in Fe3O4 is linear up to 80 hwith a slope that
matches that for the Fe0 fractionalthough the Fe3O4 content
decreases in the AZVI-96 sample, presumably due to further
oxidation to γ-FeOOH. The rate and extent of ZVI oxidation
represented by the data in Figures 1A and B corresponds to
aging in a stirred and open system, so it is much faster than the
aging kinetics reported in previous studies that were done
under anoxic conditions.34,47

The Raman spectra for the samples of aged ZVI are shown in
Figure S2. In all of the samples, magnetite is indicated by the
Raman bands at 215, 276, 395, 584, and 1280 cm−1.48 The size
of these bands appears to increase with aging time, which is
consistent with results obtained by XRD. A peak at 486 cm−1,

which may be due to lepidocrocite,49 is barely evident in the
Raman spectrum for AZVI-6 but grows substantially over the
aging period. The earlier detection of γ-FeOOH by Raman
spectroscopy compared with XRD is most likely because the
Raman signal represents surface species, which is where the
initial processes of aging are concentrated.
The effect of aging on the structure of ZVI was characterized

by BET gas adsorption and SEM. The BET data (Figure 1C)
show that surface area increased monotonically with aging,
although there was a sharp increase at 96 h, presumably
associated with the depletion of Fe0 and the appearance of γ-
FeOOH. The BET method was also used to characterize the
porosity of the ZVI, and these results are reported in Table S1.
The images obtained by SEM (Figure S3) show that the
pristine ZVI used in this study consisted of relatively smooth
spheres, which developed prominent surface defects by 12 h of
aging. With prolonging aging time, the ZVI became fully coated
with angular-shaped and platy structures that are consistent
with magnetite and lepidocrocite.50 The changes in morphol-
ogy that can be seen in the SEM are consistent with the
increased pore volume measured by BET (Table S1).

Se(IV) Sequestration Kinetics. Figure 2 shows the kinetics
of Se(IV) removal for all aging times, with and without WMF.
A brief lag phase (10−20 min) can be seen in many of the data
obtained with this system, both in this study (Figure 2) and in
our previous work.45,51,52 This feature is relatively less
significant in the longer experiments required by the lower
overall Se(IV) sequestration rates produced without WMF,
with aging, and/or at higher pH. Tailing is evident in the
experiments that were run to complete removal of Se(IV),
especially those with WMF and intermediate aging, which gave
the fastest Se(IV) removal. In our previous work, tailing was
also observed under favorable conditions, such as low pH with
WMF.45

The main portion of each data set, however, can be well
described by pseudo-first-order kinetics. The fitting results are
shown in Figure 2, and the pseudo-first-order rate constants
(kobs) are given in Table S2. The corresponding mass
normalized rate constants (kM) are not given because they
have the same values as kobs (ZVI mass concentration was 1 g
per L of solution in all experiments). Surface area normalized
rate constants (kSA) were then calculated from kM, and the
measured specific surface area (as) for each type of ZVI (Table
S1) assuming the iron dose-dependence follows the standard
kinetic model.53

From visual inspection of Figure 2, it is evident that WMF
consistently gives faster selenium removal kinetics and that this
enhancement is greatest for intermediate aging times. A more
detailed view of this trend is provided in Figure S4 by plotting
the rate constants for Se(IV) removal (kobs or kSA, from Table
S2) vs aging time. The two types of rate constants give similar
results, although the trends in kSA are slightly more systematic.
The defining features of Figure S4 are 3-fold: (i) unaged ZVI
(AZVI-0) gives the fastest Se(IV) removal rates, with little
increase due to WMF; (ii) aging 80 or more hours gives the
slowest Se(IV) rates, with little enhancement by WMF; and
(iii) aging between 6 and 60 h gives nearly constant rates of
Se(IV) removal, but with rate constants that are 10- to 100-fold
greater with WMF than without. The over 100-fold enhance-
mentat pH 6.0 using ZVI aged for moderate time periods
(24−48 h)is significantly greater than the maximum
enhancement (<50 fold) we observed in previous work where

Figure 1. Effects of aging on three material properties of ZVI: (A)
Fraction Fe0 from XRD, (B) Fraction magnetite from XRD, and (C)
Specific surface area (as) from BET gas adsorption. Regression lines
are (A) y = 0.99 ± 0.03 + −0.0105 ± 0.0006x with r2 = 0.98 and (B) y
= −0.0004 ± 0.04 + 0.010 ± 0.001x with r2 = 0.95.
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we varied initial Se(IV) concentration but did not include
aging.45

The shapes of the kinetic and aging profiles in Figures 2 and
S4, respectively, suggest that the system evolves through three
phases. Initially, immersion of the (previously freeze-dried) ZVI
initiates processes such as hydration, dissolution, and pitting of
the oxide film, which result in increasing corrosion rates (i.e.,
depassivation) that, in turn, cause increased rates of Se(IV)
sequestration. The resulting lag phase in Se(IV) removal is
longest for ZVI without prior aging in solution because it has a
stable passive film formed by extended exposure to air, whereas
the lag phase becomes negligible for ZVI where prior exposure
to solution has partially destabilized the passive film. Analogous
effects have been seen in previous studies with a variety of ZVIs
and contaminants,54 although no study has investigated these
lag phases in detail because they apply to time scales too short
to be of practical significance in water treatment applications.
After depassivation of the ZVI, the oxide film appears to have

evolved to a relatively consistent and metastable condition that
produces uniform rates of Se(IV) sequestration regardless of
sample history. This phase produces the largest WMF effect,
because the aged oxide film on ZVI is thicker and yet more
porous, which makes it more susceptible to magnetic field
driven transport effects. This conceptual model for the WMF
effect is further elaborated after discussion of material
characterization and modeling presented below. Finally, there
is little WMF effect on AZVI-80 and none on AZVI-96 because
extended aging caused nearly complete conversion of Fe0 to
Fe2+/Fe3+ oxides, leaving only the relatively weak adsorption of
Se(IV) onto iron oxides as the rate limiting process for Se(IV)
sequestration.
Processes Controlling Se(IV) Sequestration. The trends

in Se(IV) sequestration kinetics represented in Figure S4
suggest a coupling between aging and WMF effects that is
mediated by transformations in the oxide passive film on ZVI.

These transformations all involve Fe(II), some of which
becomes measurable as Fe2+ in solution. Data for dissolved
Fe2+ vs time is given in Figure S5 for all of the Se(IV)
sequestration experiments shown in Figure 2. In general, Fe2+

increases with reaction time and is greater with WMF than
without, but the trend with aging time appears to be more
complex. However, plotting Se(IV) vs Fe2+ for each experiment
(Figure 3) shows that these two parameters are closely coupled.
With a few exceptions (discussed below), the data sets for ZVI
with and without WMF fall into two distinct groups: With
WMF, sequestration of Se(IV) generally is accompanied by an
almost linear increase in Fe2+ (Group 1), and without WMF,
there is sequestration of Se(IV) but with little increase in Fe2+

(Group 2).
The type of analysis represented by Figure 3 (i.e., time series

correlations between contaminant removed and dissolved iron
released) can be difficult to interpret because there are several
processes affecting each variable and coupling between the two
is not necessarily direct. However, in this case, the main
features of Figure 3 provide insights into the controlling
processes in this system that are not clear from the individual
time series data (i.e., Figures 2 and S5). The strong correlation
between Se(IV) removal and Fe2+ release for most experiments
with WMF (Group 1) suggests a relatively direct effect: likely
reduction of Se(IV) to Se0 by Fe0 (i.e., eq 1)

+ + → + ↓ +− + +2Fe HSeO 5H 2Fe Se 3H O0
3

2 0
2 (1)

which apparently is sustained by the WMF effect. In contrast,
the weak correlation between Se(IV) removal and Fe2+ release
in experiments without the WMF effect (Group 2) is consistent
with adsorption of Se(IV) onto iron oxides being dominant and
corrosion of Fe0 (potentially coupled to reduction of Se(IV))
being slower.
There are a few exceptions to the main groupings in Figure 3,

but these provide further support for the overall interpretation.

Figure 2. Kinetics of Se(IV) removal by pristine and aged ZVI with and without WMF. All data from stirred, open batch reactors with 1.0 g L−1 ZVI,
40.0 mg L−1 Se(IV), 0.1 M MES at pH = 6.0. Differences in between replicates were negligible, so only average values are plotted. Dashed lines are
fits to first-order kinetics.
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The most conspicuous exception is the tail in the Group 1 data,
which results because ZVI continues to corrode (releasing Fe2+

according to eq 2) even after all of the Se(IV) is sequestered.

+ + → ++ −2Fe O 2H O 2Fe 4OH0
2 2

2
(2)

The second exception involves the data for AZVI-80 with
WMF, which deviates from the other data with WMF and
instead follows the trend of data in Group 2. This result,

however, is consistent with almost complete oxidation of Fe0

and the concomitant change in the mechanism of Se(IV)
sequestration from reduction (eq 1) to adsorption followed by
reduction. The third type of exceptional behavior is by the data
for AZVI-96, with and without WMF, which is unresolved in
the upper-left corner of Figure 3. In this case, the result arises
because Fe0 was nearly exhausted after 96 h of aging, so there
was very little sequestration of Se(IV) or production of Fe2+.
The interpretations of the latter two types of exceptions are
further supported by the XANES data discussed in the section
that follows.
After the lag and before the tail in the Group 1 data, the

correlation between Se(IV) removal and Fe2+ release is
remarkably close for the whole group of experiments (Figure
3). Isolating this portion of the data, as shown in Figure S6,
shows that the whole group can be fitted to a single linear
relationship, and 1 molar Se(IV) removal approximately
corresponds to 5 molar Fe2+ release. The robustness of this
correlation is strong evidence that eq 1 is the dominant process
under these conditions. The amount of Fe2+ released from ZVI
was much larger than the theoretical value obtained from eq 1,
which should be associated with the oxidation of Fe0 by oxygen
since the experiments were performed open to the air.
The defining feature of Group 2 in Figure 3 is the tendency

for the Fe2+ data to peak and then decline as Se(IV)
sequestration approaches completion. The decline in Fe2+ as
Se(IV) is depleted is most likely due to formation and
precipitation of Fe3+ by, for example, eq 3.

+ + → ↓ ++ +6Fe O 6H O 2Fe O 12H2
2 2 3 4 (3)

Most of the data without WMF follow this pattern, except for
AZVI-0, which follows the pattern as most of the experiments
with WMF. This result is expected because the unaged ZVI is
minimally passivated and therefore behaves similarly with and
without WMF (e.g., as in Figure 3).

Figure 3. Correlation between Se(IV) and dissolved Fe2+ concen-
trations at each time point of each batch experiment for the 16
combinations of aging time and WMF exposure. The Se(IV) data
correspond to those in Figure 2 and the Fe2+ are those in Figure S5.
Data for 96 h aging are concentrated in the upper-left corner. (Initial
conditions: 1.0 g L−1 ZVI, 40.0 mg L−1 Se(IV), 0.1 M MES at pH =
6.0).

Figure 4. XANES spectra of pristine and aged ZVI particles reacted with 40.0 mg L−1 Se(IV) at pH 6.0 open to air in the absence of WMF (A) or in
the presence of WMF (B) (1.0 g L−1 pristine or AZVI, 40.0 mg L−1 Se(IV), pH = 6.0). Se standard materials (selenium powder for Se(0); sodium
selenite (Na2SeO3) for Se(IV)).
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The interpretations of Figures 2-3 (and S4−S6) are
consistent with measurements of DO and ORP (Figures S7−
S8), which were made during the same experiments, in a
manner similar to what we reported in previous work.45,51

Unaged ZVI and aged ZVI with WMF are relatively un- or
depassivated and therefore react rapidly with DO, whereas aged
ZVI without WMF is passivated and does not produce a net
decrease in DO. In this system, ORP is expect to reflect both
DO and Fe2+,55 so the coupled effects of aging and WMF
should be reflected in ORP. This is supported by qualitative
comparison of Figure S8 with Figures S5 and S7.
Material Characterization of Sequestered Se(IV). To

explore the speciation of Se(IV) that was sequestered on ZVI
over the range of conditions used in this study, Se K-edge
XANES spectra were obtained on solids recovered after
exposure times corresponding roughly to the end of the
experiments shown in Figure 2. The results are shown in Figure
4, together with data for Se(0) and Se(IV) reference materials,
which have K-edge energies (E0) at 12,658.0 eV and 12,662.6,
respectively.
The XANES spectra of Se(VI)-treated ZVI in Figure 4 clearly

show that there is reduction of Se(IV) to Se(0), consistent with
our previous studies.45,52 However, without WMF (Figure 4A),
the degree of reduction to Se(0) decreased with aging of the
ZVI, despite substantial removal of Se(IV) from solution (c.f.,
Figure 2), suggesting a shift in sequestration mechanism from
reduction to adsorption followed by reduction to adsorption
only. With WMF (Figure 4B), the effect of aging on the Se(IV)

sequestration mechanism was less, so the process was
dominated by reduction to Se(0) until aging time exceeded
60 h. With 80 h of aging, only a small fraction of the Se(IV)
sequestrated was reduced to Se(0) in 5 h of reaction time in the
presence of WMF, which is consistent with depletion of Fe0 in
AZVI-80. After 96 h of aging, negligible reduction of Se(IV) to
Se(0) was observed over 24 h with and without WMF, due to
the nearly complete exhaustion of Fe0. These changes in Se(IV)
sequestration mechanism due to the coupled effects of aging
and WMF are summarized graphically in Figure S9.

Characterization of the Magnetic Field and Resulting
Forces. Due to the ferromagnetic nature of ZVI, it becomes
magnetized upon exposure to a magnetic field. This magnet-
ization leads to a strongly inhomogeneous field over the iron
surface, with a flux density that can exceed that of the external
field. These conditions lead to two types of magnetic forces that
can affect a reaction that is carried out in an external magnetic
field.56 One, known as the Lorentz force (FL, N m−3), arises
from the magnetic field acting on charged species and is
described by the Lorentz equation (eq 4). The other, known as
the magnetic gradient force (FΔB, N m−3), is induced by a
magnetic field at an interface as it acts on paramagnetic ions in
the boundary layer and is described by eq 557,58

= ×F J BL (4)

χ μ=ΔF B z
B z

z
( / ) ( )

d ( )
dB 0 (5)

Figure 5. (A) Magnetic field strength distribution of the plane parallel to the applied magnetic field with an applied flux density Bappl of 0.01 T and
through the center of a ZVI sphere; (B) Vector of the magnetic flux of the plane in (A); (C) The magnetic field strength distribution along the
coordinate z, as shown in (B); (D) The magnetic field gradient along the coordinate z.
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where J is the flux of charged species (coulombs cm−2 s−1), B is
the external magnetic field (Tesla), χ is the molar magnetic
susceptibility (m3 mol−1), μ0 is the magnetic permeability of
vacuum (equal to 4 × π × 10−7 N A−2), and B(z) is the
magnetic field strength at position z (distance on the axis
perpendicular to the surface).56,57

To evaluate the flux density distribution near the ZVI sphere
surface, numerical simulations were performed, assuming a 10
μm diameter spherical particle of pure ZVI in an externally
applied magnetic field with homogeneous flux density (Bappl)
equal to 10 mT (similar to what was provided by the magnet
used in the Se(IV) sequestration experiments described above).
The results are shown in Figure 5.
The intensity and direction of the magnetic field associated

with a sphere of ZVI while exposed to a homogeneous
magnetic field are shown in Figures 5 A and B, respectively.
Concentrations of magnetic flux density can be seen at the
particle surface near the magnetic poles, which are aligned to
the z axis. The distribution of magnetic flux density along the z
axis is shown in Figure 5(C). Bz increases sharply from the
background value provided by the external magnet (10.3 mT at
z = −19.8 μm) to a maximum at the ZVI/medium interface (30
mT at z = −4.8 μm). The corresponding magnetic field
gradient (dBz/dz), which is shown in Figure 5(D), has a
maximum value of 7154 T m−1 at z = −6.0 μm, which is 1.0 μm
away from the ZVI surface.
At the point of peak field gradient (z = −4.8 μm), the

calculated magnetic forces acting on Fe2+ are FL = 0.17 N m−3

and FΔB = 64.4 N m−3 (the molar magnetic susceptibility is
14750 × 10−9 L mol−159 and assuming the Fe2+ concentration is
0.01 M). The Lorentz force can give rise to convection in the
solution which narrows the diffusion layer and enhances mass
transportation.60 The field gradient force tends to move
paramagnetic ions (Fe2+) along the higher field gradient at
the ZVI particle surface, which creates localized galvanic
couples and electromagnetic forces that stimulate migration of
ions, breakdown of the passive film, and eventually localized
corrosion.45,61 Direct evidence for the resulting inhomogeneous
distribution of Fe2+ can be seen in Figure S10, and direct
evidence for localized corrosion is provided in Figure S11.

■ PRACTICAL IMPLICATIONS
Prior to this and our other recent work,45 there appears to be
only one published study that directly addressed the effect of a
magnetic field on contaminant removal by (unaged) ZVI.62 A
few other studies make prominent use of magnetic fields to
control bulk particle transport and mixing,63,64 but their
methods were not designed to test for magnetic field effects
on ZVI reactivity and no effects were noted. It is possible that
many studies of ZVI reactivity have been done using magnetic
stirring devices, but this methodological detail is not usually
documented in a way that can be used as a literature search
criteria, so it is difficult to systematically identify prior work that
might exhibit WMF effects that were not recognized at the
time. One practical implication of the results of this study,
however, should be that the possibility of WMF effects
becomes a more carefully controlled experimental variable in
future studies.
The broader implications of this work (showing potentially

beneficial WMF effects) on field-scale remediation practices are
intriguing but require further investigation. Although generating
a WMF around a large scale ZVI-based filter or permeable
reactive barrier (PRB) is costly, pretreatment to magnetize ZVI

prior to field deployment is technically feasible, and the
practicality and long-term benefits remain to be demonstrated.
The results of this work suggest that magnetization after
deployment might provide a noninvasive way to maintain or
restore the reactivity of ZVI even after there has been
substantial accumulation of passivating oxides. This method
might be most applicable to PRBs emplaced in aerobic aquifers
and in above-ground canisters or filter beds, where passivation
by accumulation of iron oxides is most severe.65,66 A wide range
of mineral precipitates including Fe3O4 and γ-FeOOH has been
identified in ZVI-based household filters and in PRBs,
depending on the degree of iron oxidation, groundwater
chemistry and microbial activity.66,67 Therefore, ZVI samples
aged under different conditions are being synthesized in our
lab, and the feasibility of employing WMF to restore the
reactivity of aged ZVI passivated by various corrosion products
is to be explored.
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