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ABSTRACT: Mixed-valent iron nanoparticles (NP) generated electrochemically by
Fe(0) electrocoagulation (EC) show promise for on-demand industrial and drinking
water treatment in engineered systems. This work applies multiple characterization
techniques (in situ Raman spectroscopy, XRD, SEM, and cryo-TEM) to investigate the
formation and persistence of magnetite and green rust (GR) NP phases produced via the
Fe(0) EC process. Current density and background electrolyte composition were
examined in a controlled anaerobic system to determine the initial Fe phases generated
as well as transformation products with aging. Fe phases were characterized in an aerobic
EC system with both simple model electrolytes and real groundwater to investigate the
formation and aging of Fe phases produced in a system representing treatment of
arsenic-contaminated ground waters in South Asia. Two central pathways for magnetite
production via Fe(0) EC were identified: (i) as a primary product (formation within
seconds when DO absent, no intermediates detected) and (ii) as a transformation
product of GR (from minutes to days depending on pH, electrolyte composition, and
aging conditions). This study provides a better understanding of the formation
conditions of magnetite, GR, and ferric (oxyhydr)oxides in Fe EC, which is essential for
process optimization for varying source waters.

1. INTRODUCTION
Mixed-valent iron (Fe) oxide nanoparticles (NP), such as
magnetite and green rust (GR), are commonly used in several
environmental applications including as a reducing agent for
chromium, nitrate, and uranium,1−4 for dechlorination of
carbon tetrachloride,5 as a substrate for ion exchange,6 and,
particularly in the case of magnetite, as a magnetically
susceptible sorbent for arsenic.7−10 Conventional synthesis
from Fe salts often requires elevated temperature, extended
reaction time, and/or precise control of precursor concen-
trations and solution chemistry,11 presenting a major challenge
for the use of magnetite NP in engineered systems.
Furthermore, magnetite NP are known to aggregate in aqueous
solution,12,13 which decreases effectiveness due to reduced
reactive surface area,7 often requiring storage in organic
medium, which adds additional costs and may not be feasible
in a typical water treatment facility. Electrochemical generation
of magnetite, or green rust NP that ultimately transform into
magnetite,14 may offer an alternative for on-demand environ-
mental applications such as the treatment of arsenic-

contaminated groundwater, since magnetite NPs could be
used as adsorption media for arsenic9 and subsequently
removed from solution by fast magnet-aided settling.7 Electro-
chemical generation of magnetite could also allow for onsite
production of homogeneous phases without lead times or the
use of specialized storage medium.
Whereas the electrochemical formation of Fe oxides,

hydroxides, and oxyhydroxides (collectively referred to as
iron (oxyhydr)oxides here) under typical passive environmental
conditions and time scales (e.g., atmospheric rusting) are well
documented,15,16 the intentional generation of magnetite and
GR NP by electrochemical means has been largely overlooked
in the context of environmental applications. Rather, most
previous work applying Fe-based electrochemical techniques to
remediate water supplies has centered on the production of a
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destabilizing charged coagulant in the Fe(0) EC proc-
ess17,1819−21 and on characterizing the passive corrosion
products of zero-valent iron.22,23 These studies report end
products of ferrimagnetic magnetite,15,17,22 antiferromagnetic
(oxyhydr)oxides (goethite, lepidocrocite, hematite, ferrihy-
drite),23−26 ferrimagnetic maghemite,23,27 and double-layered
hydroxide green rusts.10,24,26 Although the solution conditions
for the chemical synthesis of GR and magnetite NP have been
well described,11,15,28,29 the electrochemical pathways are not
well documented. To the authors’ knowledge, no study has
investigated the effect of key solution properties such as
electrolyte composition, dissolved oxygen (DO), and pH or
electrochemical operating conditions, such as Fe ion flux,
current efficiency, and interface potential controlled by current
density (i) on the resulting Fe (oxyhydr)oxide phase and
morphology. Furthermore, potential mineral transformations of
the initially formed precipitate during aging in different
chemical environments, which likely govern the long-term
reactivity of the EC-generated Fe phase, are also poorly
characterized. Additionally, a major technical challenge facing
current Fe(0) EC in field operation is in the low-cost separation
of colloidally stable nanoscale Fe(III) precipitates from treated
water.30 Incorporating a magnetically susceptible Fe phase with
a high specific surface area, such as nanoscale magnetite, into
treatment design could eliminate the current need of filtration,
coagulation, or settling of nanoscale Fe(III) precipitates.
Understanding the operating parameters, solution chemistry,

and aging conditions that drive the formation and trans-
formation of mixed-valent Fe NPs in both deoxygenated and
aerobic electrolytes (respectively, representative of freshly
pumped and stored groundwater) would grant insight into
the fundamental electrode reactions in Fe(0) EC. This
knowledge would permit better predictions of the effectiveness
of environmental and industrial applications of these Fe phases
and could also foster the use of mixed-valent Fe phases in
remediation technologies.
To these ends, the objectives in this work are to apply

multiple macroscopic, microscopic, and spectroscopic techni-
ques to investigate the formation and persistence of magnetite
and GR via Fe(0) EC as a function of current density (i),
electrolyte composition, and anaerobic and aerobic aging. We
first examine the role of current density and solution chemistry
on the formation of mixed-valent Fe mineral phases in a
controlled anaerobic system with simple electrolytes. We also
identify the operating conditions that lead to the formation of
ferric (oxyhydr)oxide phases in the anaerobic system, which are
important Fe mineral phases in Fe(0) EC systems due to their
persistence as colloidally stable nanoparticles and broadly
significant due to the strong affinity of Fe(III) precipitates to
bind contaminants.31 Next, we investigate the formation
conditions of mixed-valent Fe phases in an aerobic system
beginning with simple model electrolytes and building up to
real groundwater. This approach allows us to assess the
feasibility of EC-generated magnetite or GR for treatment of
aerobic natural waters with particular emphasis on arsenic
removal (i.e., groundwater pumped or stored with exposure to
atmospheric oxygen). Lastly, we identify the intermediate Fe
(oxyhydr)oxide phases and their transformation products while
aging in aerobic and anaerobic conditions and discuss the
implications of these phase transformations on the application
of EC to generate magnetite as a ferromagnetic sorbent in
engineered systems.

2. MATERIALS AND METHODS

2.1. Anaerobic Cell Experiments. We constructed two
different anaerobic electrochemical cells under N2 atmosphere
to act as highly controlled EC reactors. The first cell was used
for Fe concentration measurements and consisted of a 50 mL
acrylic cell, a 99.9% pure Fe(0) anode (Goodfellow Cambridge
Ltd.) of 100 mm2 area and 1 mm thickness, and a 99.99% pure
Pt(0) (Goodfellow Cambridge Ltd.) cathode of 100 mm2 and
0.2 mm thickness with an interelectrode gap of 50 mm. A
second microcell was identical in design but scaled down to 0.5
mL using 1 mm2 electrodes with an interelectrode gap of 0.5
mm. This cell contained N2 ports to prevent oxidation by
atmospheric O2 during analysis and was designed to
accommodate precipitate characterization by in situ Raman
spectroscopy and cryogenic transmission electron microscopy
(cryo-TEM) (Figure S1, Supporting Information). Electrodes
for both anaerobic cells were connected via glass-insulated
copper wire to a galvanostatic dc current source (Princeton
Applied Research, Versastat 3). Before each experiment,
electrodes were wet polished with alumina paste, rinsed with
1% sulfuric acid, and double rinsed with 18 MΩ ultrapure water
(Millipore Milli-Q). The impact of three parameters (i, solute
type, and solute concentration) on the reactions occurring at
the anode and the resulting Fe (oxyhydr)oxide phase were
investigated. We examined i values ranging from 5 to 125 mA/
cm2, corresponding to a range of charge loading rates (CLR)
(6−150 C/L/min) that have been reported to lead to different
Fe phases.32 Charge loading (CL) was maintained constant (30
C/L) for each i value by keeping electrode areas constant,
changing the applied current, and adjusting electrolysis time
accordingly. Theoretical Fe dissolution (Fet) was calculated
using Faraday’s law of electrolysis, based on eq 1

= * ·Fe CL M F z[ ] /( )t Fe (1)

where MFe is the molar mass of iron (55.845 g/mol), F is
Faraday’s constant (96 485 C/mol), and z is the charge transfer
coefficient, with z = 2 for Fe (as reported elsewhere for similar
EC experiments20,32).
The electrolytes used in the anaerobic cell were composed of

ultrapure water amended with different concentrations of
Na2SO4 (3 and 9 mM) and/or NaCl (0, 0.3, 1, and 3 mM)
(Laboratory grade, Fisher Scientific) and deoxygenated prior to
use by purging N2(g) for 6 h. The initial pH was adjusted to 7.0
± 0.1 by adding 0.01 M NaOH or H2SO4 (Laboratory grade,
Fisher Scientific). Experimental Fe concentrations ([Fee]) were
measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES) with wavelengths of 238.204 and
239.562 nm (PerkinElmer Optima 7300 DV). Bulk DO was
monitored (YSI 50B)we note that although bulk DO did not
change significantly, localized DO changes near the electrode
surface reactions might have occurred but were not measurable.

2.2. Aerobic Cell Experiments. The aerobic cell was
fabricated to be a more realistic cell design for Fe EC as it
might be used in a rural community water treatment center and
consisted of two parallel iron electrodes (McMaster Carr, mild
steel) with a surface area of 1000 mm2 and an interelectrode
gap of 10 mm. Experiments were conducted in 200 mL of
electrolyte at i = 5, 10, and 20 mA/cm2, corresponding to CLR
values ranging from 15 to 60 C/L/min. Current densities were
smaller in the aerobic cell than in the anaerobic cell to provide a
more realistic indication of EC formation products at practical
power constraint limits in natural waters. We used unbuffered
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(5 mM NaCl, 2.5 mM CaCl2, and 2.5 mM MgCl2) and buffered
solutions containing 10 mM NaHCO3 (with and without 0.04
mM Na2HPO4) as a range of simple synthetic electrolytes with
similarities to groundwaters of interest. We also used real
groundwater collected from West Bengal, India (6 mM
alkalinity, 0.6 mM Si, 7 μM P, 2.5 mM Ca2+, 1.6 mM Mg2+,
negligible Fe) to investigate Fe (oxyhydr)oxide formation in an
electrolyte similar to arsenic-contaminated aquifers in South
Asia. Arsenic concentration was low (<20 μg/L) in the real
groundwater, and removal was not measured, since we were
primarily concerned with the structure of the precipitate, which
was not expected to be affected by low levels of As compared to
the higher concentrations of HCO3, Si, and P. Likewise, minor
components were not measured in the real groundwater (e.g.,
Mn, S, dissolved organic carbon) but were not expected to
significantly impact the formation of Fe precipitates. Experi-
ments began at saturated DO and neutral pH, except where
specified otherwise. Charge loadings of 600−3600 C/L were
chosen for both synthetic and real groundwaters in the aerobic
cell to simulate typical loadings required to decrease arsenic
below the WHO drinking water guidelines of 10 ppb in EC
field treatment.30,33 For the aerobic cell, EC precipitates were
allowed to settle and age either open to the atmosphere or in an
anaerobic chamber (simulating both closed and open
atmospheric storage of EC-treated waters in typical rural
community settings) for 1−14 days. Aging times were selected
to ensure transformations were observed and 4 days and 1 day
for aerobic and anaerobic aging, respectively, and 2 weeks and 4
days, respectively, for the real groundwater sample.
2.3. Solid-Phase Characterization. For the anaerobic

microcell, EC precipitates were characterized using a Raman
spectroscopy system (InVia, Renishaw) equipped with a 785
nm, 160 mW (at 1% = 1.6 mW) excitation laser and 40× wet
objective (Leica HCX APO 40×). The Raman wet-objective
probe was immersed in the microcell solution focused in the
plane between the electrodes with a 12.7 mm diameter Au
mirror (Thorlabs Inc.) fixed underneath (Figure S1, Supporting
Information). It should be noted that the low laser strengths
used in our study are not likely to induce mineral phase
transformations, as seen elsewhere for a similar range of laser
strengths.34 Samples from both anaerobic cells were also
analyzed using SEM (Hitachi S-2300) and a cryogenic-
equipped TEM (FEI Tecnai G2 200 kV LaB6). For the
anaerobic cell, phase and crystallinity of the precipitates
generated were characterized by X-ray diffraction (XPERT-
PRO diffractometer). In situ Raman and cryo-TEM were not
compatible with the larger volume of the aerobic cell. Samples
prone to oxidation (i.e., green rust) were mixed with a drop of
glycerol immediately after filtration to avoid oxidation during
XRD analysis, following Hansen.35 Further details of in situ
Raman, SEM, cryo-TEM, and XRD techniques can be found in
Text S1 (Supporting Information).

3. RESULTS AND DISCUSSION
3.1. Impact of i on Fe (Oxyhydr)oxide Formation in

the Anaerobic Cell. We first investigated the impact of i on
the formation of magnetite in the anaerobic cell by examining
the role of this parameter on the electron transfer reactions
occurring at the Fe(0) anode. In this work we define the
Faradaic current efficiency, φ, as the ratio of experimentally
measured Fe concentration ([Fee]) over ([Fet]) as calculated by
eq 1. By comparing the φ value of each sample, we are able to
estimate the relative contributions of different anodic reactions

that can proceed at a given i. Consistent with the work of
Lakshmanan et al. 2010, we assume that the two dominant
anodic reactions are the production of Fe(II) and O2

20

⇌ + −Fe Fe(II) 2e (2)

⇌ + ++ −H O 1/2O 2H 2e2 2 (3)

Table 1 shows the φ values for i ranging from 5 to 125 mA/
cm2 (3 mM Na2SO4 + 0 mM NaCl). At i = 5 mA/cm2, φ was

0.93, suggesting that reaction 2 was the primary reaction
occurring at the anode. At i = 125 mA/cm2, φ was found to be
0.15, suggesting that the majority of the applied current
generated O2 by reaction 3. The drop in φ due to the anodic
production of O2 is consistent with our observation of bubbles
on the anode at this i value, which was also observed at similar i
in previous work.36 The absence of Cl− in the electrolyte rules
out the anodic production of Cl2(g). Predictably, i = 25 mA/cm2

gave an intermediate φ = 0.43, suggesting that both reactions 2
and 3 occurred.
At low φ in the anaerobic cell we expect that the O2

produced at the anode goes on to rapidly oxidize Fe(II), also
produced at the anode, resulting in primarily ferric (oxyhydr)-
oxide precipitates. Indeed, cryo-TEM images showed 100−200
nm aggregates of 10−30 nm needle-like particles formed during
the experiments carried out at i = 125 mA/cm2 (Figure 1),
which is consistent with the morphology of lepidocrocite.37

While it is difficult to differentiate mineral phase based
exclusively on morphology, lepidocrocite is a well-known
product of Fe(II) oxidation by DO in background electrolytes
like NaCl, NaHCO3, or Na2SO4.

38,39 Nanocrystalline hydrous
ferric oxide, which was observed in previous EC studies,25 is not
likely to form in these samples due to the absence of strongly
adsorbing ions. Conversely, cryo-TEM images of the
precipitates generated at i = 5 mA/cm2, where significant O2
evolution is unlikely, showed a different morphology consisting
of 25−85 nm cubic particles, which is consistent with magnetite
crystal morphology.40

In the anaerobic EC cell, we assume that O2 evolution is
negligible at i = 5 mA/cm2 based on the measured φ value near

Table 1. Impact of i and Electrolyte Composition on Current
Efficiency, Reaction Products, and Intermediate GR
Formation in the Anaerobic Cella

electrolyte

current
density (mA/

cm2)
Faradic
efficiency

end
product
of EC

intermediate
GR

Na2SO4 (3 mM) 5 0.93 Mag yesb

10 0.74 Mag + Lp no
25 0.43 Lp no
125 0.15 Lp no

Na2SO4 (3 mM) +
NaCl (0.3 mM)

5 0.96 Mag yesb

25 0.93 Mag yes
125 0.62 Lp no

Na2SO4 (3 mM) +
NaCl (1 mM)

5 0.93 Mag yesb

25 0.85 Mag yes
125 0.84 Mag yes

Na2SO4 (9 mM) +
NaCl (3 mM)

125 0.53 Lp no

aReaction products were characterized by in situ Raman. Mag =
magnetite; Lp = lepidocrocite; GR = green rust. bGR was observed
visually but not with in situ Raman.
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unity. If no DO is present in solution, the observed formation
of magnetite requires some Fe(III) to be produced through an
anaerobic reaction. A recent study reported the formation of
Fe(III)-containing magnetite and green rust from polarized
steel in an anaerobic cell, but the source of Fe(III) was not
identified.41 Although it is not possible to identify the origin of
Fe(III) in the i = 5 mA/cm2 sample with our data set, possible
anaerobic reactions might include the Schikorr reaction42 or
direct anodic oxidation of Fe(II) to Fe(III).
A clear trend of decreasing φ with increasing i appears in the

anaerobic cell experiments, contrary to previous work that
showed Fe(II) generation was independent from i within the
range of i tested here.20 The observed trend is best explained by
the relationship of i and anode interface potential governed by
the Butler−Volmer relationship, eq 4

α η α η
= · −

⎧⎨⎩
⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥
⎫⎬⎭i i

zF
RT

zF
RT

exp exp0
a c

(4)

where i0 is the exchange current density, η is the overpotential,
R is the universal gas constant, T is the absolute temperature,
and αa and αc are the anodic and cathodic charge transfer
coefficients, respectively. As current density increases from i = 5
to 125 mA/cm2, a decrease in φ is the result of two
interdependent phenomena: (i) the anodic interface potential
(governed by η) increases with increasing i by eq 2 to a value at
which the primary electron transfer reaction favored at the
anode surface is the evolution of O2 by reaction 3, and (ii) the

greater anodic surface potential at higher i likely increased the
thickness of the passivation layer with the presence of
passivation promoting ions (e.g., SO4

2−), as seen with
aluminum electrodes in EC.43 This would facilitate O2
evolution at higher i, as seen in our previous work.44

3.2. Impact of Electrolyte Composition on Fe
(Oxyhydr)oxide Formation in the Anaerobic Cell. In the
anaerobic cell, for a given i the composition of the electrolyte
had a notable impact on the φ value and thus formation of
magnetite. The addition of 0.3 mM NaCl led to an increase
from φ = 0.43 to φ = 0.93 at 25 mA/cm2 and from φ = 0.15 to
φ = 0.62 at 125 mA/cm2. An increase to 1.0 mM NaCl further
increased Fe(0) dissolution for all i values (Table 1). Magnetite
was observed as the primary solid phase produced at φ > 0.75
(e.g., i = 25 mA/cm2, 0.3 mM NaCl or i = 125 mA/cm2, 1 mM
NaCl), whereas Fe(III) (oxyhydr)oxides dominated otherwise.
Although the increase in electrolyte conductivity upon

addition of NaCl could contribute to a reduction in interface
potential, and thus decrease the likelihood of O2 evolution, this
was not likely due to the lack of increased φ at higher [Na2SO4]
and greater conductivity. Rather, the increase in φ in the
presence of NaCl, and thus formation of magnetite in lieu of
Fe(III) precipitates, could be explained by the role of Cl−

altering the surface properties of the Fe(0) anode. Chloride
ions are well known to promote localized pitting and crevice
corrosion, which increases the anodic surface area by creating
microscopic abrasions on EC electrodes.43 In this case, the
effective surface area of the Fe(0) electrode would be larger
than previously measured, thus decreasing the effective current
density, and by eq 4, the anodic potential and likelihood for O2
production would also decrease. Furthermore, Cl− is also
recognized to dissolve or inhibit the formation of Fe
(oxyhydr)oxide passive layers on Fe(0),45 which would lead
to a decrease in anodic interface potential, favoring a larger φ.
When [Na2SO4] and [NaCl] were increased 3-fold to 9 and

3 mM, respectively (keeping the [SO4
2−]:[Cl−] ratio constant),

φ decreased from 0.84 to 0.53 at i = 125 mA/cm2, suggesting
that a higher [SO4

2−] inhibited the effects of increased [Cl−],
which is consistent with previous work using aluminum
electrodes.46 The decreased φ value observed with increased
solution conductivity suggests that the concentration of
passivation promoting SO4

2− had a greater impact than
decreased iR resistivity on O2 evolution. Only Fe(III)

Figure 1. Cryo-TEM images showing the impact of i on Fe(0) EC
formation products for [Na2SO4] = 3 mM, [NaCl] = 0 mM; (a) i =
125 mA/cm2 showing aggregates of 10−20 nm needles; (b) i = 5 mA/
cm2 showing 50−100 nm octahedral magnetite.

Table 2. Impact of i, Electrolyte Composition, and Aging Conditions on the Reaction Products and Intermediate GR Formation
in the Aerobic Cella

electrolyte
pH

(initial:final)
current density
(mA/cm2)

final DO (% of
saturation)

end product of
EC

product of
anaerobic aging

product of
aerobic aging

NaCl (5 mM) 7.5:10 5 30% Lp*
10 <5% Mag Mag
20 <5% Mag* Mag

CaCl2 (2.5 mM) 7.5:10 20 <5% Mag
MgCl2 (2.5 mM) 7.5:8.1 20 <5% Mag
NaCl (5 mM) 7:7.5 20 <5% GR(CO3

2−)* Mag* Mag + Goet +
Lp*

+ NaHCO3 (10 mM) 9.5:10 20 <5% Mag* Mag
NaCL (5 mM) + NaHCO3 (10 mM) + Na2
HPO4 (0.1 mM)

9.5:10 20 <5% GR(CO3
2−)* Mag* Mag + Goet +

Lp*
groundwater 7.5:8 20 <5% GR(CO3

2−) Mag* Mag + Goet*

aAerobic and anaerobic aging times were 4 days and 1 day, respectively (2 weeks and 4 days, respectively, for the real groundwater sample). Aging
products were characterized by XRD. Mag = magnetite; Lp = lepidocrocite; Goet = goethite; GR = green rust. Asterisks (*) indicate samples for
which XRD data are given in Figure 2.
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(oxyhydr)oxide precipitates were observed in this sample
presumably due to O2 evolution, which suggests that magnetite
generation may prove difficult in anaerobic EC cells operated at
high current density in electrolytes containing high [SO4

2−]
even in the presence of a high concentration of Cl−.
3.3. Impact of i and Electrolyte Composition on Fe

(Oxyhydr)oxide Formation in the Aerobic Cell. Table 2
summarizes the resulting Fe phase and DO concentrations
obtained in the aerobic EC cell for different i values ranging
from 5 to 20 mA/cm2 in different electrolytes. At i = 5 mA/cm2

in 5 mM NaCl, a significant value of DO (30%) was measured
and only lepidocrocite was detected in the solid phase (Figure
2). However, higher i values (10 and 20 mA/cm2) in the same
electrolyte led to low final DO (<5%), and the formation of
magnetite rather than Fe(III) precipitates was observed. The
formation of magnetite was also observed in electrolytes
consisting of 2.5 mM CaCl2 or MgCl2 at i = 20 mA/cm2 (final
DO < 5%), suggesting a minimal impact of Ca2+ or Mg2+ on the
mineral phase. Conversely, when EC was applied to the aerobic
cell in a circumneutral bicarbonate electrolyte (5 mM NaCl +
10 mM NaHCO3, buffered at pH 7−7.5), we observed the
initial formation of carbonate GR based on the known basal
plane (d003) d-spacing value of 7.5 Å.47 X-ray diffraction
confirmed the formation of carbonate GR in real groundwater
at i = 20 mA/cm2 as well, suggesting that the formation of
carbonate GR is favored in most natural systems where
NaHCO3 is present (in situ Raman spectra in the microcell
were not able to differentiate between types of GR). However,
in contrast to the high stability observed in EC-generated
magnetite, the GR phase formed in electrolytes containing
NaHCO3 was unstable and transformed to a variety of different
mineral phases depending on aging conditions, which is
discussed in the following section.
For all i values (5−20 mA/cm2) in the aerobic cell, φ was

close to unity and we considered anodic O2 evolution
insignificant. The decrease in residual DO and thus formation
of mixed-valent Fe phases with increasing i in the aerobic cell
can be explained by the greater Fe(II) production rate at higher
i, which leads to faster consumption of DO than can be
replenished by atmospheric O2 influx. Consistent with the

anaerobic cell results, magnetite only formed when the final
DO was very low (<5%), whereas lepidocrocite was produced
when DO was present in greater concentrations. These results
suggest that the DO concentration is a key parameter driving
the formation of mixed-valent Fe phases in both the anaerobic
and the aerobic cells. At low i values, the relationship between i
and the production of mixed-valent Fe phases in the aerobic
cell is the opposite of this relationship in the anaerobic cell. At
low i in the aerobic cell, significant DO remained throughout
electrolysis and only Fe(III) (oxyhydr)oxides were produced,
whereas at low i in the anaerobic cell, O2 generation was
minimal and magnetite formed. However, we expect that if i
increases in the aerobic cell above the value at which anodic O2
production is the dominant electrode reaction (e.g., 125 mA/
cm2 in the anaerobic cell), the same relationship between i and
magnetite will eventually hold for both anaerobic and aerobic
cells.
The results for the aerobic cell show promise for engineered

systems due to the predominantly magnetite end product at
intermediate i in simplified electrolytes (e.g., Na+, Cl−, Ca2+,
Mg2+). However, the predominant generation of a GR in the
presence of bicarbonate suggests that immediate separation of
As-loaded magnetite by a low-strength magnetic field is not
likely in most waters. Rather, the production of EC-generated
magnetite in aerobic systems with natural groundwater will
likely rely on phase transformations and aging products.

3.4. Phase Transformation of Fe (Oxyhydr)oxide
Intermediates in the Anaerobic and Aerobic Systems.
In the anaerobic cell at any i (5−125 mA/cm2) with chloride
present in higher concentrations ([Na2SO4] = 3 mM, [NaCl] =
1 mM), a green rust (GR) intermediate that eventually
transformed into magnetite was observed by in situ Raman,
SEM, and cryo-TEM. SEM images shown in Figure S2
(Supporting Information) reveal hexagonal plates of approx-
imately 150 nm in size, consistent with the hexagonal
morphology of GR.48 In the cases where GR was detected in
the anaerobic cell, it was observed only transiently, trans-
forming within minutes to either lepidocrocite or magnetite
depending on aging conditions. At higher φ (>0.8) with
insignificant oxygen evolution, GR transformed to magnetite.

Figure 2. XRD characterization of EC products in the aerobic cell. All samples were obtained at i = 20 mA/cm2, except the sample marked with an
asterisk (*) obtained at i = 5 mA/cm2. Miller indices are indicated for carbonate GR and magnetite. Characteristic peaks for magnetite and Fe(III)
(oxyhydr)oxides are indicated on the right side of each spectra. Aerobic and anaerobic aging times were 4 days and 1 day, respectively (2 weeks and 4
days, respectively, for the real groundwater sample).
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Consistent with this transformation, the TEM images in Figure
3A show 150 nm hexagonal GR crystallites and 400 nm

magnetite particles occurring simultaneously. Providing further
evidence for the transformation of GR to magnetite in the
anaerobic cell, the Raman spectra of the same sample show a
gradual increase in the peak at 667 cm−1 for magnetite at the
expense of the GR peaks at 433 and 509 cm−1, where peaks for
magnetite and GR follow previous research34,49 (Figure 3B).
Samples analyzed after several hours showed no evident Raman
or XRD peaks for GR. Since GR transforms through a
dissolution−precipitation process,50 the fast transformation
kinetics seen here may be attributed to the alkaline pH, which
promotes oxides dissolution.51 At higher i (125 mA/cm2) in
low chloride concentrations ([Na2SO4] = 3 mM, [NaCl] = 0 or
0.3 mM), the only solid-phase products observed were Fe(III)
(oxyhydr)oxides due to O2 evolution. Using Raman spectros-
copy, we observed the well-documented mineral transformation
from primarily lepidocrocite to primarily goethite11 when aged
for 7 days (Figure S3, Supporting Information). However, we
do not expect a pure goethite product to form over this time
scale due to the slow kinetics of this mineral transformation.
Indeed, minor residual Raman peaks at 252, 380, and 654 cm−1

were observed in aged sample.
In the aerobic cell at high i, magnetite formed in all

electrolytes (either as an end product of EC or after aging)
except for those containing NaHCO3. This magnetite phase did
not undergo phase transformation in aerobic aging conditions

in NaCl, suggesting that magnetite formed in the EC process is
stablethe stability of magnetite produced during aqueous
corrosion has been observed by others.11,28 However,
consistent with the results in the anaerobic cell, the GR
phase formed in the presence of NaHCO3 transformed rapidly
depending on aging conditions. When aged in an anaerobic
chamber, the GR phase transformed into pure magnetite within
24 h. Conversely, when aged open to the atmosphere, GR
transformed into a mixture of magnetite, goethite, and
lepidocrocite (Table 2 and Figure 2), which is consistent
with previously reported anaerobic and aerobic transformations
of GR.50 Interestingly, when the same bicarbonate buffered
electrolyte was maintained at pH 9.5 in the aerobic cell, the
final product was pure magnetite, with a much shorter lived
(several minutes) intermediate GR phase. This result points to
the accelerated dissolution−precipitation of GR at alkaline pH
values as discussed earlier, allowing GR transformation before
DO is replenished from atmosphere.
Phosphate, a common groundwater ion that often influences

mineral phases in natural systems, was examined for its impact
on the transformation of the transient GR in the aerobic cell by
adding 0.04 mM Na2HPO4 to the 5 mM NaCl + 10 mM
NaHCO3 electrolyte buffered at pH 9.5. We observed a similar
carbonate GR intermediate product; however, the trans-
formation of the GR phase to relatively pure magnetite in
anaerobic conditions required 24 h instead of minutes. The
slower transformation kinetics in the presence of phosphate is
likely due to adsorbed phosphate ions inhibiting GR dissolution
by acting as a physical barrier against the release of interlayer
CO3

2− ions, as seen with the effect of phosphate on the
transformation of carbonate green rust elsewhere.52 Our results
thus suggest that GR evolution to magnetite can be retarded in
the presence of strongly adsorbed oxyanions that are common
in natural systems.
In natural groundwater from West Bengal, India, GR

transformation to magnetite was only observed after 4 days
when aged anaerobically, which is significantly longer than in
previous experiments with simplified electrolytes. As we have
shown, alkaline pH values and the absence of strongly sorbing
oxyanions (e.g., phosphate) leads to increased rates of GR
transformation to magnetite. The real groundwater used in our
study contained high concentrations of phosphate and silicate
at a circumneutral pH. Predictably, GR transformation to

Figure 3. (a) In situ cryo-TEM showing simultaneous GR and
magnetite occurrence, possibly during transformation of GR to
magnetite; (b) in situ Raman spectra for GR transformation to
magnetite in 180 s; reference peaks for GR at 432 and 509 cm−1 34 and
magnetite at 667 cm−1 49 are indicated.

Figure 4. Schematic diagram of the formation pathways of mixed-valent Fe hydr(oxide) phases generated by Fe(0) electrocoagulation. As Fe(II) is
oxidized to Fe(III) by DO (either existing in the aerobic cell or via oxidation of water in the anaerobic cell), mixed-valent species are formed.
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magnetite in real groundwater was markedly slower than in our
experimental synthetic electrolytes in the aerobic cell, likely due
to strongly sorbing Si and P oxyanions. When the GR that
formed in real groundwater was aged in the open air for 2
weeks, the end products were a mixture of magnetite and
goethite (Table 2). Exposure to atmospheric O2 likely led to
more rapid oxidation of GR and to the formation of goethite,
which is consistent with previous work.50 However, atmos-
pheric O2 was likely consumed by GR near the liquid surface,
leading to GR transformation to magnetite at greater depths
where there was no exposure to O2. These results suggest that
groundwater remediation based on EC-generated magnetite
would thus require anaerobic aging of primary EC products if
the adsorbent were generated in situ. One simple and
potentially appropriate method for creating such an anaerobic
environment in rural settings to permit magnetite production
from GR transformation is as follows: run the EC cell at high i
to ensure that EC-generated Fe(II) consumes DO faster than
can be replenished by atmospheric oxygen influx, followed by
sealing the deoxygenated volume, and allow for the aging and
transformation of GR to proceed. This two-step method, which
would incorporate a low-strength magnetic field to separate
magnetite particles, could eliminate the need for filtration or
settling of colloidally stable nanoscale Fe(III) precipitates
typically observed in Fe(0) EC systems.
3.5. Pathways of Magnetite Formation and Implica-

tions for Environmental Remediation Using EC-Gen-
erated Mixed-Valent Fe (Oxyhydr)oxides. The different
conditions for magnetite and GR formation observed in this
study are summarized in Figure 4. Overall, mixed-valent Fe
phases only formed when DO was absent or very low. Two
main pathways for magnetite production via Fe(0) EC were
identified: (i) as a primary product (formation within seconds;
no intermediates detected with our techniques) and (ii) as a
transformation product of GR (from minutes to days
depending on pH, electrolyte composition, and aging
conditions). In cases where GR formed as a precursor for
magnetite in the aerobic cell, the transformation into magnetite
was considerably slower, likely due to oxyanions adsorbed to
GR surfaces. This reduction in transformation kinetics could
complicate the synthesis of high-purity magnetite by Fe(0) EC
in natural waters due to the extended aging time required for
magnetite formation in anaerobic containers. However, the
slow transformation of GR to magnetite observed in the natural
groundwater sample might also improve the efficacy of
contaminant removal; the longer persistence of the GR phase
can result in additional time for pollutant (e.g., arsenic)
sorption to GR before transformation to magnetite. As shown
in our SEM images, EC-generated GR is characterized by a
much smaller crystallite size than the magnetite into which it
transforms, which presumably leads to a significant loss of
specific surface area upon transformation. The fate of sorbed
contaminants during the transformation from EC-generated
GR to magnetite could consequently involve a concomitant
release of surface-bound contaminants. However, recent studies
have shown that some contaminants, such as arsenic, can
substitute for tetrahedral Fe and become incorporated in the
spinel-type magnetite (and maghemite) structures, which is
then expected to significantly enhance contaminant uptake
stability.53,54 Accordingly, the fate of contaminants, particularly
arsenic, during the transformation of GR to magnetite is not
straightforward and requires additional work to accurately
determine the feasibility of EC-generated magnetite or GR as a

practical option for environmental remediation. Magnetite
formation in arsenic-contaminated groundwater will be
complicated by the presence of an intermediary GR(CO3

2−)
phase and the need for anaerobic aging. More work is ongoing
to quantify arsenic removal before, during, and after GR-
(CO3

2−) transformation to magnetite.
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