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Abstract: Hexavalent chromium (CrVI) compounds are used in a variety of industrial applications
and, as a result, large quantities of CrVI have been released into the environment due to inadequate
precautionary measures or accidental releases. CrVI is highly toxic to most living organisms and a
known human carcinogen by inhalation route of exposure. Another major issue of concern about
CrVI compounds is their high mobility, which easily leads to contamination of surface waters,
soil, and ground waters. In recent years, attention has been focused on the use of metallic iron
(Fe0) for the abatement of CrVI polluted waters. Despite a great deal of research, the mechanisms
behind the efficient aqueous CrVI removal in the presence of Fe0 (Fe0/H2O systems) remain
deeply controversial. The introduction of the Fe0-based filtration technology, at the beginning of
1990s, was coupled with the broad consensus that direct reduction of CrVI by Fe0 was followed
by co-precipitation of resulted cations (CrIII, FeIII). This view is still the dominant removal
mechanism (reductive-precipitation mechanism) within the Fe0 remediation industry. An overview
on the literature on the Cr geochemistry suggests that the reductive-precipitation theory should
never have been adopted. Moreover, recent investigations recalling that a Fe0/H2O system is
an ion-selective one in which electrostatic interactions are of primordial importance is generally
overlooked. The present work critically reviews existing knowledge on the Fe0/CrVI/H2O and
CrVI/H2O systems, and clearly demonstrates that direct reduction with Fe0 followed by precipitation
is not acceptable, under environmental relevant conditions, as the sole/main mechanism of CrVI

removal in the presence of Fe0.

Keywords: hexavalent chromium; metallic iron; water treatment; removal mechanism; adsorption;
reduction; co-precipitation

1. Introduction

Heavy metal pollution has become a major area of concern because of high concentrations released
into the environment. Due to their bioaccumulative and non-biodegradable properties, heavy metals
can produce cumulative deleterious effects even in low concentrations in a wide variety of aquatic
organisms [1]. Chromium may enter the aquatic ecosystems through the discharge of contaminated
wastewaters from steelworks, metal finishing chromium electroplating, preservation of wood leather
tanning, corrosion control, dyeing of textiles, manufacture of ceramics, catalysts, and pigments,
etc. [2–5]. During the last two decades, much research work has been published regarding the use
of metallic iron (Fe0) for the treatment of hexavalent chromium (CrVI) contaminated waters. Forms
of tested Fe0 materials include cast iron, granulated iron, iron chips, iron coils, iron composites,
nano-scale iron, powdered iron, sponge iron, and steel wool [6]. None of these material classes is
uniform in its reactivity. For example, there are no typical iron fillings with a characteristic range
of reactivity. This evidence suggests that the primary reason for controversial reports in the Fe0

literature relies on the ill-defined nature of tested and used materials. The present work aims to
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critically review information concerning the mechanism of CrVI removal from contaminated waters in
the Fe0/H2O system. The popular state-of-the-art knowledge on the mechanism of CrVI removal in
Fe0/H2O systems can be read from recent review and overview articles [7–11]. The CrVI removal path
is summarized by Wilkin et al. [9] by the following wording: “Laboratory studies indicate that removal of
chromate from aqueous solutions in contact with Fe0 involves reduction of CrVI to CrIII coupled to the oxidation
of Fe0 to FeII/FeIII and subsequent precipitation of insoluble FeIII–CrIII(oxy)hydroxides (Pratt et al., 1997; Jeen et
al., 2007; Jeen et al., 2008) . . . In field settings, reductive immobilization of chromium likely involves multiple
pathways including reaction with dissolved FeII and reaction with ferrous minerals, including mackinawite.”
This statement is representative of the majority of reports on CrVI removal in Fe0/H2O systems.
The present work is an attempt to demonstrate the instability of the reductive precipitation concept for
CrVI removal, based on sound facts from the scientific literature. The presentation begins with ancient
works dealing with the Fe0/CrVI/H2O system that could be regarded as pioneering investigations for
the Fe0-based filtration technology (Section 2). Section 3 summarizes the most important articles that
are regarded as keys for the establishment of the reductive precipitation concept for CrVI removal in the
scientific literature. Section 4 summarizes findings from the environmental geochemistry of chromium
that are relevant for the Fe0/H2O system. Section 5 gives a critical evaluation demonstrating what
went wrong and how it could be better accomplished in the future. Section 6 summarizes the review.

2. Pioneering Investigations on CrVI Removal in Fe0-Based Filters

This section presents selected previous work on the Fe0/H2O system that should have been
properly considered to ease or accelerate research on CrVI removal in the presence of Fe0.

2.1. Hoover and Masseli (1941)

It is now well known that the first process of water treatment based on the use of Fe0 was described
by Henry Medlock in his patent released in 1857. Furthermore, the full-scale water potabilization plant
that began service in Antwerp around 1890 was based first on Bischof’s ”spongy iron filters”, and then
on Anderson’s ”revolving purifier” filled with Fe0 grains [12]; however, the earliest literature reference
regarding the CrVI removal with Fe0-based filters, that could be found by the author, was published
only in 1941 by Hoover and Masseli [13]. The two authors investigated CrVI removal from plating
wastewater by passing waste chromic acid solutions of varying concentration and acidity through a
glass percolator filled with scrap sheet steel punchings. This study also compared the efficiency of
Fe0 with that of several other reducing agents (sodium sulfide, calcium sulfide, barium sulfide, sulfur
dioxide, sodium sulfite, sodium bisulfite, calcium bisulfite, zinc hydrosulfite, ferrous sulfate, zinc
dust,) used for the removal of aqueous CrVI. Among all investigated reagents, Fe0 (iron filings) was
considered the most economically feasible [13]. The experimental data revealed that both pH and CrVI

concentration played a key role in the efficiency of wastewater treatment process. The extent of CrVI

removal significantly decreased with increasing pH and CrVI initial concentration. Another important
outcome of this study was the observation that higher CrVI removal efficiency was obtained when
Fe0 was coated with a layer of copper. Therefore, it can be considered that Hoover and Masseli [13]
were also (probably) the first who investigated the use of bimetallic combinations for water treatment,
reporting the catalytic effect of a second metal, more noble, coated on Fe0, for increased efficiency of
water decontamination. Hoover and Masseli also noticed an increase in pH of the column effluent,
compared to the influent, and that hydrogen was generated during the process [13]. In spite of all
these interesting observations, re-established later by numerous researchers [14], the mechanism of
CrVI removal was not addressed in the work of Hoover and Masseli [13]. However, it can be assumed
that they have considered the reduction of CrVI to CrIII by Fe0 (direct reduction) as a main mechanism
involved in CrVI removal, as widely used in the cementation process [15,16].
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2.2. Case et al. (1969, 1974)

The next important chapter in the history of CrVI removal with Fe0 is the research carried
out between 1969 and 1974 by the group headed by O.P. Case (Australia). The starting point of
these investigations was the well-documented cementation process, used for the extraction of metals
from ores and for the recovery of metals from wastes [16]. In a first study, Case and Jones [17]
applied this process to accomplish the simultaneous reduction of CrVI and precipitation of CuII

present in brass mill effluents. Case and Jones also compared the treatment costs of a medium-sized
brass mill effluent contaminated with CrVI and CuII via two technologies: (1) by a conventional
system utilizing sulfur dioxide, which achieves only CrVI reduction; and (2) by using scrap iron, for
simultaneous removal of CrVI and CuII. It was demonstrated that Fe0-based treatment was the most
advantageous technology, in perfect accordance with previous findings by Hoover and Masseli [13].
Even though this first study of Case and Jones did not investigate the process in a continuous system,
it qualitatively demonstrated the feasibility of this treatment process [17]. A subsequent research
report [18] continued the research started in 1969 with a more rigorous investigation of the treatment
of CrVI and CuII polluted wastewaters in Fe0/H2O system. Both batch and dynamic continuous
experiments were performed by using soft iron shot (approximately 4.37 mm in diameter) as a
reducing agent. The continuous experiments were carried out using a reactor charged with a mixture
of scrap iron and glass beads, which had a design very close to that of Anderson’s revolving purifier.
With regard to CrVI removal, the author proposed the following mechanism [18]:

Na2Cr2O7 + 7H2SO4 + 2Fe0 → Na2SO4 + Cr2(SO4)3 + Fe2(SO4)3 + 7H2O (1)

H2SO4 + Fe0 → FeSO4 + H2 (2)

Na2Cr2O7 + 7H2SO4 + 6FeSO4 → Na2SO4 + Cr2(SO4)3 + 3Fe2(SO4)3 + 7H2O (3)

At this point, it is important to underline several details: (1) the direct reduction mechanism
(Equation (1)) was considered to have the main contribution to CrVI removal; (2) the iron species
resulted from the direct reduction of CrVI was FeIII; and (3) the source of FeII acting as reducing agent
in the indirect reduction of CrVI (Equation (3)) was considered to be both Fe0 corrosion (Equation (2))
and cementation of CuII (Equation (4)):

CuSO4 + Fe0 → FeSO4 + Cu0 (4)

A pH rise was observed during the reduction of CrVI, in concordance with observations made
by Hoover and Masseli [13]; this phenomenon was attributed to the consumption of protons during
the process. Under optimal conditions of pH (1.5–3.0), diffusion, and Fe0:CrVI ratio, the reaction
was both quantitative and extremely rapid. CrVI reduction was observed to be more efficient under
anoxic conditions. Furthermore, it was noticed that CuII cementation catalyzes CrVI reduction [18].
Again, the findings of Hoover and Masseli [13] are corroborated. The work by the group of O.P. Case
resulted in the development of a patented rotating reactor for the simultaneous reduction of CrVI and
CuII cementation from effluents [19].

2.3. McKaveney et al. (1972)

Silicon alloys (mainly of calcium, magnesium, and iron) were used by McKaveney et al. [20], both
in batch and column-filtration experiments, for the removal of several heavy metals from water and
brine, including CdII, CrVI, CuII, FeII, FeIII, HgII, PbII and ZnII. It was shown by the column experiments
that chromium removal only occurred when the alloy had sufficient time to reduce CrVI to CrIII.
However, low CrVI removal efficiency was reported for the MgFeSi alloy (mass composition: 8.8% Mg,
45.2% Si, 45% Fe) at pH 5.6, compared to removal of all other heavy metals, attributed to a slow kinetics.
Therefore, either prolonged contact with the alloy, or acid addition to pH 3.0 was suggested in order to
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achieve a higher CrVI removal efficiency. However, such acidic conditions are in contradiction with
the working pH recommended to prolong the life of silicon alloys, which should be greater than 4.0.
The authors suggested that Si alloys are acting as metallic exchangers and the mechanism responsible
for the removal of heavy metals appears to be primarily electrochemical [20], analogous to cementation
for divalent ions such as CuII and HgII [16]. For elements at higher oxidation states (>2), additional
electrochemical mechanisms coupled with hydroxide formation through hydrolysis reactions were
also suggested as possible. For instance, it was proposed that a CrVI removal mechanism should
comprise two steps: (1) CrVI reduction to CrIII; and (2) precipitation of FeIII and CrIII hydroxides [20].

2.4. Gould (1982)

Even though this study was not conducted via column dynamic experiments, it will be, however,
discussed here, since, to the best of my knowledge, it can be regarded as the first kinetic study
on CrVI reduction by Fe0 [15]. In this work, Gould reported on the effectiveness of relatively pure
Fe0 in reducing CrVI to CrIII over a wide range of operational conditions [15]. The overall data
presented clearly indicated that reduction rate was dependent on the hydrogen ion concentration (pH),
CrVI concentration, ionic strength, Fe0 surface area, and mixing rate. The rate constant increased with
increasing Fe0 surface area, while decreasing with increasing CrVI concentration. Increasing ionic
strength was found to result in a rapid decrease of the rate constant at ionic strengths below 0.1 M;
conversely, at ionic strengths in excess of 0.1 M the rate of reduction appears to be nearly independent
of the ionic strength [15]. The rate of reaction increased rapidly as the mixing rate increased from 70
to 300 min−1 (rpm), after which it stabilized sharply. The rate of CrVI reduction was found to be first
order with respect to Fe0 surface area and half-order with respect to both CrVI and H+, as results from
the following kinetic expression [15]:

dCCrVI

dt
= −k[CrVI ]

0.5
[H+]

0.5 A (5)

where: k (L cm−2 min−1) is the rate constant, A is the surface area of iron (cm2 L−1), [CrVI] and [H+]
are the concentrations of CrVI and H+ (mol L−1). Reaction stoichiometry was found to be independent
of experimental conditions, with one exception: the initial CrVI concentration. With regard to the
mechanism, this study undoubtedly indicated that Fe0 should be regarded not only as a reducing
reagent, but also as a generator of secondary reducing reagents (FeII and H/H2) [15]. It was suggested
that reaction between CrVI and Fe0 involves not only heterogeneous (direct) reduction with Fe0

(Equation (6)), but also homogeneous reduction with the secondary reducing reagent FeII (Equation (7))
produced by the process of Fe0 oxidative dissolution (Equations (6) and (8)) [15]:

Cr2O7
2−

(aq) + 3Fe0
(s) + 14H+

(aq) → 2Cr3+
(aq) + 3Fe2+

(aq) + 7H2O (6)

Cr2O7
2−

(aq) + 6Fe2+
(aq) + 14H+

(aq) → 2Cr3+
(aq) + 6Fe3+

(aq) + 7H2O (7)

Fe0 + 2H+ → Fe2+ + H2 (8)

1/2Fe0
(s) + H+ slow−→ 1/2Fe2+

(s) + H∗ (9)

3H∗ + Cr(VI)
f ast−→ Cr3+ + 3H+ (10)

This is consistent with the mechanism previously proposed by Case [18]. Moreover, based on
the observed high efficiency of CrVI reduction, and because reaction stoichiometry was found to
be independent of pH, it was suggested that some other mechanism may also be involved in CrVI

reduction. Both molecular hydrogen (H2) and some active hydrogen species generated during iron
corrosion (Equations (8)–(10)) were considered to act as reductant for CrVI [15].
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2.5. Bowers et al. (1986)

Bowers and co-workers tested the suitability of scrap iron fillings for CrVI removal from plating
wastewaters, using both batch and continuous-flow completely mixed reactors [21]. Results of the
kinetic studies carried out over the pH range of 2.0–3.0 indicated that the reaction appears to be zero
order with respect to CrVI, which could suggest that surface oxidation of Fe0 to FeII is the limiting
reaction step [21]. In addition, it was noticed that reduction rates of CrVI strongly increased as pH
decreased, in agreement with previous reports [13,15,18]. The mechanism proposed for CrVI removal
comprised two steps: (1) heterogeneous reduction with Fe0, and (2) homogeneous reduction with
FeII produced as a result of Fe0 oxidative dissolution (Fe0 corrosion). Another important outcome
of this study was the evidence that CrVI removal efficiency exceeded the theoretical solubility of
Cr(OH)3 [21], which can be attributed to CrIII adsorption on FeIII hydroxides. In addition, both the
settleability and specific resistance of the resultant Cr(OH)3 sludge were improved dramatically by
co-precipitation with Fe(OH)3. Therefore, the results of Bowers et al. [21] can be regarded as the first
hints for the potential importance of adsorption and co-precipitation in the process of CrVI removal in
Fe0/H2O systems.

2.6. Summary

There are several important conclusions that can be drawn from these early studies. First,
the efficiency of Fe0 in removing CrVI from aqueous solutions was reported for the first time not
25 years ago, nor 50 years ago; this finding is nearly 80 years old. Second, the mechanism of CrVI

removal, which will be referred to as ”reductive precipitation” in papers published starting with the
mid-1990s [22], was also suggested much earlier. Third, even though the involved processes have
not been studied in detail, it was clearly indicated that Fe0 can act not only as a reducing reagent,
but also as a generator of secondary reducing reagents, including FeII and hydrogen species. Fourth,
Fe0 inevitably generates iron hydroxides/oxides that are adsorbent and, possibly, enmeshing agents for
CrVI. Fifth, even though dichromate (Cr2O7

2−) was the main CrVI species, the results are transferable
to hydrogen chromate and chromate species (HCrO4

−, CrO4
2−). Summarizing, the Fe0/H2O system

contains three different reducing agents for CrVI chemical transformation: Fe0, FeII, and H/H2; as far
as Cr2O7

2− (CrVI species relevant for mining and wastewaters) is concerned, all three reductants
are powerful. In particular, reduction of CrVI at the surface of Fe0 is theoretically possible. It is ignored
that the transfer of 6 electrons in a reaction involving Fe0 and Cr2O7

2− is practically impossible under
environmental conditions.

3. Permeable Reactive Barriers (PRBs) as Fe0-Based Filtration Systems for CrVI Removal

3.1. Background

During the 1980s a new concept emerged in the field of environmental remediation: the idea
of using underground permeable reactive barriers (treatment walls) for in situ treatment of polluted
groundwater [23,24]. A treatment wall (or a PRB) is a porous reactive or adsorptive medium that
is placed in the path of a contaminated groundwater plume with the aim of either to capture the
contaminants, or to transform them into less harmful substances, as the groundwater flows through
the barrier under the natural hydraulic gradient, or both [25,26]. The main advantages of this concept
include: (1) in situ treatment; (2) low operation and maintenance cost; (3) easy of monitoring; (4) no
disturbing of the above-ground space due to treatment facilities; (5) treatment of large volumes of
water containing low concentration of contaminants; and (6) simultaneous treatment of multiple
contaminants [26–29]. Starting with the early 1990s, this concept stimulated considerable research
concerning the use of various materials for the treatment of groundwater polluted with a wide range
of contaminants. Due to its low cost and high availability, the reactive medium predominately selected
for PRBs applications was metallic iron (Fe0), largely termed as zerovalent iron (ZVI). ZVI is in
essence an ill-defined material encompassing all Fe0-based alloys, commercially available as ”granular
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iron”, ”iron filings”, ”iron chips”, and ”iron shavings”, etc. [6,26,28,30,31]. Even though Fe0 reactivity
toward both inorganic and organic substances was reported much earlier by an important number
of works [13,15,17,21,32–34], the use of Fe0 as a reactive material for water remediation received a
great deal of attention only at the beginning of the 1990s, after the publication of the first experimental
studies focused on the degradation of chlorinated aliphatics [35–39].

3.2. Early Laboratory-Scale Investigations for PRBs

There are few laboratory-scale works [22,25,40–42] that have investigated the remediation of
CrVI contaminated waters with Fe0 in the first years after Gillham’s pioneering studies, and only
two of them have actually been carried out by simulation of Fe0-based filtration systems (i.e., via
column experiments) [25,40]. To the best of my knowledge, the first ”post Gillham” work investigating
remediation of CrVI contaminated waters in a Fe0-based filtration system was reported by Blowes
and Ptacek in 1992 [40]. In this study, three iron-based solids (pyrite, fine-grained (0.5–1 mm) Fe0

fillings, and coarse-grained (1–5 mm) Fe0 chips) were assessed for their ability to remove aqueous
CrVI, under both batch and dynamic conditions. Column experiments were conducted at flow rates
typical of those normally encountered at sites of remediation, using two different reactive mixtures:
one containing 50% mass Fe0 filings, and the second containing 10% mass Fe0 chips; the difference
up to 100% was quartz sand (25 < mesh < 30) [40]. CrVI breakthrough in the column with Fe0 chips
mixture was observed after treating 4.5 pore volumes, while for the column with Fe0 filings mixture
CrVI was absent from effluent for more than 15 pore volumes. In addition, brown coatings, inferred
to be ferric oxyhydroxides were observed on the Fe0 chips, whereas little formation was noticed on
Fe0 filings [40]. The reported results suggested that all investigated reactive materials may be used to
remove CrVI at low groundwater velocities; however, aqueous CrVI removal was most rapid for the
fine-grained, and least rapid for coarse-grained Fe0; therefore, only fine-grained Fe0 was found to be
suitable for locations with rapid groundwater flow. Unfortunately, no explanation was given by the
authors neither for the observed differences in efficiencies of the two columns, nor for the precipitation
of ferric oxyhydroxides with greater intensity on the surface of the Fe0 chips [40]. In an extension of
the article published in 1992 [40], Blowes and coworkers carried out new column experiments in order
to evaluate the ability of four Fe-bearing solids (siderite, pyrite, fine-grained (0.5–1 mm) Fe0 fillings,
and coarse-grained (1–5 mm) Fe0 chips) to remove dissolved CrVI from synthetic groundwater [25].
While in the 1992 study columns were packed with a reactive mixture comprising one of the three
reactive solids, calcite, and quartz [40], in the 1997 study columns were packed with layers of reactive
mixtures [25]. The results confirmed that CrVI removal was most rapid for the Fe0 filings, and least
rapid for the Fe0 chips. Secondary phases such as goethite, lepidocrocite, maghemite, and possibly
hematite were identified at the surface of reacted Fe0. Even though no discrete chromium mineral
was detected, zones within the iron hydroxides contained CrIII; however, while goethite contained
up to 27.3% mass Cr(OH)3, all other phases were low in chromium. Additionally, it was noticed
that CrIII was neither associated with all Fe0 grains, nor uniformly distributed within specific areas
of the iron hydroxides. Since the mass ratio of Fe to Cr was similar to that reported by previous
studies (Fe:Cr = 3:1, [43]), it was suggested that CrIII was most probably incorporated into the iron
hydroxides; nevertheless, the possibility that CrIII occurred as an adsorbed phase on goethite was not
totally discounted [25]. The removal of CrVI with Fe0 was suggested to take place through the same
”reductive precipitation” mechanism previously proposed by Cantrell et al. [22]: reduction of CrVI

to CrIII coupled with the oxidation of Fe0 to FeII and FeIII, followed by precipitation of a sparingly
soluble FeIII-CrIII (oxy)hydroxide phase [25]:

(1 − x)Fe3+
(aq) + (x)Cr3+

(aq) + 3H2O(l) → (CrxFe1−x)(OH)3(s) + 3H+
(aq) (11)

(1 − x)Fe3+
(aq) + (x)Cr3+

(aq) + 2H2O(l) → CrxFe1−x(OOH)(s) + 3H+
(aq) (12)
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The long term stability of the Cr-bearing precipitates was also assessed by flushing the column
with CrVI-free calcium carbonate saturated solution; this process was accompanied by a gradual
disappearance of the visible ferric oxyhydroxides, attributed to reduction of FeIII by Fe0 [25]:

Fe0 + 2Fe3+ → 3Fe2+ (13)

During the leaching test it was observed that chromium concentrations remained below the level
of detection (0.05 mg/L) until the experiment was completed, for an additional 350 pore volumes.
This was an extremely important result, indicating that CrIII existent in the FeIII-CrIII (oxy)hydroxide
phase will remain stable after the input of CrVI ceases [25].

The mineralogical and geochemical nature of secondary reaction products formed on Fe0 fillings
and quartz grains throughout the column tests conducted by Blowes et al. [25] were further investigated
by Pratt et al. [44]. Coatings on Fe0 and quartz grains were identified as goethite; however, while the
mineral layer on quartz grains was thin (<25 µm) and compact, Fe0 fillings were encrusted with
coatings of thickness varying in the 25–50 µm range. The most widespread morphology of goethite
was a botryoidal texture, occurring probably at the points of grain contract; nevertheless, euhedral
tabular crystals were also observed, occurring most likely in the open interstitial areas between
grains [44]. It was also evidenced that all detectable chromium at the Fe0 surface existed as CrIII

species—the distribution of CrIII was heterogeneous, with the highest concentrations being found at
the outermost edges of thin and compact goethite coatings. In addition, iron and chromium ions in
the near-surface coatings acquired chemical and structural characteristics similar to Fe2O3 and Cr2O3,
which is distinct from the structure of the bulk phase [44].

3.3. Testing Fe0 PRBs for CrVI Removal at Pilot Scale

The first attempt to transfer the Fe0 technology from laboratory bench-scale studies to field
implementation was the pilot-scale field PRB initiated in September 1994 at an old hard-chrome plating
facility near Elizabeth City, USA. The main objectives of this test were: (1) to evaluate the ability of a
Fe0-based PRB to remediate, in situ, CrVI contaminated groundwater; (2) to determine if the results of
field tests are consistent with prior laboratory study results; (3) to evaluate the geochemical parameters
that may best predict the PRB performance; and (4) to identify mineral phases formed at the surface of
PRB that might affect its long-term performance [27]. In addition to chromate (in concentrations up
to 12 mg/L), the contaminated groundwater also contained several chlorinated organic compounds,
including trichloroethylene, cis-dichloroethylene, and vinyl chloride [45]. The PRB was comprised of
four materials, mixed in equal volumes: two types of Fe0 (low grade steel waste stock (Ada Iron and
Metal, 1–15 mm), and heated cast iron (Master Builder’s Supply, 0.2–4 mm)), gravel sand (1–4 mm),
and native aquifer solid materials (<0.1 mm). The barrier had a staggered fence design with 21
cylinders (20 cm in diameter) installed from 3 to 8 m below ground surface [27,45]. Monitoring wells
located within or down gradient of the iron cylinders revealed chromate concentrations less than
0.01 mg/L, coupled with trichloroethylene removal efficiencies greater than 70%. These ”treated
zones” were characterized by increased concentrations of dissolved FeII (2–20 mg/L) and hydrogen
(>1000 nM), elevated pH (7.5–9.9), reduced Eh (−100 to +200 mV), low dissolved oxygen (<0.1 mg/L),
and the presence of sulfides both in aqueous and solid phases. Instead, in monitoring wells placed
in ”gaps” where groundwater does not intercept the iron cylinders, the geochemical parameters
of groundwater remained essentially unchanged: little change in CrVI concentration over time,
no FeII, low concentrations of dissolved hydrogen (<10 nM), low pH (5.6–6.1), oxidized Eh (+200
to +400 mV), high dissolved oxygen (0.6–2 mg/L), and absence of sulfides [45]. These geochemical
changes were found to be identical to prior laboratory observations [42], being attributed to the
following reactions [27]:

Fe0 + 2H2O→ Fe2+ + H2 + 2HO− (14)

Fe0 + CrO4
2− + 4H2O→ (FexCr1−x)(OH)3 + 5HO− (15)
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After 20 months of testing, surface analysis of Fe0 filings revealed the building of a significant
layer of Fe oxide/hydroxide; chromium was also detected, but only at the surface of 1–15 mm Fe0.
In spite of the observed Fe0 passivation, two years after the emplacement of the PRB, there has been
no indication of decreased permeability of the reactive mixture [27,45]. This observation disagrees
with the concerns raised with regard to system longevity claiming that the maintenance of sufficient
permeability within the reactive zone is questionable due to the deposition of secondary mineral layers
at the surface of Fe0 [46,47]. We can say today, armed with all the knowledge available to us now,
that the unaffected porosity may be the result of the PRB design: the PRB was not made from pure
Fe0, but from a reactive mixture comprising 50% Fe0 and 50% inert materials; this is in accord with
recent studies that have demonstrated that mixing Fe0 and nonexpansive materials prevents the rapid
clogging of the Fe0-based filters, being thus a pre-requisite for system sustainability [48–50].

3.4. Full Scale Fe0 PRBs for CrVI Removal

3.4.1. Elizabeth CITY (USA)

The success of the pilot-scale test at the Elizabeth City site eventually led to full-scale
implementation of the PRB technology, in June 1996. The Fe0 PRB had a continuous wall configuration
(46 m long, 0.6 m thick, 7.3 m deep) and was designed to remediate overlapping plumes of CrVI and
trichloroethylene [51,52]. Laboratory experiments and cost analysis assessments were carried out prior
to installation of the PRB in order to determine the reactive mixture that would be the best suited for
simultaneously treating the CrVI and TCE contaminated groundwater. Based on the results of these
studies it was decided that the reactive medium of the PRB will be composed entirely of Peerless
granular iron (100% Fe0), with an average grain size of 0.4 mm. The total project cost was approximately
985,000 U.S. $; however, it was anticipated that using this PRB over a 20 year period would result
in a saving of 4 million U.S. $ in operation and maintenance costs, compared to a pump-and-treat
system [53]. Monitoring results of this PRB after 15 years of operation indicate consistent removal of
CrVI in any of the down gradient compliance wells, from influent concentrations of up to 10 mg/L to
less than 3 µg/L; however, it took almost 2 years for the down gradient concentrations to decrease
below remedial goals, due to slow desorption of the contaminants from the aquifer matrix [46,52–56].
The PRB at Elizabeth City was found to be also a long-term sink for C, S, Ca, Si, Mg, N, and Mn present
in groundwater [56]. The ”reductive precipitation” mechanism was considered to be responsible
for the removal of CrVI at the Elizabeth City PRB [46]. Moreover, it was also assumed that Fe0 was
oxidized directly to FeIII, as a result of CrVI reduction to CrIII [46,52–54]:

CrO4
2− + Fe0 + 8H+ → Fe3+ + Cr3+ + 4H2O (16)

Ferrous iron detected in treated groundwater was attributed to [52,53,56]: (1) Fe0 corrosion
(Equation (14)), process that was also responsible for the increased concentration (>1000 nM) of H2;
(2) reductive dissolution of aquifer minerals, due decreased redox potential in regions down gradient
from the reactive media; and (3) dissolution of new formed FeII-bearing mineral phases. Subsequently,
the precipitation of highly insoluble mixed FeIII-CrIII hydroxides (Equation (15)) was presumed to take
place [51,52].

Primary authigenic precipitates identified in the Elizabeth City PRB were lepidocrocite, magnetite,
ferrihydrite, carbonates (aragonite, iron carbonate hydroxide and/or siderite), carbonate green rust,
and iron monosulfides (mackinawite) [47,55,56]. Analysis of mineral precipitates evidenced that
chromium was present dominantly as CrIII [55]. As expected, the continued buildup of mineral
precipitates was found to have a negative impact on the hydraulic performance of PRB. After four years
of operation, a 0.032% reduction in porosity was estimated at 2.5 cm into the PRB, while at distances
> 8 cm the porosity reduction was <0.002% [56]; instead, after eight years of operation, less than
15% of the total available pore space has been lost [55]. However, rates of mineral accumulation
decreased with time, which was believed to indicate a net loss of Fe0 “reactivity” [56]. Even though
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FeII concentrations within the PRB increased from background levels (<0.5 mg/L) to as much as
14.8 mg/L, an important number of studies have not taken into consideration neither the coupling of
CrVI reduction with oxidation of Fe0 to FeII, nor the reduction of CrVI with dissolved FeII [46,52–54].
In this regard, it should be pointed out here that, since the standard potential of the FeII/Fe0 and
FeIII/Fe0 couples is −0.44 and −0.04 V, respectively [57], from thermodynamic perspective it seems
that oxidation of Fe0 to FeII is considerably more favorable than oxidation of Fe0 to FeIII; hence,
the oxidation of Fe0 will probably stop at FeII, as suggested in previous works [15,18,21]. But, if FeIII

was not the result of CrVI reduction with Fe0, then which was the process that generated all the FeIII

precipitated in secondary minerals at surface of Fe0? Due to the low concentration of dissolved O2

(<0.2 mg/L) [52], it is questionable whether oxidation of FeII by O2 could be responsible for all the
observed FeIII mineral layers. Therefore, it is highly plausible that the presence of FeIII coatings may be
explained by an important CrVI removal pathway, overlooked by many of the aforementioned studies:
the indirect reduction of CrVI with FeII. This mechanism would be in accord with previous studies
reporting that FeII is a potent reductant of CrVI. For instance, it was demonstrated that, for equal
concentrations of CrVI and dissolved O2, CrVI oxidizes FeII faster than O2 by a factor of 6 × 103 at pH
6, and 1 × 103 at pH 8 [58]. Nevertheless, it should be noted that contribution of indirect reduction
with FeII to the mechanism of CrVI removal at the Elizabeth City PRB was, however, mentioned in two
studies published under the leadership of R.T. Wilkin [55,56]. These works concluded that elevated FeII

concentrations downgradient of the PRB have led to the development of a ”reducing zone” where CrVI

is removed from the groundwater. Another important step forward made by the group R.T. Wilkin in
elucidating the mechanisms underlying the removal of CrVI with Fe0 was the suggestion that some of
the FeII-containing secondary minerals (e.g., mackinawite, carbonate green rust, magnetite) may also
support CrVI removal, either through redox reactions at the mineral-water interface, or by the release
of FeII to solution [55,56].

3.4.2. Willisau (Switzerland)

The Willisau PRB was implemented in November 2003 to treat groundwater contaminated with
up to 10 mg/L CrVI at a former wood impregnation factory that used a chromate solution to preserve
timber from deterioration. The PRB had an innovative design, consisting of two different components:
(1) a single row of cylinders for lower expected CrVI concentrations; and (2) an offset double row of
cylinders for higher expected CrVI-concentrations. The reactive filling inside the cylinders (d = 1.3
m) was installed from 12 to 23 m below ground surface, and consisted in a mixture of Fe0 shavings
(5–20 mm) and gravel (2–5 mm) in the ratio of 1:3 (by weight); this ratio was selected to ensure an
initial permeability of the reactive material approximately three times larger than the surrounding
subsoil, and to prevent the rapid clogging of the barrier due to precipitation of secondary phases
in pore spaces [59,60]. The double row of cylinders successfully treated the CrVI contamination at
normal groundwater flow velocities (residual CrVI concentrations < 0.01 mg/L); however, during
events of exceptionally high groundwater levels (which result in a substantial mobilization of CrVI)
the remediation effectiveness was only 96%. In contrast to the double row, the remediation capacity
of the single row was not efficient enough to reduce the CrVI concentrations below the critical limit
of 0.01 mg/L; this phenomenon was attributed to an inadequate overlap of the cylinders resulting in
insufficient concentrations and mixing of dissolved FeII in the CrVI-contaminated plume [59]. Surface
analysis of Fe0 and gravel particles sampled after four years of operation showed that, on average,
iron occurred in a mixture of goethite (∼60%), ferrihydrite (∼30%), and a small fraction (∼10%) of
FeII, mainly composed of magnetite. In addition, hematite, maghemite and lepidocrocite were also
detected. While CrVI was not detected, CrIII occurred in the form of two different (in terms of Cr/Fe
ratio) mixed CrIII-FeIII hydroxides [60]. Based on these observations, the authors suggested following
possible reaction pathways that may contribute to CrVI removal: (1) heterogeneous reduction of CrVI

with Fe0; (2) heterogeneous reduction of CrVI with FeII bearing solids; (3) homogeneous reduction
of CrVI with dissolved FeII; and (4) precipitation of the resulted CrIII as mixed CrIII-FeIII-hydroxides.
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However, it was considered that, due to the rapid corrosion of Fe0, the direct reduction with Fe0 was
not significant; therefore, only a reduction of CrVI with FeII-containing minerals and with dissolved FeII

were taken into consideration as main paths for the first step of CrVI removal, reduction to CrIII [59,60].
The occurrence of two different CrIII species at the surface of exhausted Fe0 shavings strongly supports
this conclusion: (1) CrIII-FeIII hydroxides with Cr/Fe ratio > 1/3, produced via heterogeneous reduction
of CrVI with FeII bearing solids; and (2) CrIII-FeIII hydroxides with Cr/Fe ratio of about 1/3, resulted
from the homogeneous reduction of CrVI with dissolved FeII. In addition, the existence of CrIII-FeIII

hydroxides not only on Fe0 shavings, but also on the surface of gravel particles, further suggested that
the homogeneous reduction process with dissolved FeII, occurring within the pores space, was a very
important pathway [60]. Accordingly, one of the main limiting factors for the longevity of the PRB was
found to be the availability and accessibility of FeII [59]. After four years of operation, Fe0 shavings
were found to be covered by a layer of Fe-hidroxides, which lead to a volume increase; nevertheless,
the reduction of pore space in the reactive media appeared to be minor [60]. The innovative design of
the Willisau PRB possesses several advantages, including: (1) it represents a good geotechnical solution
for installation at large depths, in heterogeneous soils; (2) low risk of disturbing the hydrological
regime in case the filling material becomes partially clogged by ferric hydroxides; (3) minimizes the
amount of reactive material needed, since it partly relies on a dispersive FeII-plume; and (4) good
remediation effectiveness even under exceptionally high groundwater level events [59,60].

3.5. More Recent Laboratory-Scale Reports (Post Elisabeth City PRB)

Following the articles evaluated in the previous sections, more recent studies mainly investigated
the practical applicability and long-term efficiency of Fe0/H2O systems for CrVI removal from polluted
aqueous solutions. In this context, hundreds of papers were published in the last 20 years, mostly
attempting to [14]: (1) study the influence of operational parameters on the efficiency of CrVI removal
in Fe0/H2O systems; (2) elucidate the kinetics and mechanism of CrVI removal; (3) study the nature
of secondary mineral phases precipitated at the Fe0 surface; and (4) find methods to enhance the
efficiency of CrVI removal. With respect to the mechanism of CrVI removal, the large majority of articles
have indicated direct (heterogeneous) reduction with Fe0 as the main removal pathway [25,27,52,54].
Unfortunately, these reports co-exist in the literature with publications demonstrating that Fe0 surface
is universally covered by oxide layers [61–66], and that Fe0 is additionally passivated with corrosion
products during the remediation process [44,52,61,67,68]. Numerous recent studies, aimed to gain
insight into the principles governing the removal of CrVI in Fe0/H2O systems, have also presumed
that this process is exclusively the result of direct electron transfer from Fe0 to CrVI [69–79]. Since
the surface of commercially Fe0 materials is permanently covered by an outer layer of low electric
conductive air-formed oxides (hematite, maghemite) [64], the electron transport from Fe0 to CrVI

should be severely inhibited [69–79]. Moreover, Fe0 efficiency should significantly decrease during the
time, as its surface is progressively covered with additional secondary mineral coatings that prevents
penetration of the CrVI and stops the electron transfer [11,80–82]. As a result, removal of CrVI in
Fe0/H2O systems via direct reduction with Fe0 should, theoretically, have a very low efficiency [83–86].
Nevertheless, the long-term efficiency of Fe0/H2O systems for CrVI removal in reactive walls has
been undoubtedly demonstrated [9]. In recent years, several studies have attempted to predict
and/or rationalize this observation. Possible reasons included: (1) auto-reduction of atmospheric
non-conductive corrosion products yielding electronic conductive magnetite [64,65]; (2) conversion
of ferrous hydroxides on Fe0 to electronic conductive magnetite via the Schikorr disproportionation
reaction at pH > 6.0 [87]; and (3) the existence of fissures/defects in the oxide layers, which may
initiate pitting corrosion, and allow thus the penetration of CrVI to Fe0 core [85,88]. However, it is
certain that the effectiveness of CrVI removal in Fe0/H2O systems cannot be ascribed to such processes
since: (1) theoretically, for the direct reduction with Fe0 to occur, the oxide scale should be electronic
conductive; however, it was demonstrated that even electron transfer through electrically conductive
magnetite occurs at a much lower rate than on the bare Fe0 surface [87]; therefore, even after the
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coating of Fe0 by magnetite, a reduction of the contaminants may become negligible [89]; and (2)
pitting is usually initiated by the presence of important concentrations of aggressive anions (e.g.,
Cl−), which are not usually found in natural aquatic environments. In addition, the longer diffusion
path to the bottom of the pit restricts the transport of aqueous oxidants from the bulk solution [85].
Therefore, a reasonable explanation for quantitative CrVI reduction in the Fe0/H2O system should be
given. The importance of indirect reduction is obvious but the paramount goal of decontamination
is removal and not simple reduction. Obviously, since iron oxide layers are excellent absorbents for
negatively charged CrVI, adsorption of CrVI onto the oxide layer is the first step that should be taken
into account when discussing CrVI removal in Fe0/H2O systems [14,90]. Despite being adsorbed,
indirect reduction of CrVI is still likely. This evidence was taken as example by Noubactep [80]
but is still largely ignored in the scientific literature [83,91–93]. Another argument put forward to
rationalize CrVI reduction in Fe0/H2O systems is the prevalence of secondary FeII-bearing minerals
phases formed as Fe0 corrosion products. Enumerated minerals include ferrous sulfides, magnetite,
makinawite, siderite, or green rust [6,9,55,94,95]. Even though reduction of CrVI at the surface of
secondary mineral layers was initially believed to be slow [88], recent studies revealed that, actually,
CrVI may be rapidly sequestrated at the surface of FeII-bearing minerals containing structural FeII

and/or FeII impurities, following an adsorption-reduction mechanism [96,97]. CrVI adsorption onto
positively charged iron and/or chromium oxyhidroxide layers surrounding Fe0 particles was regarded
not only as an intermediate step, but also as an important CrVI removal mechanism by itself [98–101].
It has been shown that adsorption processes may contribute not only to the removal of CrVI, but also
to the removal of the resulted CrIII [61,86,92]. For instance, XPS analysis carried out on reacted Fe-Ni
nanoparticles revealed that ratio between adsorbed CrIII and CrVI was 7.87 [92]. Therefore, in addition
to the heterogeneous reduction mechanism occurring at the surface of Fe0, dissolved FeII and H/H2,
both products of Fe0 corrosion, may also be involved in the mechanism of CrVI removal in Fe0/H2O
system [62,67,86,91,102–108]. Even though these reduction pathways have been suggested much
earlier by several pioneering works in this field [15,18,21], they were often overlooked in articles
describing the removal of CrVI with Fe0-based PRBs, as well as in numerous more recent papers.
Instead, there are also several recent studies that have clearly indicated that dissolved FeII should
also be taken under consideration as an important reductant of CrVI. In a study that investigated
CrVI removal by Fe0 in the presence of organic and inorganic complexing reagents it was revealed
that, while EDTA and NaF enhanced the process, 1,10-phenantroline dramatically decreased CrVI

removal [108]. While the favoring effect of EDTA and NaF was ascribed to reduced passivation of Fe0

due to complexation of CrIII and FeIII, the hindering influence of 1,10-phenantroline was attributed to
its well-known specific ability to form a stable complex with FeII. These outcomes indicated that CrVI

reduction with FeII was the primary mechanism of CrVI removal with Fe0, rather than CrVI reduction
with Fe0 [108]. The results of two recent studies reveal that weak magnetic field (WMF) applied during
CrVI removal with Fe0 significantly improved the efficiency of the process; this phenomenon was
ascribed to the enhancement of Fe0 corrosion process and acceleration of FeII generation [106,109].
Over the pH range of 4.0–5.5, the highest CrVI removal rate was observed at pH 5.0. In contrast,
the removal rate was limited at pH 4.0 and 5.5 due to slow reaction between CrVI and FeII, and
slow FeII generation rate, respectively. Furthermore, FeII was not detected until CrVI was completely
exhausted, which means that all FeII released from Fe0 corrosion was instantaneously oxidized by CrVI.
In the light of all these observations, it was concluded that homogeneous reduction with dissolved
FeII was the main mechanism and the limiting step of CrVI removal [106]. In a work that studied the
influence of humic acids (HA) and fulvic acids (FA) co-presence on the efficiency of CrVI removal with
Fe0, higher yields were observed with HA than with FA. Since the concentration of free FeII was much
higher in the HA solutions compared to the FA solutions, the better CrVI reduction rates observed in
the co-presence of HA were ascribed to a greater contribution of the indirect CrVI reduction with FeII to
the overall removal process [110]. Liu et al. [111] have investigated the effect of citric acid co-presence
and of photoirradiation on CrVI removal with Fe0; it was observed that CrVI removal efficiency was
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not improved in the presence of citric acid, while introduction of photoirradiation in the presence of
citric acid dramatically increased the reduction rate of CrVI. This enhanced efficacy was ascribed to
the formation of FeIII-citric acid complexes, which prevented Fe0 passivation. Moreover, under the
effect of photoirradiation, FeIII was reduced to FeII which, subsequently, homogeneously reduced
CrVI [111]. Last but not least, another possible removal pathway that was recently suggested in the
Fe0/H2O system is via co-precipitation (entrapment) of CrVI in the structure of growing CrIII-FeIII

oxyhydroxides [90,112–114].
Summarizing, the mechanism of CrVI removal in Fe0/H2O systems generally involves multiple

pathways including: (1) adsorption of CrVI onto Fe0 or onto oxide layers existent at surface of
Fe0; (2) heterogeneous reduction of CrVI with Fe0 or, most probably, with FeII-bearing secondary
minerals coated on Fe0; (3) homogeneous reduction of CrVI with FeII and/or H2; (4) precipitation of
mixed CrIII-FeIII oxyhydroxides; and (5) adsorption/co-precipitation/entrapment of CrVI on/with/in
CrIII-FeIII oxyhydroxides.

3.6. Summary and Conclusions

The conclusions to this section include several important components. First, both laboratory
studies and field implementation of PRBs have proven that Fe0-based PRBs may be a cost-effective and
efficient approach for the remediation of CrVI polluted groundwater. Second, the efficiency of in situ
remediation processes using Fe0-based PRBs is influenced mainly by the nature and concentration of
contaminant species, nature of reactive mixture (type of Fe0, co-presence of adjuvants), and site-specific
geochemistry. Third, the presence of a PRB affects not only the concentration of the targeted pollutant(s),
but also, to some extent, the concentration of all major dissolved species. Fourth, remarkable progress
was made in regard to the understanding of the mechanism of CrVI removal in Fe0/H2O systems; in
addition to the direct reduction mechanism, new pathways were indicated including adsorption and
indirect reduction with secondary reducing agents (dissolved FeII, adsorbed FeII, FeII-bearing minerals,
H2) produced as a result of Fe0 corrosion.

4. Geochemistry of Chromium in the Context of Fe0-Based Filtration Systems

This section summarizes knowledge from the geochemistry of chromium that is relevant for the
understanding of interactions in Fe0/CrVI/O2/H2O systems. This effort encompasses investigations
on the redox reactivity of CrVI and FeII-bearing minerals (e.g., Fe3O4 or green rusts), as Cr is used also
as a chemical surrogate for Tc (the rationale for this being that based on thermodynamic data (E values)
Cr reduction occurs before the Tc reduction) [115].

4.1. Geochemistry of Chromium

Chromium is usually encountered in the environment at oxidation states of (+III) and (+VI), which
are the most stable from a thermodynamic standpoint. These two chromium species display totally
different chemical and toxicological properties [4,116,117]. Under environmentally circumneutral
relevant pH values, CrVI exists only as hydrogen chromate (HCrO4

−) and chromate (CrO4
2−)

oxyanions; at pH values below 6.5 the HCrO4
− anion is predominant, while at pH above 6.5 the CrO4

2−

ion dominates. CrVI species are highly soluble and therefore easily transported in water resources.
In contrast, aqueous CrIII occurs primarily as cationic (Cr(OH)2+, Cr(OH)2

+) or neutral (Cr(OH)3
0)

species [5,115,118,119]. CrIII tends to be extremely insoluble (<20 µg/L) between pH 7.0 and pH 10.0,
with minimum solubility at pH 8.0 of about 1 µg/L. Hence, CrIII is readily immobilized at circumneutral
pH by precipitation as hydroxides, having thus a much lower mobility than CrVI [14]. Since CrVI

readily crosses cell membranes, it is highly toxic to most living organisms [4]. CrVI compounds are
well-established human carcinogens by the inhalation route of exposure; in addition, CrVI exposures
through drinking water are also likely to be carcinogenic to humans [120–122]. On the contrary, CrIII

compounds are poorly transported across membranes, and therefore, toxicity of CrIII is 500 to 1000
times less to a living cell than CrVI [123,124]. Additionally, CrIII is recognized as a micronutrient
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essential for the metabolism of lipids and proteins, being also involved in the biological activity of
insulin [125,126].

4.2. Chromium Removal by FeII Species

CrVI removal by reduction to CrIII with ferrous iron (FeII
(aq) or FeII-bearing minerals including

Fe3O4, FeS2 and green rusts) and subsequent adsorption, precipitation, co-precipitation, or coagulation
is well documented [5,6]. The following mechanism of CrVI removal by FeII is widely accepted in
the geochemical literature: (1) CrVI is reduced to CrIII by FeII; (2) FeII is oxidized to FeIII; and (3) FeIII

rapidly precipitates as hydroxide. The reduced CrIII is easily adsorbed or co-precipitated with the ferric
hydroxide [10,127]. While this view corroborates thermodynamic data, it is still to be made convincing
why quantitative CrVI reduction should precede adsorption. This concern is sustained by the fact
that cationic CrIII adsorption onto the positively charged surface of iron oxides and oxyhydroxides
at pH values higher than 4.0 is not always favorable (depending on the specific (hydr)oxide). As an
example, under subsurface conditions where magnetite (Fe3O4, pHpzc~5.0) is the major mineral,
the Fe3O4 surface is positively charged at pH < 5.0; therefore, anionic soluble CrVI species are expected
to be strongly attracted via electrostatic interactions. For pH > 5, more negatively charged surfaces
are developed, further reducing the attraction of CrVI species [5,115]. However, some quantitative
adsorption may still occur, suggesting inner-sphere adsorption mechanisms via ligand exchange
reactions [115]. A more rationale view is that negatively charged CrVI species are adsorbed onto
positively charged Fe (hydr)oxides and reduction occurs in an adsorbed state [128]. The very low
solubility of CrIII phases implies that quantitative re-dissolution will not occur. Moreover, the formation
of FeIII/CrIII mixed (hydr)oxides further decreases the solubility of the solid phase.

4.3. Overview of Reactions of Engineering Importance

Under environmental conditions, virtually all transformations from CrVI to CrIII and vice versa
are mediated by constituents that are ubiquitous in nature. Depending mostly on the water flow
velocity (i.e., on contact time) and on the intrinsic reactivity of FeII-bearing phases, interactions with
contaminated water may not achieve an equilibrium state. In such cases, kinetics of the transformations
between CrVI and CrIII become important [5]. Chemical reduction of CrVI to CrIII is a demonstrated
path for Cr removal in many water treatment strategies. Ideally, CrVI reduction is followed by
precipitation of the soluble CrIII species to particulate Cr(OH)3 or adsorbed solids (flocs) that can
be filtered from the water. The most common reducing agent is FeII, with reaction times on the
order of seconds to hours, depending on pH [5]. The state-of-the-art knowledge from the chromium
geochemistry can be summarized by the following two-step mechanism of CrVI removal at Fe3O4

surface [129]: (1) electrostatic adsorption of CrVI anions at Fe3O4 surface; and (2) the electron transfer
reaction between CrVI and the structural FeII to form CrIII(OH)3. The CrVI reduction is accompanied by
simultaneous homogenous oxidation of FeII to FeIII. Nascent FeIII hydroxides are powerful adsorbing
and enmeshing agents for CrVI. Due to similarities in atomic size, Fe and Cr form mixed oxides that
are non-conductive for electrons and yield to passivation of magnetite. Accordingly, CrVI reduction
by Fe3O4 is rarely quantitative (e.g., >70%). The removal mechanisms suggested by Kendelewicz
et al. [129] is valid under a wide range of reaction conditions, despite difference in Cr speciation,
pH values, background electrolyte and changes of the adsorbing surface charge [115]. It can be
postulated that its validity does not depend on the nature of the FeII-bearing material, and, in particular,
that it will still be valid if FeII results from Fe0 oxidative dissolution (Fe0 corrosion).

5. Recent Advances

5.1. Analysis of the Fe0/CrVI/O2/H2O System

Aqueous CrVI removal in the presence of Fe0 depends primarily on the chemical thermodynamics
of five redox systems (Table 1): (1) FeII/Fe0 (Equation (19)); (2) CrVI/CrIII (Equations (20) and (25));
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(3) H+/H2 (Equation (21)); (4) FeIII/FeII (Equation (22)); and (5) O2/HO− (Equation (23)). Both the
aqueous solution behavior and the redox thermodynamics are of interest. In addition, the reactions
kinetics is a decisive factor for the design of remediation systems [130,131].

Table 1. Relevant electrode reactions for the discussion of processes occurring in Fe0/CrVI/O2/H2O
system. To ease readability some equations are repeated here with new numbers.

Electrode Reaction E0 (V) Eq. Reference

2H2O + 2e− ⇔ H2 + 2HO− −0.83 (17) [132]
Cr3+ + 3e− ⇔ Cr0 −0.74 (18) [132]
Fe2+ + 2e− ⇔ Fe0 −0.44 (19) [132]
CrO4

2− + 4H2O + 3e− ⇔ Cr(OH)3 + 5OH− −0.13 (20) [132]
2H+ + e− ⇔ H2 0.00 (21) [132]
Fe3+ + e− ⇔ Fe2+ 0.77 (22) [132]
O2 + 2H2O + 4e− ⇔ 4HO− 0.40 (23) [132]
O2 + 4H+ + 4e− ⇔ 2H2O 1.23 (24) [132]
HCrO4

− + 7H+ + 3e− ⇔ Cr3+ + 4H2O 1.35 (25) [132]

Electrochemical reactions (involving Fe0)

3Fe0 + 2CrO4
2− + 8H2O⇔ 3Fe2+ + 2Cr(OH)3 + 10 OH− (26) [6]

Fe0 + 2H2O⇔ Fe2+ + H2 + 2HO− (27) [6]
Fe0 + 2Fe3+ ⇔ 3Fe2+ (28) [25]
2Fe0 + O2 + 2H2O⇔ 2Fe2+ + 4OH− (29) [29]

Chemical reactions

4Fe2+ + O2 + 2H2O⇔ 4Fe3+ + 4OH− (30) [27]
3Fe2+

ads + CrO4
2− + 8H2O⇔ Cr(OH)3 + 3Fe(OH)3 + 4H+ (31) [133]

2Cr(OH)2
+ + 3/2O2 + H2O⇔ 2CrO4

2− + 6H+ (32) [134]
H2CrO4 ⇔ HCrO4

− + H+ (33) [135]
HCrO4

− + H2O⇔ CrO4
2− + H3O+ (34) [135]

HCrO4
− + HCrO4

− ⇔ Cr2O7
2− + H2O (35) [135]

[Cr(OH2)6]3+ + H2O⇔ [Cr(OH2)5(OH)]2+ + H3O+ (36) [135]
[Cr(OH2)5(OH)]2+ + H2O⇔ [Cr(OH2)4(OH)2]+ + H3O+ (37) [135]
[Cr(OH2)4(OH)2]+ + H2O⇔ [Cr(OH2)3(OH)3] + H3O+ (38) [135]
[Cr(OH2)3(OH)3] + H2O⇔ [Cr(OH2)2(OH)4]− + H3O+ (39) [135]
2Cr3+ + 2H2O⇔ Cr2(OH)2

4+ + 2H+ (40) [136]
3Cr3+ + 4H2O⇔ Cr3(OH)4

5+ + 4H+ (41) [136]
4Cr3+ + 6H2O⇔ Cr4(OH)6

6+ + 6H+ (42) [136]
(1 − x)Fe3+ + (x)Cr3+ + 2H2O⇔ CrxFe1−x(OOH) + 3H+ (43) [76]
(1 − x)Fe3+ + (x)Cr3+ + 3H2O⇔ CrxFe1−x(OH)3 + 3H+ (44) [76]

In the context of water treatment by granular Fe0, the negative potential of the redox couple
FeII/Fe0 (Equation (19)) is to be exploited to transform the highly soluble CrVI into sparingly soluble
CrIII in an electrochemical process (Equation (26)). Further electrochemical processes include the
reduction of water (Equation (27)), FeIII (Equation (28)) and dissolved O2 (Equation (29)) with
Fe0. Of these, only water reduction (Equation (27)) is likely to be quantitative because of the
non-conductive nature of the oxide scale and its role as a physical barrier. Equation (28) is disfavored
by the low solubility of FeIII species. There are myriad abiotic chemical reactions likely to occur
in Fe0/H2O systems (Equation (30) through Equation (44)). Equation (30) accelerates Fe0 corrosion
by consuming Fe2+ (LeChatelier) and thus increasing the production of iron oxides/hydroxides for
CrVI adsorption and co-precipitation. Equation (31) sustains the chemical reduction of adsorbed
CrVI; it is not a reductive precipitation, but a reduction of adsorbed CrVI. This reaction path is not
necessarily quantitative. Equation (32) is slow with soluble Cr(OH)3 and impossible with Cr(OH)3

generated in an adsorbed state. Equations (33)–(35): concentrations of CrVI species depends on pH
and total Cr concentration; significant concentrations of H2Cr2O4 occur only at pH < 1. Cr2O7

2−

becomes significant when CrVI concentrations are > 1 mM, or it may even dominate when CrVI
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concentrations are > 30 mM [137]. Equations (36)–(39) shows that CrIII is a hard Lewis acid with
a high tendency to undergo hydrolysis [138]. Equations (40)–(42): because in most natural waters
the aqueous concentration of CrIII is very low, and the kinetics of polymerization are slow under
environmentally relevant pH and temperature values, polymeric CrIII species are never significant in
natural unpolluted aquatic systems [116,119,138]. Equations (43) and (44) describe the formation
of mixed (oxy)hydroxides within Fe0/H2O systems, process that occurs at pH greater than 4;
it was hypothesized that Cr0.25Fe0.75(OH)3 will form if FeIII and CrIII are generated only by the
reaction between FeII and CrVI [76,119,137]. Summarizing, the analysis of the Fe0/CrVI/O2/H2O
system suggests that adsorption of negatively charged HCrO4

−/CrO4
2− onto positively charged iron

(hydr)oxides is the most likely reaction path. This high affinity coupled to the barrier function of the
oxide scale implies that ”reductive precipitation” is at most a side removal path.

5.2. The Mechanism of CrVI Removal Revisited

Knowledge from: (1) the chromium geochemistry (Section 4); and (2) the theoretical analysis
of the Fe0/CrVI/H2O system (Section 5.1) univocally prove the reductive precipitation theory for
aqueous CrVI removal in the presence of Fe0 as being faulty. This corresponds to an alternative
concept introduced by Noubactep in 2006 [11,80,114,139–143], but largely ignored within the Fe0

research community [11,82]. According to Ghauch [82], only some five research groups have tested
(and validated) the alternative concept worldwide. The alternative concept argues that the Fe0/H2O
system is a complex system in which quantitative contaminant reduction, when it occurs, is not
the cathodic reaction coupled to the anodic dissolution of Fe0. Accordingly, (quantitative) CrVI

reduction in Fe0/H2O systems is mediated by FeII species (and, possible, also by H/H2) resulting from
electrochemical dissolution with water or H+. The particularity is that FeII is continuously produced,
while freshly generated iron hydroxides act as excellent adsorbents for CrVI and FeII (structural FeII

or FeII
(ads)). It should be kept in mind that solid structural FeII seems to be a stronger reducing agent

than both dissolved FeII [128] and Fe0. Similarly, innerspherically adsorbed FeII is also more reducing
than dissolved FeII. All these facts excellently explain the better CrVI removal efficiency of a Fe0/sand
mixture with iron hydroxides coated on sand, compared to that of Fe0 alone (same Fe0 mass) [144].

5.3. Application to Water Filters

The knowledge that Fe0 is mostly generator of iron hydroxides and oxides, acting as
coagulating/adsorbing agents, was already successfully applied in Europe, around the year 1890,
for safe drinking water production [12]. However, today available Fe0-ammended filtering systems
are based on a more pragmatic approach. Two examples will be given for illustration: the SONO
arsenic filter [145–147] and the Indian Institute of Technology in Bombay (IITB) arsenic filter [148]. It is
important to underline here that both filters are not specific for arsenic removal, and would remove
CrVI and other contaminants as well. The first arsenic filtration system (3-Kolshi filter) was developed
in 1999 by Abul Hussam and his brother Abul Munir, after two years of research motivated by the
need to develop a simple and low cost water treatment system for mitigation of the arsenic crisis in
Bangladesh. The 3-Kolshi filter (made entirely from readily local available materials) consisted in three
clay containers placed one top of another, with water flowing through a series filters made of sand,
iron chips, and wood charcoal. Even though it was successfully tested for its efficacy in removing
arsenic from groundwater, the 3-Kolshi filter had a major problem: the rapid clogging of the iron
material [149,150]. To solve this issue, the team led by Abul Hussam and Abul Munir released, in
2001, the SONO filter; in this new filtration assembly, the clay containers were replaced by plastic
buckets and, most important, iron chips were replaced by a composite iron matrix (mixture of metal
iron and iron hydroxides). This technology was patented in 2002 and, by 2010, about 160,000 SONO
filters were deployed in Bangladesh, India, and Nepal. Even though SONO filters are not freely
accessible to people in need, at a price of $35–40 (for an expected life span of at least 5 years), and
with operating costs up to $10/5 years, they are one of the most affordable water filters available
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today [145,149,150]. The ITTB filter is the most recent result of continuous research in the development
of a robust, low cost, and simple arsenic removal water treatment system for poor communities in low
income areas. It uses non-galvanized iron nails which, under the mild oxidizing environment (presence
of dissolved oxygen), are corroded. The formed FeII is oxidized to FeIII, forming a high oxidizing
intermediate which co-oxidizes AsIII to AsV; subsequently AsV is adsorbed on the corrosion products
existent at the surface of Fe0. Along with a high performance for removing arsenic, this technology also
has the advantage that the Fe0 requirement is 20 times less than similar arsenic removal efficiencies
reported in the literature for other methods. The IITB filter is a non-patented system designed for
small communities. Its implementation started in 2008 and there are already some 60 systems working
under maintenance of the rural population in India (mostly in West Bengal) [150].

The most important concern of Fe0-based filters is related to permeability loss (reduction of the
hydraulic conductivity), which leads to an incomplete utilization of Fe0 [26]; the long-term permeability
can be prolonged only if the volumetric expansion of iron corrosion products (which is the main cause
of permeability loss) is properly considered during the design of Fe0-based filters [151]. The two
examples considered herein have differently solved the clogging problem. On the one hand, SONO
filters used a composite iron matrix with high initial porosity, capable to store the iron corrosion
products [145]. On the other hand, IITB filters perform a sort of flocculation in a contactor placed on
top of the filter, where the water is contacted with iron nails and with air. Subsequently, the formed
hydrous ferric oxide floccules are filtered on a fixed-bed filled with layers of coarse and fine gravel.
During this process, the oxidation of FeII to FeIII and AsIII to AsV occurs. This configuration shows that
the IITB filter can be regarded as a modification of the revolving purifier (Anderson Process) [12,152]
with the added advantage that no revolution is needed and the system can operate energy free.

According to 2017 World Health Organization Joint Monitoring Programme Report, 844 million
people still lacked a basic drinking water service; this includes 263 million people who spend over
30 min to collect water from sources outside the home, and 159 million people collected drinking
water directly from surface water sources (58% lived in sub-Saharan Africa) [153]. Since Fe0-amended
filters were successfully tested in the battle against arsenic poisoning in southern Asia, they may also
offer a unique opportunity to solve the worldwide shortage for safe drinking water provision on a
self-reliant manner.

6. Concluding Remarks

The mechanism of contaminant removal in Fe0/based systems and the identity of the redox active
species involved in the mechanism were the subject of an active debate in the last years. The first
concept proposed in the early nineties for the removal of CrVI with Fe0, and widely accepted since
then, was the reductive-precipitation mechanism. This concept attributed the efficiency of Fe0/H2O
systems to CrVI chemical transformations, mainly to direct reduction with Fe0 and subsequent (co-)
precipitation of the resulted cations. Recently, a new approach (the adsorption-co-precipitation concept),
provided added perspectives to the mechanism of contaminant removal in Fe0/H2O systems, trying to
demonstrate that direct reduction (if applicable) is less important than had previously been assumed.
According to this new concept, contaminants are quantitatively removed in Fe0/H2O systems
principally by adsorption and co-precipitation, while reduction, when possible, is mainly the result
of indirect reducing agents produced by Fe0 corrosion. Based on the current knowledge, this review
clearly demonstrates that CrVI removal in Fe0/H2O systems is actually a very complex mechanism,
including the adsorption, reduction, and co-precipitation/entrapment processes. Therefore, the new
adsorption-co-precipitation concept should not be considered as a contradiction, but as an extension to
the reductive-precipitation theory.

Acknowledgments: This work was supported by a grant of the Romanian National Authority for Scientific
Research and Innovation, CNCS—UEFISCDI, project number PN-II-RU-TE-2014-4-0508. Thoughtful suggestions
provided by guest editor Chicgoua Noubactep on the draft manuscript are gratefully acknowledged.
The manuscript was improved by the insightful comments of anonymous reviewers from Water.



Water 2018, 10, 651 17 of 23

Conflicts of Interest: The author declares no conflict of interest.

References

1. Velma, V.; Vutukuru, S.S.; Tchounwou, P.B. Ecotoxicology of hexavalent chromium in freshwater fish:
A critical review. Rev. Environ. Health 2009, 24, 129–145. [CrossRef] [PubMed]

2. Stasinakis, A.S.; Thomaidis, N.S.; Mamais, D.; Papanikolaou, E.C.; Tsakon, A.; Lekkas, T.D. Effects of
chromium(VI) addition on the activated sludge process. Water Res. 2003, 37, 2140–2148. [CrossRef]

3. Kanojia, R.K.; Junaid, M.; Murthy, R.C. Embryo and fetotoxicity of hexavalent chromium: A long-term study.
Toxicol. Lett. 1998, 95, 165–172. [CrossRef]

4. McLean, J.E.; McNeill, L.S.; Edwards, M.A.; Parks, J.L. Hexavalent chromium review, part 1: Health effects,
regulations, and analysis. J. Am. Water Works Assoc. 2012, 104, E348–E357. [CrossRef]

5. McNeill, L.S.; McLean, J.E.; Parks, J.L.; Edwards, M.A. Hexavalent chromium review, part 2: Chemistry,
occurence and treatment. J. Am. Water Works Assoc. 2012, 104, E395–E405. [CrossRef]

6. Gheju, M. Hexavalent chromium reduction with zero-valent iron (ZVI) in aquatic systems. Water Air Soil Pollut.
2011, 222, 103–148. [CrossRef]

7. Fu, F.; Dionysiou, D.D.; Liu, H. The use of zero-valent iron for groundwater remediation and wastewater
treatment: A review. J. Hazard. Mater. 2014, 267, 94–205. [CrossRef] [PubMed]

8. Obiri-Nyarko, F.; Grajales-Mesa, S.J.; Malina, G. An overview of permeable reactive barriers for in situ
sustainable groundwater remediation. Chemosphere 2014, 111, 243–259. [CrossRef] [PubMed]

9. Wilkin, R.T.; Acree, S.D.; Ross, R.R.; Puls, R.W.; Lee, T.R.; Woods, L.L. Fifteen-year assessment of a permeable
reactive barrier for treatment of chromate and trichloroethylene in groundwater. Sci. Total Environ. 2014,
468–469, 186–194. [CrossRef] [PubMed]

10. Guan, X.; Sun, Y.; Qin, H.; Li, J.; Lo, I.M.C.; He, D.; Dong, H. The limitations of applying zero-valent iron
technology in contaminants sequestration and the corresponding countermeasures: The development in
zero-valent iron technology in the last two decades (1994–2014). Water Res. 2015, 75, 224–248. [CrossRef]
[PubMed]

11. Noubactep, C. Metallic iron for environmental remediation: A review of reviews. Water Res. 2015, 85,
114–123. [CrossRef] [PubMed]

12. Mwakabona, H.T.; Nde-Tchoupe, A.I.; Njau, K.N.; Noubactep, C.; Wydra, K.D. Metallic iron for safe drinking
water provision: Considering a lost knowledge. Water Res. 2017, 117, 127–142. [CrossRef] [PubMed]

13. Hoover, C.R.; Masselli, J.W. Disposal of waste liquors from chromium plating. Ind. Eng. Chem. 1941, 33,
131–134. [CrossRef]

14. Gheju, M. Decontamination of hexavalent chromium-polluted waters: Significance of metallic iron
technology. In Enhancing Cleanup of Environmental Pollutants: Non Biological Approaches; Anjum, N., Gill, S.,
Tuteja, N., Eds.; Springer International Publishing: Cham, Switzerland, 2017; Volume 2, pp. 209–254.

15. Gould, J.P. The kinetics of hexavalent chromium reduction by metallic iron. Water Res. 1982, 16, 871–877.
[CrossRef]

16. Noubactep, C. Elemental metals for environmental remediation: Learning from cementation process.
J. Hazard. Mater. 2010, 181, 1170–1174. [CrossRef] [PubMed]

17. Case, O.P.; Jones, R.B.L.; Connecticut Research Commission. Treatment of Brass Mill Effluents; RSA-68-34;
Anaconda American Brass Co.: Waterbury, CT, USA, 1969.

18. Case, O.P. Metallic Recovery from Waste Waters Utilizing Cementation; EPA-670/2-74-008; Edison Water Quality
Research Laboratory, National Environmental Research Center: Edison, NJ, USA, 1974.

19. Case, O.P.; Jones, R.B.L.; Speelman, R.D.; Archambault, J.W. Method for Simultaneous Reduction of
Hexavalent Chromium and Cementation of Copper. U.S. Patent 3,748,124, 24 July 1973.

20. McKaveney, J.P.; Fassinger, W.P.; Stivers, D.A. Removal of heavy metals from water and brine using silicon
alloys. Environ. Sci. Technol. 1972, 6, 1109–1113. [CrossRef]

21. Bowers, A.R.; Ortiz, C.A.; Cardozo, R.J. Iron process for treatment of Cr(VI) wastewaters. In Proceedings of
the 41st Industrial Waste Conference, West Lafayette, IN, USA, 13–15 May 1986; pp. 465–473.

22. Cantrell, K.J.; Kaplan, D.I.; Wietsma, T.W. Zero-valent iron for the in situ remediation of selected metals in
groundwater. J. Hazard. Mater. 1995, 42, 201–212. [CrossRef]

http://dx.doi.org/10.1515/REVEH.2009.24.2.129
http://www.ncbi.nlm.nih.gov/pubmed/19658319
http://dx.doi.org/10.1016/S0043-1354(02)00623-1
http://dx.doi.org/10.1016/S0378-4274(98)00034-4
http://dx.doi.org/10.5942/jawwa.2012.104.0091
http://dx.doi.org/10.5942/jawwa.2012.104.0092
http://dx.doi.org/10.1007/s11270-011-0812-y
http://dx.doi.org/10.1016/j.jhazmat.2013.12.062
http://www.ncbi.nlm.nih.gov/pubmed/24457611
http://dx.doi.org/10.1016/j.chemosphere.2014.03.112
http://www.ncbi.nlm.nih.gov/pubmed/24997925
http://dx.doi.org/10.1016/j.scitotenv.2013.08.056
http://www.ncbi.nlm.nih.gov/pubmed/24021639
http://dx.doi.org/10.1016/j.watres.2015.02.034
http://www.ncbi.nlm.nih.gov/pubmed/25770444
http://dx.doi.org/10.1016/j.watres.2015.08.023
http://www.ncbi.nlm.nih.gov/pubmed/26311273
http://dx.doi.org/10.1016/j.watres.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28390234
http://dx.doi.org/10.1021/ie50373a031
http://dx.doi.org/10.1016/0043-1354(82)90016-1
http://dx.doi.org/10.1016/j.jhazmat.2010.05.085
http://www.ncbi.nlm.nih.gov/pubmed/20554389
http://dx.doi.org/10.1021/es60072a008
http://dx.doi.org/10.1016/0304-3894(95)00016-N


Water 2018, 10, 651 18 of 23

23. McMurty, D.C.; Elton, R.O. New approach to in-situ treatment of contaminated groundwaters. Environ. Prog.
1985, 4, 168–170. [CrossRef]

24. Thomson, B.M.; Shelton, S.P. Permeable barriers: A new alternative for treatment of contaminated ground
waters. In Proceedings of the Focus Conference on Southwestern Ground Water Issues, Albuquerque, NM,
USA, 23–25 March 1988; pp. 441–453.

25. Blowes, D.W.; Ptacek, C.J.; Jambor, J.L. In-situ remediation of chromate contaminated groundwater using
permeable reactive walls: Laboratory studies. Environ. Sci. Technol. 1997, 31, 3348–3357. [CrossRef]

26. Henderson, A.D.; Demond, A.H. Long-term performance of zero-valent iron permeable reactive barriers:
A critical review. Environ. Eng. Sci. 2007, 24, 401–424. [CrossRef]

27. Puls, R.W.; Paul, C.J.; Powell, R.M. The application of in situ permeable reactive (zero-valent iron) barrier
technology for the remediation of chromate-contaminated groundwater: A field test. Appl. Geochem. 1999, 14,
989–1000. [CrossRef]

28. Scherer, M.M.S.; Richter, S.; Valentine, R.L.; Alvarez, P.J.J. Chemistry and microbiology of reactive barriers
for in situ groundwater cleanup. Crit. Rev. Environ. Sci. Technol. 2000, 30, 363–411. [CrossRef]

29. Noubactep, C.; Schoner, A. Metallic iron for environmental remediation: Learning from electrocoagulation.
J. Hazard. Mater. 2010, 175, 1075–1080. [CrossRef] [PubMed]

30. Btatkeu-K, B.D.; Tchatchueng, J.B.; Noubactep, C.; Caré, S. Designing metallic iron based water filters: Light
from methylene blue discoloration. J. Environ. Manag. 2016, 166, 567–573. [CrossRef] [PubMed]

31. Li, S.; Ding, Y.; Wang, W.; Lei, H. A facile method for determining the Fe(0) content and reactivity of zero
valent iron. Anal. Methods 2016, 8, 1239–1248. [CrossRef]

32. Rhodes, H.F.; Carty, J.T. The corrosion of certain metals by carbon tetrachloride. Ind. Eng. Chem. 1925, 17,
909–911. [CrossRef]

33. Sweeney, K.H. The reductive treatment of industrial wastewaters: I. Process description. AIChE Symp. Ser.
1980, 209, 67–71.

34. Sweeney, K.H. The reductive treatment of industrial wastewaters: II. Process applications. AIChE Symp. Ser.
1981, 209, 72–78.

35. Reynolds, G.W.; Hoff, J.T.; Gillham, R.W. Sampling bias caused by materials used to monitor halocarbons in
groundwater. Environ. Sci. Technol. 1990, 24, 135–142. [CrossRef]

36. Gillham, R.W.; O’Hannesin, S.F. Metal-catalysed abiotic degradation of halogenated organic compounds.
Ground Water 1991, 29, 752–761.

37. Lipczynska-Kochany, E.; Harms, S.; Milburn, R.; Sprah, G.; Nadarajah, N. Degradation of carbon tetrachloride
in the presence of iron and sulphur containing compounds. Chemosphere 1994, 29, 1477–1489. [CrossRef]

38. Gillham, R.W.; O’Hannesin, S.F. Enhanced degradation of halogenated aliphatics by zero-valent iron.
Ground Water 1994, 32, 958–967. [CrossRef]

39. Matheson, L.J.; Tratnyek, P.G. Reductive dehalogenation of chlorinated methanes by iron metal. Environ. Sci. Technol.
1994, 28, 2045–2053. [CrossRef] [PubMed]

40. Blowes, D.W.; Ptacek, C.J. Geochemical remediation of groundwater by permeable reactive walls: Removal
of chromate by reaction with iron-bearing solids. In Proceedings of the Subsurface Restoration Conference,
Third International Conference on Groundwater Quality Research, Dallas, TX, USA, 21–24 June 1992;
pp. 214–216.

41. Powell, R.M.; Puls, R.W.; Hightower, S.K.; Sabatini, D.A. Coupled iron corrosion and chromate reduction:
Mechanisms for subsurface remediation. Environ. Sci. Technol. 1995, 29, 1913–1922. [CrossRef] [PubMed]

42. Powell, R.M.; Puls, R.W. Proton generation by dissolution of intrinsic or augmented aluminosilicate minerals
for in situ contaminant remediation by zero-valence-state iron. Environ. Sci. Technol. 1997, 31, 2244–2251.
[CrossRef]

43. Eary, L.E.; Rai, D. Chromate removal from aqueous wastes by reduction with ferrous ion. Environ. Sci. Technol.
1988, 22, 972–977. [CrossRef] [PubMed]

44. Pratt, A.R.; Blowes, D.W.; Ptacek, C.J. Products of chromate reduction on proposed subsurface remediation
material. Environ. Sci. Technol. 1997, 31, 2492–2498. [CrossRef]

45. Puls, R.W.; Paul, C.J.; Powell, R.M.; Kerr, R.S. Remediation of Chromate-Contaminated Groundwater Using
Zero-Valent Iron: Field Test at USCG Support Center, Elizabeth City, North Carolina; PB-97-122915/X, United
States Environmental Protection Agency: Washington, DC, USA, 1996.

http://dx.doi.org/10.1002/ep.670040311
http://dx.doi.org/10.1021/es960844b
http://dx.doi.org/10.1089/ees.2006.0071
http://dx.doi.org/10.1016/S0883-2927(99)00010-4
http://dx.doi.org/10.1080/10643380091184219
http://dx.doi.org/10.1016/j.jhazmat.2009.09.152
http://www.ncbi.nlm.nih.gov/pubmed/19864056
http://dx.doi.org/10.1016/j.jenvman.2015.10.021
http://www.ncbi.nlm.nih.gov/pubmed/26518123
http://dx.doi.org/10.1039/C5AY02182K
http://dx.doi.org/10.1021/ie50189a012
http://dx.doi.org/10.1021/es00071a017
http://dx.doi.org/10.1016/0045-6535(94)90279-8
http://dx.doi.org/10.1111/j.1745-6584.1994.tb00935.x
http://dx.doi.org/10.1021/es00061a012
http://www.ncbi.nlm.nih.gov/pubmed/22191743
http://dx.doi.org/10.1021/es00008a008
http://www.ncbi.nlm.nih.gov/pubmed/22191337
http://dx.doi.org/10.1021/es9607345
http://dx.doi.org/10.1021/es00173a018
http://www.ncbi.nlm.nih.gov/pubmed/22195722
http://dx.doi.org/10.1021/es9607897


Water 2018, 10, 651 19 of 23

46. Blowes, D.W.; Ptacek, C.J.; Benner, S.G.; McRae, C.W.T.; Bennett, T.A.; Puls, R.W. Treatment of inorganic
contaminants using permeable reactive barriers. J. Contam. Hydrol. 2000, 45, 123–137. [CrossRef]

47. Furukawa, Y.; Kim, J.W.; Watkins, J.; Wilkin, R.T. Formation of ferrihydrite and associated iron corrosion
products in permeable reactive barriers of zero-valent iron. Environ. Sci. Technol. 2002, 36, 5469–5475.
[CrossRef] [PubMed]

48. Bilardi, S.; Calabro, P.S.; Care, S.; Moraci, N.; Noubactep, C. Improving the sustainability of granular
iron/pumice systems for water treatment. J. Environ. Manag. 2013, 121, 133–141. [CrossRef] [PubMed]

49. Noubactep, C. Flaws in the design of Fe(0)-based filtration systems? Chemosphere 2014, 117, 104–107.
[CrossRef] [PubMed]

50. Domga, R.; Togue-Kamga, F.; Noubactep, C.; Tchatchueng, J.B. Discussing porosity loss of Fe0 packed water
filters at ground level. Chem. Eng. J. 2015, 263, 127–134. [CrossRef]

51. Puls, R.W.; Blowes, D.W.; Gillham, R.W. Emplacement verification and long-term performance monitoring
of a permeable reactive barrier at the USCG Support Center, Elizabeth City, North Carolina. In Proceedings
of the Groundwater Quality: Remediation and Protection Conference, Tubingen, Germany, 21–25 September
1998; pp. 459–466.

52. Puls, R.W.; Blowes, D.W.; Gillham, R.W. Long-term performance monitoring for a permeable reactive barrier
at the U.S. Coast Guard Support Center, Elizabeth City, North Carolina. J. Hazard. Mater. 1999, 68, 109–124.
[CrossRef]

53. Blowes, D.W.; Gillham, R.W.; Ptacek, C.J.; Puls, R.W.; Bennett, T.A.; O’Hannesin, S.F.; Hanton-Fong, C.J.;
Bain, J.G. An In Situ Permeable Reactive Barrier for the Treatment of Hexavalent Chromium and Trichloroethylene in
Ground Water: Design and Installation; EPA/600/R-99/095a, United States Environmental Protection Agency:
Washington, DC, USA, 1999; Volume 1.

54. Blowes, D.W.; Ptacek, C.J.; Bener, S.G.; McRae, C.W.T.; Puls, R.W. Treatment of dissolved metals using
permeable reactive barriers. In Proceedings of the Groundwater Quality: Remediation and Protection
Conference, Tubingen, Germany, 21–25 September 1998; pp. 483–490.

55. Wilkin, R.T.; Su, C.; Ford, R.G.; Paul, C.J. Chromium-removal processes during groundwater remediation by
a zerovalent iron permeable reactive barrier. Environ. Sci. Technol. 2005, 39, 4599–4605. [CrossRef] [PubMed]

56. Wilkin, R.T.; Puls, R.W.; Sewell, G.W. Long-term performance of permeable reactive barriers using zero-valent
iron: Geochemical and microbiological effects. Ground Water 2003, 41, 493–503. [CrossRef] [PubMed]

57. Yoon, I.H.; Bang, S.; Chang, J.S.; Kim, M.G.; Kim, K.W. Effects of pH and dissolved oxygen on Cr(VI) removal
in Fe(0)/H2O systems. J. Hazard. Mater. 2011, 186, 855–862. [CrossRef] [PubMed]

58. Buerge, I.J.; Hug, S.J. Kinetics and pH dependence of chromium(VI) reduction by iron(II). Environ. Sci. Technol.
1997, 31, 1426–1432. [CrossRef]

59. Flury, B.; Eggenberger, U.; Mader, U. First results of operating and monitoring an innovative design of a
permeable reactive barrier for the remediaton of chromate contaminated groundwater. J. Appl. Geochem.
2009, 24, 687–697. [CrossRef]

60. Flury, B.; Frommer, J.; Eggenberger, U.; Mader, U.; Nachtegaal, M.; Kretzschmar, R. Assessment of long-term
performance and chromate reduction mechanisms in a field scale permeable reactive barrier. Environ. Sci. Technol.
2009, 43, 6786–6792. [CrossRef] [PubMed]

61. Astrup, T.; Stipp, S.L.S.; Christensen, T.H. Immobilization of chromate from coal fly ash leachate using an
attenuating barrier containing zerovalent iron. Environ. Sci. Technol. 2000, 34, 163–168. [CrossRef]

62. Chen, S.S.; Cheng, C.Y.; Li, C.W.; Chai, P.H.; Chang, Y.M. Reduction of chromate from electroplating
wastewater from pH 1 to 2 using fluidized zero valent iron process. J. Hazard. Mater. 2007, 142, 362–367.
[CrossRef] [PubMed]

63. Kohn, T.; Livi, K.J.T.; Roberts, A.L.; Vikesland, P.J. Longevity of granular iron in groundwater treatment
processes: Corrosion product development. Environ. Sci. Technol. 2005, 39, 2867–2879. [CrossRef] [PubMed]

64. Odziemkowski, M.S.; Simpraga, R.P. Distribution of oxides on iron materials used for remediation of organic
groundwater contaminants: Implication for hydrogen evolution reactions. Can. J. Chem. 2004, 82, 1–12.
[CrossRef]

65. Ritter, K.; Odziemkowski, M.S.; Gillham, R.W. An in situ study of the role of surface films on granular iron
in the permeable iron wall technology. J. Contam. Hydrol. 2002, 55, 87–111. [CrossRef]

66. Yang, J.E.; Kim, J.S.; Ok, Y.S.; Yoo, K.R. Mechanistic evidence and efficiency of the Cr(VI) reduction in water
by different sources of zerovalent irons. Water Sci. Technol. 2007, 55, 197–202. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0169-7722(00)00122-4
http://dx.doi.org/10.1021/es025533h
http://www.ncbi.nlm.nih.gov/pubmed/12521177
http://dx.doi.org/10.1016/j.jenvman.2013.02.042
http://www.ncbi.nlm.nih.gov/pubmed/23542211
http://dx.doi.org/10.1016/j.chemosphere.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/24981839
http://dx.doi.org/10.1016/j.cej.2014.10.105
http://dx.doi.org/10.1016/S0304-3894(99)00034-5
http://dx.doi.org/10.1021/es050157x
http://www.ncbi.nlm.nih.gov/pubmed/16047798
http://dx.doi.org/10.1111/j.1745-6584.2003.tb02383.x
http://www.ncbi.nlm.nih.gov/pubmed/12873012
http://dx.doi.org/10.1016/j.jhazmat.2010.11.074
http://www.ncbi.nlm.nih.gov/pubmed/21163574
http://dx.doi.org/10.1021/es960672i
http://dx.doi.org/10.1016/j.apgeochem.2008.12.020
http://dx.doi.org/10.1021/es803526g
http://www.ncbi.nlm.nih.gov/pubmed/19764250
http://dx.doi.org/10.1021/es0009424
http://dx.doi.org/10.1016/j.jhazmat.2006.08.029
http://www.ncbi.nlm.nih.gov/pubmed/16987595
http://dx.doi.org/10.1021/es048851k
http://www.ncbi.nlm.nih.gov/pubmed/15884388
http://dx.doi.org/10.1139/v04-120
http://dx.doi.org/10.1016/S0169-7722(01)00187-5
http://dx.doi.org/10.2166/wst.2007.062
http://www.ncbi.nlm.nih.gov/pubmed/17305140


Water 2018, 10, 651 20 of 23

67. Jeen, S.W.; Blowes, D.W.; Gillham, R.W. Performance evaluation of granular iron for removing hexavalent
chromium under different geochemical conditions. J. Contam. Hydrol. 2008, 95, 76–91. [CrossRef] [PubMed]

68. McCafferty, E.; Bernett, M.K.; Murday, J.S. An XPS study of passive film formation on iron in chromate
solutions. Corros. Sci. 1988, 28, 559–576. [CrossRef]

69. Alidokht, L.; Khataee, A.R.; Reyhanitabar, A.; Oustan, S. Reductive removal of Cr(VI) by starch-stabilized
Fe0 nanoparticles in aqueous solution. Desalination 2011, 270, 105–110. [CrossRef]

70. Ribas, D.; Cernik, M.; Benito, J.A.; Filip, J.; Marti, V. Activation process of air stable nanoscale zero-valent
iron particles. Chem. Eng. J. 2017, 320, 290–299.

71. Qian, L.; Zhang, W.; Yan, J.; Han, L.; Chen, Y.; Ouyang, D.; Chen, M. Nanoscale zero-valent iron supported
by biochars produced at different temperatures: Synthesis mechanism and effect on Cr(VI) removal.
Environ. Pollut. 2017, 223, 153–160. [CrossRef] [PubMed]

72. Gao, Y.; Liu, R. Removal of Cr(VI) from groundwater by Fe(0). Appl. Water Sci. 2017, 7, 3625–3661. [CrossRef]
73. Shi, D.; Zhang, X.; Wang, J.; Fan, J. Highly reactive and stable nanoscale zero-valent iron prepared within

vesicles and its high-performance removal of water pollutants. Appl. Catal. B 2018, 221, 610–617. [CrossRef]
74. Amin, N.K. Reduction of hexavalent chromium using zerovalent iron spheres packed in a rotating basket

reactor: Kinetic and mass transfer study. Desalin. Water Treat. 2013, 51, 2146–2152. [CrossRef]
75. Dries, J.; Bastiaens, L.; Springael, D.; Kuypers, S.; Agathos, S.N.; Diels, L. Effect of humic acids on heavy

metal removal by zero-valent iron in batch and continuous flow column systems. Water Res. 2005, 39,
3531–3540. [CrossRef] [PubMed]

76. Fiuza, A.; Silva, A.; Carvalho, G.; Fuente, A.V.; Delerue-Matos, C. Heterogeneous kinetics of the reduction of
chromium (VI) by elemental iron. J. Hazard. Mater. 2010, 175, 1042–1047. [CrossRef] [PubMed]

77. Dutta, R.; Mohammad, S.S.; Chakrabarti, S.; Chaudhuri, B.; Bhattacharjee, S.V.; Dutta, B.K. Reduction of
hexavalent chromium in aqueous medium with zerovalent iron. Water Environ. Res. 2010, 82, 138–146.
[CrossRef] [PubMed]

78. Franco, D.V.; Da Silva, L.M.; Jardim, W.F. Reduction of hexavalent chromium in soil and ground water using
zero-valent iron under batch and semi-batch conditions. Water Air Soil Pollut. 2009, 197, 49–60. [CrossRef]

79. Mitra, P.; Sarkar, D.; Chakrabarti, S.; Dutta, B.K. Reduction of hexa-valent chromium with zero-valent iron:
Batch kinetic studies and rate model. Chem. Eng. J. 2011, 171, 54–60. [CrossRef]

80. Noubactep, C. A critical review on the mechanism of contaminant removal in Fe0–H2O systems. Environ.
Technol. 2008, 29, 909–920. [CrossRef] [PubMed]

81. Montesinos, V.N.; Quici, N.; Halac, E.B.; Leyva, A.G.; Custo, G.; Bengio, S.; Zampieri, G.; Litte, M.I.
Highly efficient removal of Cr(VI) from water with nanoparticulated zerovalent iron: Understanding
the Fe(III)–Cr(III) passive outer layer structure. Chem. Eng. J. 2014, 244, 569–575. [CrossRef]

82. Ghauch, A. Iron-based metallic systems: An excellent choice for sustainable water treatment. Freib. Online Geosci.
2015, 38, 1–80.

83. Noubactep, C. Metallic iron for water treatment: A critical review. Clean Soil Air Water 2013, 41, 702–710.
[CrossRef]

84. Coelho, F.; Ardisson, J.D.; Moura, F.C.C.; Lago, R.M.; Murad, E.; Fabris, J.D. Potential application of highly
reactive Fe(0)/Fe3O4 composites for the reduction of Cr(VI) environmental contaminants. Chemosphere
2008, 71, 90–96. [CrossRef] [PubMed]

85. Scherer, M.; Balko, B.A.; Tratnyek, P.G. The role of oxides in reduction reactions at the metal-water interface.
In Mineral-Water Interfacial Reactions; Sparks, D.L., Grundl, T.L., Eds.; American Chemical Society Symposium
Series: Washington, DC, USA, 1999; pp. 301–322.

86. Qiu, S.R.; Lai, H.F.; Roberson, M.J.; Hunt, M.L.; Amrhein, C.; Giancarlo, L.C.; Flynn, G.W.; Yarmoff, J.A.
Removal of contaminants from aqueous solution by reaction with iron surfaces. Langmuir 2000, 16, 2230–2236.
[CrossRef]

87. Odziemkowski, M.S.; Schuhmacher, T.T.; Gillham, R.W.; Reardon, E.J. Mechanism of oxide film formation
on iron in simulating groundwater solutions: Raman spectroscopic studies. Corros. Sci. 1998, 40, 371–389.
[CrossRef]

88. Vega, A.; Fiuza, A.; Guimaraes, F. Insight into the phenomenology of the Cr(VI) reduction by metallic iron
using an electron probe microanalyzer. Langmuir 2010, 26, 11980–11986. [CrossRef] [PubMed]

89. Huang, Y.H.; Zhang, T.C.; Shea, P.J.; Comfort, S.D. Effect of iron coating and selected cations on nitrate
reduction by iron. J. Environ. Qual. 2003, 32, 1306–1315. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jconhyd.2007.07.012
http://www.ncbi.nlm.nih.gov/pubmed/17913283
http://dx.doi.org/10.1016/0010-938X(88)90024-8
http://dx.doi.org/10.1016/j.desal.2010.11.028
http://dx.doi.org/10.1016/j.envpol.2016.12.077
http://www.ncbi.nlm.nih.gov/pubmed/28110906
http://dx.doi.org/10.1007/s13201-016-0506-0
http://dx.doi.org/10.1016/j.apcatb.2017.09.057
http://dx.doi.org/10.1080/19443994.2013.734680
http://dx.doi.org/10.1016/j.watres.2005.06.020
http://www.ncbi.nlm.nih.gov/pubmed/16095659
http://dx.doi.org/10.1016/j.jhazmat.2009.10.116
http://www.ncbi.nlm.nih.gov/pubmed/19945789
http://dx.doi.org/10.2175/106143009X426013
http://www.ncbi.nlm.nih.gov/pubmed/20183980
http://dx.doi.org/10.1007/s11270-008-9790-0
http://dx.doi.org/10.1016/j.cej.2011.03.037
http://dx.doi.org/10.1080/09593330802131602
http://www.ncbi.nlm.nih.gov/pubmed/18724646
http://dx.doi.org/10.1016/j.cej.2014.01.093
http://dx.doi.org/10.1002/clen.201200502
http://dx.doi.org/10.1016/j.chemosphere.2007.10.016
http://www.ncbi.nlm.nih.gov/pubmed/18061239
http://dx.doi.org/10.1021/la990902h
http://dx.doi.org/10.1016/S0010-938X(97)00141-8
http://dx.doi.org/10.1021/la1014175
http://www.ncbi.nlm.nih.gov/pubmed/20578753
http://dx.doi.org/10.2134/jeq2003.1306
http://www.ncbi.nlm.nih.gov/pubmed/12931886


Water 2018, 10, 651 21 of 23

90. Gheju, M.; Balcu, I. Removal of chromium from Cr(VI) polluted wastewaters by reduction with scrap iron
and subsequent precipitation of resulted cations. J. Hazard. Mater. 2011, 196, 131–138. [CrossRef] [PubMed]

91. Gatcha-Bandjun, N.; Noubactep, C.; Loura Mbenguela, B. Water treatment with Fe0/H2O systems: Learning
from internal electrolysis. Fresenius Environ. Bull. 2014, 23, 2663–2669.

92. Kadu, B.S.; Sathe, Y.D.; Ingle, A.B.; Chikate, R.C.; Patil, K.R.; Rode, C.V. Efficiency and recycling capability of
montmorillonite supported Fe–Ni bimetallic nanocomposites towards hexavalent chromium remediation.
Appl. Catal. B 2011, 104, 407–414. [CrossRef]

93. Kadu, B.S.; Chikate, R.C. nZVI based nanocomposites: Role of noble metal and clay support on chemisorptive
removal of Cr(VI). J. Environ. Chem. Eng. 2013, 1, 320–327. [CrossRef]

94. Williams, A.G.B.; Scherer, M.M. Kinetics of Cr(VI) reduction by carbonate green rust. Environ. Sci. Technol.
2001, 35, 3488–3494. [CrossRef] [PubMed]

95. Fendorf, S.E.; Wielinga, B.; Hansel, C. Chromium transformations in natural environments: The role of
biological and abiological processes in chromium(VI) reduction. Int. Geol. Rev. 2000, 42, 691–701. [CrossRef]

96. He, H.; Wu, D.; Wang, Q.; Luo, C.; Duan, N. Sequestration of hexavalent chromium by Fe(II)/Fe(III)
hydroxides: Structural Fe(II) reactivity and PO4

3− effect. Chem. Eng. J. 2016, 283, 948–955. [CrossRef]
97. Tomaszewski, E.J.; Lee, S.; Rudolph, J.; Xu, H.; Ginder-Vogel, M. The reactivity of Fe(II) associated with

goethite formed during short redox cycles toward Cr(VI) reduction under oxic conditions. Chem. Geol.
2017, 464, 101–109. [CrossRef]

98. Ai, Z.; Cheng, Y.; Zhang, L.; Qiu, J. Efficient removal of Cr(VI) from aqueous solution with Fe and Fe2O3

core-shell nanowires. Environ. Sci. Technol. 2008, 42, 6955–6960. [CrossRef] [PubMed]
99. Isaacs, H.S.; Virtanen, S.; Ryan, M.P.; Schmuki, P.; Oblonski, L.J. Incorporation of Cr in the passive film on Fe

from chromate solutions. Electrochim. Acta 2002, 47, 3127–3130. [CrossRef]
100. Lai, K.C.K.; Lo, I.M. Removal of chromium(VI) by acid-washed zero-valent iron under various groundwater

geochemistry conditions. Environ. Sci. Technol. 2008, 42, 1238–1244. [CrossRef] [PubMed]
101. Li, X.Q.; Cao, J.; Zhang, W.X. Stoichiometry of Cr(VI) immobilization using nanoscale zerovalent iron (nZVI):

A study with high-resolution X-Ray Photoelectron Spectroscopy (HR-XPS). Ind. Eng. Chem. Res. 2008, 47,
2131–2139. [CrossRef]

102. Fuller, S.J.; Stewartm, D.I.; Burke, I.T. Chromate reduction in highly alkaline groundwater by zerovalent iron:
Implications for its use in a permeable reactive barrier. Ind. Eng. Chem. Res. 2013, 52, 4704–4714. [CrossRef]

103. Chrysochoou, M.; Johnston, C.P.; Dahal, G. A comparative evaluation of hexavalent chromium treatment
in contaminated soil by calcium polysulfide and green-tea nanoscale zero-valent iron. J. Hazard. Mater.
2012, 201–202, 33–42. [CrossRef] [PubMed]

104. Gheju, M.; Iovi, A.; Balcu, I. Hexavalent chromium reduction with scrap iron in continuous-flow system.
Part 1: Effect of feed solution pH. J. Hazard. Mater. 2008, 153, 655–662. [CrossRef] [PubMed]

105. Gheju, M.; Balcu, I. Hexavalent chromium reduction with scrap iron in continuous-flow system. Part 2:
Effect of scrap iron shape and size. J. Hazard. Mater. 2010, 182, 484–493. [CrossRef] [PubMed]

106. Feng, P.; Guan, X.; Sun, Y.; Choi, W.; Qin, H.; Wang, J.; Qiao, J.; Li, L. Weak magnetic field accelerates
chromate removal by zero-valent iron. J. Environ. Sci. 2015, 31, 175–183. [CrossRef] [PubMed]

107. Melitas, N.; Chufe-Moscoso, O.; Farrell, J. Kinetics of soluble chromium removal from contaminated water
by zerovalent iron media: Corrosion inhibition and passive oxide effects. Environ. Sci. Technol. 2001, 35,
3948–3953. [CrossRef] [PubMed]

108. Zhou, H.; He, Y.; Lan, Y.; Mao, J.; Chen, S. Influence of complex reagents on removal of chromium(VI) by
zero-valent iron. Chemosphere 2008, 72, 870–887. [CrossRef] [PubMed]

109. Li, J.; Qin, H.; Zhang, W.X.; Shi, Z.; Zhao, D.; Guan, X. Enhanced Cr(VI) removal by zero-valent iron coupled
with weak magnetic field: Role of magnetic gradient force. Sep. Purif. Technol. 2017, 176, 40–47. [CrossRef]

110. Mak, M.S.H.; Lo, I.M.C. Influences of redox transformation, metal complexation and aggregation of fulvic
acid and humic acid on Cr(VI) and As(V) removal by zero-valent iron. Chemosphere 2011, 84, 234–240.
[CrossRef] [PubMed]

111. Liu, L.; Wei, S.; Liu, Y.; Shao, Z. Influence of photoirradation on reduction of hexavalent chromium by
zero-valent iron in the presence of organic acids. Desalination 2012, 285, 271–276. [CrossRef]

112. Crane, R.A.; Noubactep, C. Elemental metals for environmental remediation: Lessons from hydrometallurgy.
Fresenius Environ. Bull. 2012, 21, 1192–1196.

http://dx.doi.org/10.1016/j.jhazmat.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21955659
http://dx.doi.org/10.1016/j.apcatb.2011.02.011
http://dx.doi.org/10.1016/j.jece.2013.05.011
http://dx.doi.org/10.1021/es010579g
http://www.ncbi.nlm.nih.gov/pubmed/11563651
http://dx.doi.org/10.1080/00206810009465107
http://dx.doi.org/10.1016/j.cej.2015.07.088
http://dx.doi.org/10.1016/j.chemgeo.2017.01.029
http://dx.doi.org/10.1021/es800962m
http://www.ncbi.nlm.nih.gov/pubmed/18853815
http://dx.doi.org/10.1016/S0013-4686(02)00231-1
http://dx.doi.org/10.1021/es071572n
http://www.ncbi.nlm.nih.gov/pubmed/18351099
http://dx.doi.org/10.1021/ie061655x
http://dx.doi.org/10.1021/ie302914b
http://dx.doi.org/10.1016/j.jhazmat.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22169240
http://dx.doi.org/10.1016/j.jhazmat.2007.09.009
http://www.ncbi.nlm.nih.gov/pubmed/17933460
http://dx.doi.org/10.1016/j.jhazmat.2010.06.058
http://www.ncbi.nlm.nih.gov/pubmed/20638785
http://dx.doi.org/10.1016/j.jes.2014.10.017
http://www.ncbi.nlm.nih.gov/pubmed/25968271
http://dx.doi.org/10.1021/es001923x
http://www.ncbi.nlm.nih.gov/pubmed/11642457
http://dx.doi.org/10.1016/j.chemosphere.2008.04.010
http://www.ncbi.nlm.nih.gov/pubmed/18486963
http://dx.doi.org/10.1016/j.seppur.2016.11.075
http://dx.doi.org/10.1016/j.chemosphere.2011.04.024
http://www.ncbi.nlm.nih.gov/pubmed/21530997
http://dx.doi.org/10.1016/j.desal.2011.10.012


Water 2018, 10, 651 22 of 23

113. Noubactep, C. Processes of contaminant removal in “Fe0-H2O” systems revisited: The importance of
co-precipitation. Open Environ. J. 2007, 1, 9–13. [CrossRef]

114. Noubactep, C. Aqueous contaminant removal by metallic iron: Is the paradigm shifting? Water SA 2011, 37,
419–426. [CrossRef]

115. Hatfield, A.C. Aqueous Geochemistry of Rhenium and Chromium in Saltstone: Implications for
Understanding Technetium Mobility in Saltstone. Master’s Thesis, Clemson University, Clemson, SC,
USA, 2013.

116. Fendorf, S.E. Surface reactions of chromium in soil and waters. Geoderma 1995, 67, 55–71. [CrossRef]
117. Kimbrough, D.E.; Cohen, Y.; Winer, A.M. A critical assessment of chromium in the environment. Crit. Rev.

Environ. Sci. Technol. 1999, 29, 1–46. [CrossRef]
118. Henderson, T. Geochemical reduction of hexavalent chromium in the Trinity Sand aquifer. Ground Water

1994, 32, 477–486. [CrossRef]
119. Rai, D.; Sass, B.M.; Moore, D.A. Chromium(III) hydrolysis constants and solubility of chromium(III)

hydroxide. Inorg. Chem. 1987, 26, 345–349. [CrossRef]
120. Saha, R.; Nandi, R.; Saha, B. Sources and toxicity of hexavalent chromium. J. Coord. Chem. 2011, 64, 1782–1806.

[CrossRef]
121. Stout, M.D.; Herbert, R.A.; Kissling, G.E.; Collins, B.J.; Travlos, G.S.; Witt, K.L.; Melnick, R.L.; Abdo, K.M.;

Malarkey, D.E.; Hooth, M.J. Hexavalent chromium is carcinogenic to F344/N rats and B6C3F1 mice after
chronic oral exposure. Environ. Health Perspect. 2009, 117, 716–722. [CrossRef] [PubMed]

122. Zhitkovich, A. Chromium in drinking water: Sources, metabolism, and cancer risks. Chem. Res. Toxicol.
2011, 24, 1617–1629. [CrossRef] [PubMed]

123. Bagchi, D.; Stohs, S.J.; Downs, B.W. Cytotoxicity and oxidative mechanisms of different forms of chromium.
Toxicology 2002, 180, 5–22. [CrossRef]

124. Costa, M. Potential hazards of hexavalent chromate in our drinking water. Toxicol. Appl. Pharmacol. 2003, 188,
1–5. [CrossRef]

125. Anderson, R.A. Chromium as an essential nutrient for humans. Regul. Toxicol. Pharm. 1997, 26, S35–S41.
[CrossRef] [PubMed]

126. Pechova, A.; Pavlata, L. Chromium as an essential nutrient: A review. Vet. Med. 2007, 52, 1–18. [CrossRef]
127. Lee, G.; Hering, J.G. Oxidative dissolution of chromium(III) hydroxide at pH 9, 3, and 2 with product

inhibition at pH 2. Environ. Sci. Technol. 2005, 39, 4921–4928. [CrossRef] [PubMed]
128. White, A.F.; Peterson, M.L. Reduction of aqueous transition metal species on the surfaces of Fe(II)-containing

oxides. Geochim. Cosmochim. Acta 1996, 60, 3799–3814. [CrossRef]
129. Kendelewicz, T.; Liu, P.; Doyle, C.S.; Brown, G.E., Jr. Spectroscopic study of the reaction of aqueous Cr(VI)

with Fe3O4(111) surfaces. Surf. Sci. 2000, 469, 144–163. [CrossRef]
130. Gheju, M.; Balcu, I.; Vancea, C. An investigation of Cr(VI) removal with metallic iron in the co-presence of

sand and/or MnO2. J. Environ. Manag. 2016, 170, 145–151. [CrossRef] [PubMed]
131. Noubactep, C.; Meinrath, G.; Merkel, J.B. Investigating the mechanism of uranium removal by zerovalent

iron materials. Environ. Chem. 2005, 2, 235–242.
132. Vanysek, P. Electrochemical Series. In CRC Handbook of Chemistry and Physics; Haynes, W.M., Ed.; CRC Press:

Cleveland, OH, USA, 2010.
133. Pettine, M.; D’Ottone, L.; Campanella, L.; Millero, F.J.; Passino, R. The reduction of chromium (VI) by iron

(II) in aqueous solutions. Geochim. Cosmochim. Acta 1998, 62, 1509–1519. [CrossRef]
134. Schroeder, D.C.; Lee, G.F. Potential transformations of chromium in natural waters. Water Air Soil Pollut.

1975, 4, 355–365. [CrossRef]
135. Kotas, J.; Stasicka, Z. Chromium occurrence in the environment and methods of its speciation. Environ. Pollut.

2000, 107, 263–283. [CrossRef]
136. Rao, L.; Zhang, Z.; Friese, J.I.; Ritherdon, B.; Clark, S.B.; Hess, N.H.; Rai, D. Oligomerization of chromium(III)

and its impact on the oxidation of chromium(III) by hydrogen peroxide in alkaline solutions. J. Chem. Soc.
Dalton Trans. 2002, 0, 267–274. [CrossRef]

137. Palmer, C.D.; Puls, R.W. Natural Attenuation of Hexavalent Chromium in Groundwater and Soils; USEPA
154015-941505, Office of Research and Development: Ada, OK, USA, 1994.

138. Richard, F.C.; Bourg, A.C.M. Aqueous geochemistry of chromium: A review. Water Res. 1991, 25, 807–816.
[CrossRef]

http://dx.doi.org/10.2174/1874233500701010009
http://dx.doi.org/10.4314/wsa.v37i3.68493
http://dx.doi.org/10.1016/0016-7061(94)00062-F
http://dx.doi.org/10.1080/10643389991259164
http://dx.doi.org/10.1111/j.1745-6584.1994.tb00665.x
http://dx.doi.org/10.1021/ic00250a002
http://dx.doi.org/10.1080/00958972.2011.583646
http://dx.doi.org/10.1289/ehp.0800208
http://www.ncbi.nlm.nih.gov/pubmed/19479012
http://dx.doi.org/10.1021/tx200251t
http://www.ncbi.nlm.nih.gov/pubmed/21766833
http://dx.doi.org/10.1016/S0300-483X(02)00378-5
http://dx.doi.org/10.1016/S0041-008X(03)00011-5
http://dx.doi.org/10.1006/rtph.1997.1136
http://www.ncbi.nlm.nih.gov/pubmed/9380836
http://dx.doi.org/10.17221/2010-VETMED
http://dx.doi.org/10.1021/es048073w
http://www.ncbi.nlm.nih.gov/pubmed/16053093
http://dx.doi.org/10.1016/0016-7037(96)00213-X
http://dx.doi.org/10.1016/S0039-6028(00)00808-6
http://dx.doi.org/10.1016/j.jenvman.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26826456
http://dx.doi.org/10.1016/S0016-7037(98)00086-6
http://dx.doi.org/10.1007/BF00280721
http://dx.doi.org/10.1016/S0269-7491(99)00168-2
http://dx.doi.org/10.1039/b104154c
http://dx.doi.org/10.1016/0043-1354(91)90160-R


Water 2018, 10, 651 23 of 23

139. Noubactep, C. Contaminant reduction at the surface of elemental iron: The end of a myth. Wasser, Luft und
Boden - TerraTech Supplement 2006, 50(11/12), TT11-14. (In German)

140. Noubactep, C. About the operation of reactive walls: the origin of the premise that quantitative contaminant
reduction occurs at the surface of elemental iron materials. Wasser, Luft und Boden - TerraTech Supplement
2007, 50(3/4), TT10-14. (In German)

141. Noubactep, C. The fundamental mechanism of aqueous contaminant removal by metallic iron. Water SA
2010, 36, 663–670. [CrossRef]

142. Noubactep, C. An analysis of the evolution of reactive species in Fe0/H2O systems. J. Hazard. Mater.
2009, 168, 1626–1631. [CrossRef] [PubMed]

143. Noubactep, C. Designing metallic iron packed-beds for water treatment: A critical review. Clean Soil Air Water
2016, 44, 411–421. [CrossRef]

144. Mak, M.S.H.; Lo, I.M.C.; Liu, T. Synergistic effect of coupling zero-valent iron with iron oxide-coated sand in
columns for chromate and arsenate removal from groundwater: Influences of humic acid and the reactive
media configuration. Water Res. 2011, 45, 6575–6584. [CrossRef] [PubMed]

145. Hussam, A.; Munir, A.K.M. A simple and effective arsenic filter based on composite iron matrix:
Development and deployment studies for groundwater of Bangladesh. J. Environ. Sci. Health A 2007, 42,
1869–1878. [CrossRef] [PubMed]

146. Hussam, A. Contending with a development disaster: SONO filters remove arsenic from well water in
Bangladesh. Innovations 2009, 4, 89–102. [CrossRef]

147. Neumann, A.; Kaegi, R.; Voegelin, A.; Hussam, A.; Munir, A.K.M.; Hug, S.J. Arsenic removal with composite
iron matrix filters in Bangladesh: A field and laboratory study. Environ. Sci. Technol. 2013, 47, 4544–4554.
[CrossRef] [PubMed]

148. Banerji, T.; Chaudhari, S. A cost-effective technology for arsenic removal: Case study of zerovalent iron-based
IIT Bombay arsenic filter in West Bengal. In Water and Sanitation in the New Millennium; Nath, K., Sharma, V.,
Eds.; Springer: New Delhi, India, 2017; pp. 127–137.

149. Khan, A.H.; Rasul, S.B.; Munir, A.K.M.; Habibuddowla, M.; Alauddin, M.; Newaz, S.S.; Hussam, A. Appraisal
of a simple arsenic removal method for groundwater of Bangladesh. J. Environ. Sci. Health A 2000, 35,
1021–1041. [CrossRef]

150. Ahmed, J.U.; Tinne, W.S.; Al-Amin, M.; Rahanaz, M. Social innovation and SONO filter for drinking water.
Soc. Bus. Rev. 2018, 13, 15–26. [CrossRef]

151. Care, S.; Crane, R.; Calabro, P.S.; Ghauch, A.; Temgoua, E.; Noubactep, C. Modeling the permeability loss of
metallic iron water filtration systems. Clean Soil Air Water 2013, 41, 275–282. [CrossRef]

152. Devonshire, E. The purification of water by means of metallic iron. J. Frankl. Inst. 1890, 129, 449–461.
[CrossRef]

153. World Health Organization (WHO); United Nations Children’s Fund (UNICEF). Progress on Drinking
Water, Sanitation and Hygiene: 2017 Update and SDG Baselines; World Health Organization (WHO): Geneva,
Switzerland; United Nations Children’s Fund (UNICEF): Geneva, Switzerland, 2017.

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4314/wsa.v36i5.62000
http://dx.doi.org/10.1016/j.jhazmat.2009.02.143
http://www.ncbi.nlm.nih.gov/pubmed/19329247
http://dx.doi.org/10.1002/clen.201400304
http://dx.doi.org/10.1016/j.watres.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22018698
http://dx.doi.org/10.1080/10934520701567122
http://www.ncbi.nlm.nih.gov/pubmed/17952788
http://dx.doi.org/10.1162/itgg.2009.4.3.89
http://dx.doi.org/10.1021/es305176x
http://www.ncbi.nlm.nih.gov/pubmed/23647491
http://dx.doi.org/10.1080/10934520009377018
http://dx.doi.org/10.1108/SBR-08-2017-0060
http://dx.doi.org/10.1002/clen.201200167
http://dx.doi.org/10.1016/0016-0032(90)90189-P
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pioneering Investigations on CrVI Removal in Fe0-Based Filters 
	Hoover and Masseli (1941) 
	Case et al. (1969, 1974) 
	McKaveney et al. (1972) 
	Gould (1982) 
	Bowers et al. (1986) 
	Summary 

	Permeable Reactive Barriers (PRBs) as Fe0-Based Filtration Systems for CrVI Removal 
	Background 
	Early Laboratory-Scale Investigations for PRBs 
	Testing Fe0 PRBs for CrVI Removal at Pilot Scale 
	Full Scale Fe0 PRBs for CrVI Removal 
	Elizabeth CITY (USA) 
	Willisau (Switzerland) 

	More Recent Laboratory-Scale Reports (Post Elisabeth City PRB) 
	Summary and Conclusions 

	Geochemistry of Chromium in the Context of Fe0-Based Filtration Systems 
	Geochemistry of Chromium 
	Chromium Removal by FeII Species 
	Overview of Reactions of Engineering Importance 

	Recent Advances 
	Analysis of the Fe0/CrVI/O2/H2O System 
	The Mechanism of CrVI Removal Revisited 
	Application to Water Filters 

	Concluding Remarks 
	References

