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Abstract: Elemental iron (Fe0) has been widely used in groundwater/soil remediation, safe drinking
water provision, and wastewater treatment. It is still mostly reported that a surface-mediated
reductive transformation (direct reduction) is a dominant decontamination mechanism. Thus, the
expressions “contaminant removal” and “contaminant reduction” are interchangeably used in the
literature for reducible species (contaminants). This contribution reviews the scientific literature
leading to the advent of the Fe0 technology and shows clearly that reductive transformations in
Fe0/H2O systems are mostly driven by secondary (FeII, H/H2) and tertiary/quaternary (e.g., Fe3O4,
green rust) reducing agents. The incidence of this original mistake on the Fe0 technology and some
consequences for its further development are discussed. It is shown, in particular, that characterizing
the intrinsic reactivity of Fe0 materials should be the main focus of future research.
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1. Introduction

Micrometre-size metallic iron (Fe0) is one of the most commonly used materials for permeable
reactive barriers (PRBs) used in groundwater remediation [1–10]. Despite its large size and low
surface area, it has been successfully used for groundwater treatment with more than 200 PRBs
installed worldwide [10]. However, the contaminant removal mechanisms of Fe0 PRBs have not
been elucidated.

Reductive degradation/precipitation using elemental iron (Fe0) as a reactive medium (electron
donors) to treat contaminated soils and waters has been extensively investigated during the last 28
years [11–16]. Fe0 is a reducing agent (E0 = −0.44 V) with reaction products (FeII and FeIII species)
which are (mostly) environmentally innocuous. Additionally, Fe0 is abundantly available, for instance
in the form of scrap iron and steel wool [8,10,12,17–22].

When coupled with the chemical reduction (degradation) of an oxidized contaminant (Ox),
the spontaneous reduction reaction yielding a more biodegradable and/or hopefully less toxic reduced
form (Red) is given by Equation (1):

Fe0 + Ox⇒ Fe2+ + Red (1)

Fe0 permeable reactive barriers (Fe0 walls) have become an established technology for in-situ
groundwater remediation [10,13,14,16,23]. There is an almost consistent agreement in the literature
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about direct reduction (electrons from Fe0) (Equation (1)) as the main mechanism by which Fe0 reduces
aqueous contaminants [14,24–28]. Accordingly, Equation (1) alone is always given as the reduction
scheme [28–32] and is implemented in modelling codes [13,33]. Therefore, other reductive mechanisms,
including reduction by hydrogen (H/H2—Equation (2)), ferrous iron (FeII—Equation (3)) and solid
corrosion products (e.g., green rust) are considered as side effects. Moreover, contaminant adsorption
onto the Fe0 surface and oxide scale is acknowledged as an intermediate step towards reductive
transformations [24,34–38].

H/H2 + Ox⇒ H+ + Red (2)

FeII + Ox⇒ FeIII + Red (3)

However, the validity of the concept of reductive degradation/precipitation has been severely
challenged in the peer-reviewed literature since 2007 [28,39–50]. A new concept was introduced,
that considers adsorption and co-precipitation of contaminants within the oxide scale on Fe0 as the
primary removal mechanism [39–42]. The subsequent abiotic reduction is possible, but not necessarily
a direct mechanism (Equation (1)). The new concept (adsorption/co-precipitation concept) is free
of contradictions inherent to the reductive degradation/precipitation concept, and explains some
seemingly controversial experimental results [31,32,39,40,51–54].

Noubactep [39,40] has demonstrated that the pioneers of environmental remediation using Fe0

materials have not properly considered information put forth by other branches of science using
Fe0 materials, including; iron corrosion [55–59], organic synthetic chemistry [60,61], wastewater
treatment [62,63], and the oil industry [64,65]. Furthermore, the experimental conditions used in the
pioneering studies were not appropriate for traceable conclusions [39–41,66]. Despite some serious
warnings [28,67–73], the inherent error of the pioneers has been perpetuated and propagated through
the scientific literature [1–10,14,23,26,27,29,74,75].

The present contribution aims to demonstrate from a historical perspective that indirect reduction
should have merited more attention in the Fe0 remediation research than other mechanisms.
The demonstration is based on knowledge available to scientists before the advent of “Fe0 walls” [63,76].
The presentation is deliberately limited to the literature available before 1994 which corresponds to the
first mechanistic investigations pertinent to the Fe0/H2O system [24]. It is further demonstrated that;
(i) iron corrosion is volumetric expansive [77] making a pure Fe0 wall (100% Fe0) not sustainable [78,79]
due to loss of porosity and hydraulic conductivity, and (ii) the Fe0/H2O system is ion-selective, making
the Fe0 technology more suitable for the removal of negatively charged species than neutral and
positively charged ones [80–83]. Based on the preceding, the future research directions on the Fe0/H2O
system are highlighted.

2. The Interactions within Fe0/H2O Systems

The voluminous literature on the aqueous Fe0 reactivity under near-neutral pH conditions
is characterized by a clear agreement on the formation of an oxide scale on the Fe0 surface
(Figure 1) [17,55,56,58–60,84–89]. There is some controversy concerning the composition and structure
of this oxide scale and the mechanism by which the film breaks down [35,86,89,90]. It is well-known
that the formation of the oxide scale (and its further transformation) is influenced differently by major
anions (Cl−, NO3

−, PO4
3−, SO4

2−), but the mechanisms involved are unclear. In particular, there is a
lack of agreement in the literature on the influence of Cl− on the oxide film. Cl− may; (i) adsorb on
Fe0 and avoid formation and/or adherence of oxide film, (ii) cause a thinning of the oxide film and
this can lead to pitting if the potential is above a critical value, and (iii) incorporate into the film lattice
and induced a subsequent local breakdown [90]. The preceding recalls that iron is corroded by water
(solvent—Equation (4)) and the extent of corrosion is more or less influenced by solutes [55,58,59,64].

Fe0 + 2 H+ ⇒ Fe2+ + H2 (4)
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considered as a rule [65,87]. The exception of iron oxide film breakdown should be discussed on a 
case-by-case basis. For example, if water contains Cl−, it can be considered that the film formation is 
disturbed or delayed [92]. In this regard, Cohen [55] for instance, investigated the mechanism of 
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this process. In the recent Fe0 literature, chromate, molybdate, nitrite, tungstate, and phosphate 
have been investigated as contaminants in independent treatability studies, while O2, acetate, 
carbonate, and phosphate were mostly tested as site-specific environmental variables. For this 
reason, one may consider Cohen’s work as a seminal for an alternative and probably more accurate 
approach to investigate the process of contaminant removal in Fe0/H2O systems. Clearly, 
investigating contaminant removal in Fe0/H2O systems should entail characterizing the impact of 
individual contaminants on the process of oxide film formation (and transformation) under 
site-specific conditions (e.g., contaminant concentration, pH value, water velocity). This intuitive 
approach has not been considered, and the Fe0 remediation literature is full of studies investigating 
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cases [3,9,12,16,29]. Moreover, the bulk of such studies used artificial solutions under controlled 
laboratory conditions (e.g., constant temperature, agitation), while those using more complex 
contaminated aqueous systems under real-life conditions are rare. In particular, the use of technical 
tools (e.g., mixing, pumping, shaking) to accelerate mass transfer at laboratory scale has generated 
reproducible results with little practical meaning. The major limitation of accelerated mass transfer 
has been the delay of the formation of the oxide scale on Fe0 and, thus, minimizing the relevance of 
indirect reduction, while possibly favoring direct reduction at sites which would not be available 
under field conditions [32,44,46,67,93]. 

Mass Transfer within Fe0/H2O Systems 

Figure 1. Schematic of the elemental iron (Fe0)/H2O system. Features relevant to contaminant removal
are labelled. Modified after Taylor [91].

Furthermore, at neutral pH values, the presence of a universal oxide scale should be considered
as a rule rather than an exception [65,87]. The exception of iron oxide film breakdown should be
discussed on a case-by-case basis. For example, if water contains Cl−, it can be considered that the
film formation is disturbed or delayed [92]. In this regard, Cohen [55] for instance, investigated
the mechanism of oxide film formation on iron in aqueous solutions and the effects of oxygen (O2),
oxidizing ions (chromate, molybdate, nitrite, tungstate), and non-oxidizing ions (acetate, carbonate,
phosphate) on this process. In the recent Fe0 literature, chromate, molybdate, nitrite, tungstate, and
phosphate have been investigated as contaminants in independent treatability studies, while O2,
acetate, carbonate, and phosphate were mostly tested as site-specific environmental variables. For
this reason, one may consider Cohen’s work as a seminal for an alternative and probably more
accurate approach to investigate the process of contaminant removal in Fe0/H2O systems. Clearly,
investigating contaminant removal in Fe0/H2O systems should entail characterizing the impact of
individual contaminants on the process of oxide film formation (and transformation) under site-specific
conditions (e.g., contaminant concentration, pH value, water velocity). This intuitive approach has not
been considered, and the Fe0 remediation literature is full of studies investigating the same species
(including NO3

− and PO4
3−) as contaminants in one case and co-solutes in other cases [3,9,12,16,29].

Moreover, the bulk of such studies used artificial solutions under controlled laboratory conditions
(e.g., constant temperature, agitation), while those using more complex contaminated aqueous systems
under real-life conditions are rare. In particular, the use of technical tools (e.g., mixing, pumping,
shaking) to accelerate mass transfer at laboratory scale has generated reproducible results with little
practical meaning. The major limitation of accelerated mass transfer has been the delay of the formation
of the oxide scale on Fe0 and, thus, minimizing the relevance of indirect reduction, while possibly
favoring direct reduction at sites which would not be available under field conditions [32,44,46,67,93].

Mass Transfer within Fe0/H2O Systems

A heterogeneous reaction involving the reduction of a contaminant in a Fe0/H2O system
is considered to include the following eight steps [24,91,94,95]; (i) Transport of reactants to the
water/oxide interface, (ii) adsorption of reactants onto the outer oxide surface, (iii) diffusion of
reactants across the oxide scale, (iv) adsorption of reactants onto the Fe0 surface, (v) chemical reaction
at the Fe0 surface, (vi) desorption of soluble reaction products from the Fe0 surface, (vii) diffusion
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of reaction products across the oxide scale, and (viii) transport of soluble reaction products into the
bulk solution. Figure 1 presents some of these processes. Steps (i) and (viii) are controlled by the rate
of mass transfer of the soluble species (reactants and products), and hence by the hydrodynamics
of the system (mixing types and intensities, water flow velocities). Step (ii) is mainly controlled by
electrostatic interactions between reactants and the oxide scale. Steps (iii), (iv), (v), (vi), and (vii) are
chemically controlled processes (reaction and concentration gradient) [35,63,91,93,95].

The main purpose of a kinetic study is to identify the rate-limiting or slowest step in the overall
process, and how its rate may be increased. However, for brevity, kinetic aspects, and the potential
interactions of individual contaminants and other dissolved species with the oxide scale (Figure 1,
Table 1) are not considered herein. In essence, the whole oxide scale is a reactive system in which
complexation, dissolution, precipitation, and co-precipitation occur simultaneously (Table 1), implying
some parallel chemical reactions, including contaminant reduction. Barring processes occurring on
bulk Fe0 and in water, most of the processes occurring in the Fe0/H2O system have not been adequately
addressed in the literature (Table 1).

Table 1. Some relevant processes occurring in the elemental iron (Fe0)/H2O system and their spatial
locations. The comments relate to the extent to which each process has been considered in the Fe0

literature, with “+ + +” denoting being regarded as satisfactorily, and “+” just acknowledged.

Location Processes Comments

Bulk Fe0 dealloying, electron transport + + +
Fe0/H2O interface Fe dissolution, complexation, precipitation + +

Fe0/Oxides oxide precipitation +
Oxide scale migration of species, oxide recrystallization +

Oxides/H2O oxide dissolution/precipitation, Fe complexation +
H2O mass transfer (advection and diffusion) + + +

3. The Importance of Indirect Reduction

The primary aim of using Fe0 in groundwater remediation under anoxic conditions is to exploit
the negative potential of the FeII/Fe0 redox couple (E0 = −0.44 V) to degrade or immobilize redox
amenable contaminants. However, dissolved ferrous iron from the FeIII/FeII redox couple (E0 = 0.77 V)
can act as reducing agent for some contaminants (e.g., CrVI) [53,62,63]. Furthermore, it has been shown
that adsorbed FeII (or structural FeII) (E0 = −0.34 to −65 V) [96] can be more powerful in reducing
contaminants than Fe0 (for E < −0.44 V). Therefore, abiotic contaminant reduction in a Fe0/H2O
system does not necessarily take place by reduction through electrons from Fe0 (direct reduction).
Instead, indirect reduction (electrons from FeII or even H/H2) may occur and is most likely, for at
least, two reasons; (i) for direct reduction to occur the contaminant should diffuse through the oxide
film unless the film is conductible to cater for electron transfer, and (ii) oxide-film is a good adsorbent
for both contaminant and Fe2+ ions (resulting in more reactive structural FeII) [17,93]. Yet indirect
reduction is currently considered as a side effect in the ‘Fe0 remediation’ literature [10,13,14]. The next
paragraph demonstrates that indirect reduction (electrons from FeII) of nitro aromatic compounds has
been known for more than 160 years and observed at neutral pH solutions since 1927.

3.1. Aniline and the Fe0/H2O System

In 1854, Béchamp [97] discovered the quantitative reduction of nitro aromatic compounds to
anilines by Fe0 materials in acetic acid (CH3COOH) [38]. The increased demand for aniline in the
chemical industry led to the use of cost-effective hydrochloric acid (HCl) in place of CH3COOH
(Equation (5)). Shortly afterwards, it was established that a minor fraction of the stoichiometric amount
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of HCl (1/20 to 1/60) was sufficient for quantitative reduction [85]. Muspratt [98] was the first to
demonstrate this experimental observation (Equations (5)–(7)):

C6H5-NO2 + 6 HCl + 3 Fe0 ⇒ C6H5-NH2 + 3 FeCl2 + 2 H2O (5)

2 C6H5-NH2 + FeCl2 + 2 H2O⇒ 2 C6H5-NH2, HCl + Fe(OH)2 (6)

2 C6H5-NH2, HCl + Fe0 ⇒ 2 C6H5-NH2 + FeCl2 + H2 (7)

As evidenced in Equations (5)–(7), FeII species produced by Fe0 corrosion are reducing agents for
nitro aromatic compounds (indirect reduction). An innovative extension of the work of Béchamp [97]
was published by Lyons and Smith [85]. These authors achieved quantitative reduction of nitro
aromatic compounds by Fe0 in the presence of NaCl and FeCl3 (neutral salts) instead of HCl and
CH3COOH. In the same experiment, the efficiency of NaCl was only 84% of that of FeCl3. As stated
above, Cl− disturbs the formation of oxide film. Thus, the reported efficiency difference between NaCl
and FeCl3 primarily reflects the differential behavior of Na+ and Fe3+ in the Fe0/H2O system and will
not be further discussed here.

3.2. MnO2 and the Fe0/H2O System

In 2003, Noubactep and colleagues presented the reductive dissolution of MnO2 as a tool to control
the availability of iron corrosion products (FeCPs) in a Fe0/H2O system [99,100]. This tool was used to
establish the mechanism of aqueous U(VI) removal in the presence of Fe0 [100–102]. The rationale for
this application is that Fe0 is not the reducing agent for MnO2 reductive dissolution (Equation (8)).
Contrary, Fe0 oxidative dissolution (Equation (4)) is accelerated by virtue of Fe2+ consumption by
MnO2 (Equation (9)) (i.e., Le Chatelier’s Principle).

2 Fe0 + 3 MnO2 + 12 H+ ⇒ 2 Fe3+ + 3 Mn2+ + 6 H2O (8)

2 Fe2+ + MnO2 + 4 H+ ⇒ 2 Fe3+ + Mn2+ + 2 H2O (9)

Equation (9) implies that FeCPs are precipitated at the surface of MnO2 and not in the vicinity
of Fe0. This fact delays ‘Fe0 passivation’ and supports the repeatedly reported increased efficiency
of MnO2-amended Fe0/H2O systems [31,50,103–107]. Results of the investigation of the reductive
dissolution of MnO2 using Fe0 (e.g., Fe0/MnO2/H2O system) in hydrometallurgy corroborate the
validity of Equation (9) as the main reduction path [108]. Similar to the concept of Khudenko [67],
MnO2 is efficient at sustaining iron corrosion and thus, the resulting parallel reactions, including
indirect reduction.

Another important feature of MnO2 for Fe0-based filters is that its reductive dissolution is
volumetric contraction [106], and Mn2+ is more labile than Fe2+ under subsurface conditions.
This characteristic makes MnO2 an excellent admixing agent to sustain the permeability of
Fe0-based filtration systems in the subsurface, in water treatment plants and/or in household water
treatment filters.

4. Long-Term Permeability of Fe0 Walls

Following the reductive transformation paradigm, Fe0 filters have been designed based on the
flux of contaminants and the stoichiometry of reductive transformations after Equation (1) (direct
reduction) [9,10,13,32]. This paradigm implies that “the more Fe0 is available, the more efficient the
filter”. This rule of thumb has not been validated [109–111]. For example, Bi et al. [110] observed that
columns with less than 80% (w/w) Fe0 performed better than those with higher Fe0 ratios. The reason
lies in the well-established knowledge that metals expand during oxidative transformation, including
immersed corrosion [77–79]. In other words, the volume of each iron corrosion product (oxide) is
larger than the volume of atomic iron in the metallic state (Voxide > Viron).
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The proper consideration of this observation has led to the conclusion that pure Fe0 filters (100%
Fe0) are not sustainable [78,79,112] due to loss of porosity and hydraulic conductivity over time. Proper
consideration of the volumetric expansive nature of aqueous iron corrosion was possible, and even
obvious in the 1990s when the first Fe0 wall was constructed [10,113]. A critical review of the scientific
literature at that time would have been sufficient to reveal the expansive nature of iron corrosion.
In fact, gravel and sand have been routinely mixed with Fe0 mostly to reduce iron costs rather than to
minimize loss of porosity [110].

Independent efforts (not in the context of Fe0 walls) have used steel wool to improve the
efficiency of sand filters for phosphate removal [17,114–116] and suggested up to 8% Fe0 to avoid
clogging [115,116]. Steel wool has also been added to sand filters for better pathogen removal [117].
However, steel wool has a very low density (g/cm3) [6] such that deriving the volumetric proportion
from the weight proportion is not straightforward like for granular iron. These results attest that a
pragmatic approach can be successful, although a science-based design is still needed.

5. Ion-Selective Nature of Fe0/H2O Systems (Coulomb’s Law)

Evidence from the iron corrosion literature is that the Fe0 surface is permanently shielded by
an oxide scale [55,58,59,65,118]. The oxide scale is made up of various iron hydroxides and oxides
with positively charged surfaces at near-neutral pH values [119,120]. The fundamental Coulomb’s
law of electrostatics states that, a positively charged surface attracts negatively charged solutes.
However, this fundamental law is silent about the redox reactivity of the solute, meaning that even
the most redox reactive solutes must be attracted by the oxide scale before quantitative reductive
transformation occurs. The Fe0 remediation literature is currently full of examples of positively charged
solutes (e.g., methylene blue) used to test the redox efficiency of Fe0/H2O systems, another avoidable
mistake [121,122].

6. Discussion

Fe0 as a tool for remediation emerged in the early 1990s and rapidly went through the
stages of laboratory testing [10,109,123], field demonstration [10,19,113,124], and commercial
application [10,22,125–127]. In 2002, the US EPA designated the use of Fe0 in a permeable reactive
barrier (PRB) as a standard remediation technology. During this time, Fe0 filtration was also established
as a standard technology for municipal and/or industrial wastewater treatment [14,115,116]. However,
the technology has not yet been universally accepted, partly due to the abundance of conflicting data in
the literature [14,33,46,128,129]. In recent years, substantial efforts have been made to investigate such
discrepancies and thereby address such knowledge gaps [14,30,31,120,124–131]. However, in some
instances, such new data have added even more confusion. For example, Ruhl et al. [129] disproved
the suitability of four granular inert aggregates (anthracite, gravel, pumice, and sand) to sustain the
efficiency of Fe0 walls. This directly contradicts the results of Bi et al. [110] discussed earlier and would
mean that pure Fe0 beds are sustainable. In another example, Firdous and Devlin [132] challenged
the suitability of using methylene blue as a tracer to image processes occurring in dynamic Fe0/H2O
systems as presented by Miyajima and Noubactep [133]. Firdous and Devlin [132] have simply not
considered the fact that Miyajima and Noubactep [133] have not used methylene blue as a model
contaminant, but as a tracer to detect the availability of iron oxides in the Fe0/H2O system.

This presentation has demonstrated that detailed processes occurring in the Fe0/H2O
system are not currently being comprehensively considered within the Fe0 remediation scientific
community [10,30,31,33,45,48,50]. The technology was fortuitously discovered in 1990 [134]. During
the past 25 years, a myriad of tools has been applied to further constrain Fe0 corrosion
processes [10,14,16,135,136]. Moreover, a myriad of sophisticated analytical tools has been used
to characterize experimental observations [21,127,137–140]. However, because the kinetics of iron
corrosion is neither constant nor linear [141–143], a typical analytical observation (e.g., an Eh
measurement or XPS (X-ray photoelectron spectroscopy) analysis during or at the end of column
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studies) is simply a static snap-shot, hence does not describe the processes in a holistic way. As such,
it is simply impossible to generate accurate models of the dynamic processes occurring within the
Fe0/H2O system from such data, especially as these occur over an extremely variable range of time
scales—from seconds to decades [142]. These difficulties are not unique to the Fe0/H2O system [144]
but are also common to other remediation technologies such as biosorption [20,28,31,46].

Available laboratory data are mostly irrelevant for field situations, mainly because of the lack
of any reference Fe0 material and the fact that experiments were performed under very different
conditions, very far from those occurring under field conditions [31,46,71,139,142]. Additionally,
it has been acknowledged that Fe0 materials currently used for water treatment and environmental
remediation (e.g., Gotthart-Maier GmbH or iPutech—Rheinfelden, Germany, Connelly-GPM
Inc.—Chicago, IL, USA, Peerless Metals Powder Inc.—Detroit, MI, USA) have not been specially
produced for these applications [10,21,145,146]. For example, Gotthart-Maier GmbH and later iPutech
widely used at many test sites in Germany is a mixture of scrap materials. This means that they
do not represent tailored Fe0 reagents for environmental remediation. This suggests that the use
of common materials (operational reference) in well-designed experiments is the first step towards
improved and comparable data. It is certain, that such an approach, coupled with the consideration of
the ion-selective nature of the Fe0/H2O system [80–82] and the volumetric expansive nature of iron
corrosion [77–79] will accelerate knowledge acquisition and boost the wide acceptance and application
of the Fe0 technology [143,147,148]. In these efforts, reduction through FeII (indirect reduction) should
be considered as an independent and major pathway for abiotic contaminant removal [149]. However,
reductive transformation alone is not universally sufficient for contaminant removal (at µg·L−1 level).

Given the preceding analysis, four arguments are highlighted to advance the Fe0 technology. First,
adsorption onto and co-precipitation with iron oxyhydroxide and (hydr) oxide (corrosion products)
enhance the removal process (Argument 1). Second, once the importance of reductive transformation
for contaminant removal is accorded its rightful contribution, it is easy to accept Fe0 as a generator for
removing agents (oxides and hydroxides) (Argument 2). Moreover, considering that the surface of
Fe oxides/hydroxides being predominantly positively charged at neutral pH values, the Fe0/H2O
system is necessarily ion-selective (Argument 3). Lastly, because iron oxides are larger in volume than
the original Fe0, room for expansion should be factored into the design of Fe0 filters/walls (Argument
4). Arguments 1 through 4 should be considered simultaneously as they are not independent.

7. Fe0 for Environmental Remediation

During the first 2.5 decades of Fe0 technology, no concerted effort was directed at providing
the appropriate Fe0 material for utility engineers [16,128,130,136,139]. Despite a remarkable
success [10,15,21,22,116], the Fe0 research community should continue to seek better and new ways to
make an already proven efficient and affordable technology more reliable [10,15,45,140].

The most important area of improved reliability is arguably the field of material selection.
Characterizing the intrinsic reactivity of used materials should increasingly come to the forefront.
Factors influencing the rate of iron corrosion and, thus, the remediation efficiency of Fe0/H2O systems
including Fe0 type, water chemistry (e.g., local hydrogeology or admixing agents), and operation
conditions (e.g., Fe0 mass, volumetric ratio of Fe0 in the mixture, temperature, thickness of the
reactive layer (Fe0-based), water flow rate/hydraulic retention time) should be considered. Material
selection is further complicated by the diversity in the production quality of available Fe0 types and
the lack of linear correlation between the intrinsic reactivity and the elemental composition of Fe0

materials [21,138–140,150–152].
Available knowledge on aqueous corrosion science is wide and includes cementation, organic

synthesis and results reported in utility pipes from the oil industry and water/wastewater reticulation
systems [14,33,46,63]. For example, cementation studies and Béchamps-like reactions have been
carried out for more than 150 years. Their fundamental understanding can be adapted to the Fe0

remediation industry, mainly characterized by lower concentration solutions and higher pH values.



Water 2018, 10, 1739 8 of 17

In particular, it is not acceptable, that 30 years of research on Fe0 remediation has not characterized
used materials. In essence, the research performed by Fe0 remediation researchers is comparable to that
used to develop hydrometallurgical methods for precipitating a target metal from a given source as
economically as possible (on a case-to-case basis) [23,147,153,154]. However, a caveat to this approach
is that this knowledge is not directly transferable to the Fe0 remediation industry because the size (e.g.,
diameter) of Fe0 materials used in environmental remediation is typically smaller than the thickness of
the pipes used in the oil industry or for water pipes (Table 2) [142]. To ensure the reliability of Fe0 walls
and household water filters, targeted replacement for depleted (corroded) materials is necessary. For a
risk-based maintenance or replacement strategy of Fe0 walls in service, it is imperative to relate the
Fe0 intrinsic reactivity to hydro-geochemical conditions as a standard practice for a geo-environmental
engineer. Such standard practice or guidelines should be formulated for specific applications, e.g., ‘use
a Fe0 with an average corrosion rate of xy for carbonate-rich waters’ or ‘use a Fe0 with an average
corrosion rate of yz for chloride rich waters’. Based on such guidelines, process-based models for
the design of appropriate materials can be developed and used by researchers, engineers and asset
managers. Such tools for asset management of Fe0 walls would introduce a systematic approach in the
design of new Fe0/H2O systems and the evaluation of those already in operation.

Table 2. Chronology of selected historical observations showing that the science of the Fe0/H2O
system was explored before the 1970s while cementation studies and Béchamps-like reactions have
been carried out for more than 150 years.

Year Event

<1850 The cementation reaction is used for winning metals from ores [155–157]
<1850 Iron shavings are used to treat drinking water [147,158,159]
1854 Béchamp synthesized of aniline from nitrobenzene and Fe0 (iron and organic acid) [97]
1865 Bekelov suggested that all cementation reactions are electrochemical in nature [155,157]
1873 Bischoff established the spongy iron filter for household [147,159,160]
1881 Spongy iron filters are tested at large scale in Antwerp (Belgium) [147,158,160]
1883 Spongy iron filters secured water supply in Antwerp (Belgium) [147,160–162]
1885 Revolving purifiers are installed in Antwerp (Belgium) [147,161,162]
1888 Muspratt rationalized the successful use of HCl in the Béchamp reduction [98]
1914 Holt used scrap iron instead of coarse scrap iron for the cementation of PbII [98,155,157]
1923 Lueg showed that aniline and other substances inhibit iron corrosion [98,155,157]
1928 Oldright and co-workers showed that only thin Fe0 beds are long-term sustainable [155]
1928 Knowlton reported that the rate of iron corrosion is higher in NaCl solutions [60]
1928 Knowlton reported that the used Fe0 type determines the extent of reduction [60]
1951 Lauderdale and Emmons used steel wool to remove radioactive species from water [153]

1951–1961 Werner published almost yearly review articles on “Amination by Reduction” [163–169]
1951–1961 The Béchamp reduction is extended to other groups of compounds [163–169]

1969 Case and Jones treated CrVI- and CuII-containing brass mill effluents with scrap iron [170]
1984 Tseng et al. used steel wool to concentrate 60Co from nuclear effluent [154]

1986 Harza Environmental Services patented Se(VI) removal in Fe0 beds [171]

1991 Khudenko established the cementation based reductive degradation of organics [67]

1990 Reynolds and co-authors observed dechlorination of RCl in Fe0-based vessels [11]

1994 Fe0 is established as an efficient material for subsurface reactive walls [1,10,113]

8. Lessons from the History and Future Directions

There are two important features from Table 2 for the future of Fe0 filters for water treatment
and safe drinking water provision in particular: (i) The technology is old and has been successfully
used both at household and large scale for water treatment [147,151,171–176], and (ii) the mode of
operation of Fe0/H2O system was established in 1991 [67]. The ancient use of Fe0-based systems for
safe drinking water provision is summarized by Mwakabona et al. [147] and will not be discussed
herein. It is just recalled that these systems were very efficient to remove pathogens and organics
(humic substances). Accordingly, properly designed Fe0/H2O systems will efficiently treat water as
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research drawn from the last two to three decades has demonstrated their suitability for all classes of
chemical contamination [10,12,16].

In May 1991, Boris Mikhail Khudenko published a concept paper in ‘Water Science and
Technology’ entitled ‘Feasibility evaluation of a novel method for destruction of organics’.
Khudenko [67] where, the author presented cementation as a tool to accelerate Fe0 oxidative dissolution
(Equation (4)) and produce H species for the reductive transformation of organic species. In other
words, the oxidation–reduction of organics is induced as a parallel reaction to this cementation reaction.
A SCOPUS search on 19 October 2018 indicated that Khudenko [67] has been only referenced eight
(8) times (Table 3) [177–181] and has not been considered in some literature discussing the removal
mechanisms of organics in Fe0/H2O systems [10,24,25,182]. The concept of Khudenko [67] was based
on a profound understanding of the Fe0/H2O system [183–185] and corresponds to Noubactep’s
concept [39,40] that has been difficult to accept [48,49]. It is hoped that this independent proof will end
the mechanistic discussion and orient all energies to design the next generation of efficient Fe0/H2O
systems for water treatment, including Fe0 filters.

To further validate the concepts presented here and improve the mechanistic understanding of
Fe0/H2O remediation systems further research should address the following:

(1) Understanding the role and mechanisms of interfering inorganic and organic species typically
occurring in natural multi-component aqueous systems under relevant environmental conditions,

(2) Elucidating the processes occurring on the various material phases (solid, liquid, and
solid–liquid interface), and their effects on the formation and persistence of the iron oxide
film. Recent advances in surface analytical techniques for solid-state characterization enable such
detailed studies,

(3) Long-term studies using typical multi-component contaminated aqueous media conducted in
a quiescent mode are required to overcome some of the limitations associated with short-term
studies based on artificial solutions and ideal experimental conditions (e.g., agitation, constant
temperature),

(4) Development and evaluation of tailor-made Fe0/H2O systems that accounts for the expansive
nature of iron corrosion, ion-selectivity, and the role of co-solutes/agents. This will overcome the
limitations associated with the use of materials not purposively developed for Fe0 remediation.

Table 3. SCOPUS chronological bibliometry of Khudenko [67] showing citation by eight (8) sources
comprising four (4) review and four (4) research articles.

Year Journal Type Section Reference

2015 Water Research Review Introduction [16]
2014 Environmental Science & Technology Letters Research Discussion [75]
2010 ACS Symposium Series Review Introduction [177]
2009 Chemosphere Research Discussion [178]
2007 Environmental Science & Technology Research Introduction [179]
2004 Environmental Science & Technology Research Discussion [145]
2000 Environmental Technology Review Introduction/discussion [180]
1998 ACS Symposium Series Review Discussion [181]

9. Conclusions

The real challenge for active researchers on Fe0 for water treatment and environmental
remediation is to properly use knowledge available in the mainstream corrosion science (Table 2)
to design efficient Fe0/H2O systems. This task can be supported by available modern analytical
tools (including surface-analytical techniques) to investigate well-known processes under relevant
environmental conditions. However, the key lies in considering the system as a dynamic one
comprising adsorbing, complexing, oxidizing and reducing species working in synergy for water
decontamination (Arguments 1 through 4, Section 3). The three decades old work of Khudenko [67]
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recalls that scientific progress is at best achieved when the state-of-the-art knowledge is accurately
given. Alternatively, a science-based approach can enable the rediscovery of the wheel. The fact
that, one decade ago Noubactep [39] had independently achieved the conclusions of Khudenko [67]
is regarded as the last proof for any researcher who might be impressed by the large volume of
publications considering Fe0 as a reducing agent under environmental conditions. Despite three
(1991–2018) or one (2007–2018) lost decade(s), future work should focus on directly investigating the
highlighted arguments (1 to 4) to uncover the potential of the Fe0 technology and specify its limitations
on a scientific basis. To this end, specific thematic areas warranting further research were highlighted.

Author Contributions: R.H., X.C., W.G., S.W. and C.N. contributed equally to manuscript compilation
and revisions.

Funding: The work is supported by the Ministry of Education of the People’s Republic of China through the
Program “Research on Mechanism of Groundwater Exploitation and Seawater Intrusion in Coastal Areas” (Project
Code 20165037412) and by “the Fundamental Research Funds for the Central Universities” (“Research on the
hydraulic tomographical method for aquifer characterization”, Project Code 2015B29314). It is also supported by
Jiangsu Provincial Department of Education, Project Code 2016B1203503.

Acknowledgments: The author thanks Richard A. Crane (University of Cardiff, Cardiff, UK) and Mohammad
A. Rahman (University of Hannover, Hannover, Germany) for helpful discussions, review of the manuscript,
and the illustrative material. We acknowledge support by the German Research Foundation and the Open Access
Publication Funds of the Göttingen University.

Conflicts of Interest: The authors declare no conflict of interest.

References

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

2. Burris, D.R.; Campbell, T.J.; Manoranjan, V.S. Sorption of trichloroethylene and tetrachloroethylene in a
batch reactive metallic iron-water system. Environ. Sci. Technol. 1995, 29, 2850–2855. [CrossRef] [PubMed]

3. 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]

4. Muftikian, R.; Fernando, Q.; Korte, N. A method for the rapid dechlorination of low molecular weight
chlorinated hydrocarbons in water. Water Res. 1995, 29, 2434–2439. [CrossRef]

5. Wilson, E.K. Zero-valent metals provide possible solution to groundwater problems. Chem. Eng. News 1995,
73, 19–22. [CrossRef]

6. Dwyer, B.P.; Marozas, D.C.; Cantrell, K.; Stewart, W. Laboratory and Field Scale Demonstration of Reactive Barrier
Systems; SAND–96-2500; Sandia National Laboratories: Albuquerque, NM, USA, 1996; p. 13.

7. Fairweather, V. When toxics meet metal. Civ. Eng. 1996, 66, 44–48.
8. Tratnyek, P.G. Putting corrosion to use: Remediating contaminated groundwater with zero-valent metals.

Chem. Ind. 1996, 13, 499–503.
9. Morrison, S.J.; Mushovic, P.S.; Niesen, P.L. Early breakthrough of molybdenum and uranium in a permeable

reactive barrier. Environ. Sci. Technol. 2006, 40, 2018–2024. [CrossRef] [PubMed]
10. Gillham, R.W. Development of the granular iron permeable reactive barrier technology (good science

or good fortune). In Advances in Environmental Geotechnics: Proceedings of the International Symposium on
Geoenvironmental Engineering, Hangzhou, China, 8–10 September 2007; Chen, Y., Tang, X., Zhan, L., Eds.;
Springer: Berlin, Germany; London, UK, 2008; pp. 5–15.

11. 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]

12. Richardson, J.P.; Nicklow, J.W. In situ permeable reactive barriers for groundwater contamination. Soil
Sediment Contam. 2002, 11, 241–268. [CrossRef]

13. 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]

http://dx.doi.org/10.1111/j.1745-6584.1994.tb00935.x
http://dx.doi.org/10.1021/es00011a022
http://www.ncbi.nlm.nih.gov/pubmed/22206534
http://dx.doi.org/10.1016/0304-3894(95)00016-N
http://dx.doi.org/10.1016/0043-1354(95)00102-Q
http://dx.doi.org/10.1021/cen-v073n027.p019
http://dx.doi.org/10.1021/es052128s
http://www.ncbi.nlm.nih.gov/pubmed/16570630
http://dx.doi.org/10.1021/es00071a017
http://dx.doi.org/10.1080/20025891106736
http://dx.doi.org/10.1016/j.chemosphere.2014.03.112
http://www.ncbi.nlm.nih.gov/pubmed/24997925


Water 2018, 10, 1739 11 of 17

14. Kumar, R.; Sinha, A. Biphasic reduction model for predicting the impacts of dye-bath constituents on
the reduction of tris-azo dye Direct Green-1 by zero valent iron (Fe0). J. Environ. Sci. 2017, 52, 160–1699.
[CrossRef] [PubMed]

15. Sun, Y.; Li, J.; Huang, T.; Guan, X. The influences of iron characteristics, operating conditions and solution
chemistry on contaminants removal by zero-valent iron: A review. Water Res. 2016, 100, 277–295. [CrossRef]
[PubMed]

16. 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]

17. James, B.R.; Rabenhorst, M.C.; Frigon, G.A. Phosphorus sorption by peat and sand amended with iron
oxides or steel wool. Water Environ. Res. 1992, 64, 699–705. [CrossRef]

18. Campos, V. The effect of carbon steel-wool in removal of arsenic from drinking water. Environ. Geol. 2002,
42, 81–82. [CrossRef]

19. Henderson, A.D.; Demond, A.H. Long-term performance of zero-valent iron permeable reactive barriers: A
critical review. Environ. Eng. Sci. 2007, 24, 401–423. [CrossRef]

20. Antia, D.D.J. Sustainable zero-valent metal (ZVM) water treatment associated with diffusion, infiltration,
abstraction and recirculation. Sustainability 2010, 2, 2988–3073. [CrossRef]

21. Birke, V.; Schuett, C.; Burmeier, H.; Friedrich, H.-J. Impact of trace elements and impurities in technical
zero-valent iron brands on reductive dechlorination of chlorinated ethenes in groundwater. In Permeable
Reactive Barrier: Sustainable Groundwater Remediation; Naidu, R., Birke, V., Eds.; CRC Press: Boca Raton, FL,
USA, 2015; pp. 87–98. ISBN 978-1-4822-2447-4.

22. 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]

23. Alonso, F.; Beletskaya, I.P.; Yus, M. Metal-mediated reductive hydrodehalogenation of organic halides. Chem.
Rev. 2002, 102, 4009–4092. [CrossRef] [PubMed]

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

25. Weber, E.J. Iron-mediated reductive transformations: Investigation of reaction mechanism. Environ. Sci.
Technol. 1996, 30, 716–719. [CrossRef]

26. 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, 194–205. [CrossRef] [PubMed]

27. Colombo, A.; Dragonetti, C.; Magni, M.; Roberto, D. Degradation of toxic halogenated organic compounds by
iron-containing mono-, bi- and tri-metallic particles in water. Inorg. Chim. Acta 2015, 431, 48–60. [CrossRef]

28. Jiao, Y.; Qiu, C.; Huang, L.; Wu, K.; Ma, H.; Chen, S.; Ma, L.; Wu, L. Reductive dechlorination of carbon
tetrachloride by zero-valent iron and related iron corrosion. Appl. Catal. B 2009, 91, 434–440. [CrossRef]

29. Gheju, M. Progress in understanding the mechanism of CrVI Removal in Fe0-based filtration systems. Water
2018, 10, 651. [CrossRef]

30. Noubactep, C. Relevant reducing agents in remediation Fe0/H2O systems. Clean Soil Air Water 2013, 41,
493–502. [CrossRef]

31. Gheju, M.; Balcu, I. Sustaining the efficiency of the Fe(0)/H2O system for Cr(VI) removal by MnO2

amendment. Chemosphere 2019, 214, 389–398. [CrossRef] [PubMed]
32. Sarr, D. Zero-valent-iron permeable reactive barriers—How long will they last? Remediation 2001, 11, 1–18.
33. Noubactep, C. Metallic iron for environmental remediation: A review of reviews. Water Res. 2015, 85,

114–123. [CrossRef] [PubMed]
34. Sareyed-Dim, N.A. The Cementation of Nickel onto Iron at Elevated Temperatures. Ph.D. Thesis, Monash

University, Clayton, Australia, 1974.
35. Burris, D.R.; Allen-King, R.M.; Manoranjan, V.S.; Campbell, T.J.; Loraine, G.A.; Baolin, D. Chlorinated ethene

reduction by cast iron: Sorption and mass transfer. J. Environ. Eng. 1998, 124, 1012–1019. [CrossRef]
36. Cho, H.-H.; Lee, T.; Hwang, S.-J.; Park, J.-W. Iron and organo-bentonite for the reduction and sorption of

trichloroethylene. Chemosphere 2005, 58, 103–108. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jes.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28254034
http://dx.doi.org/10.1016/j.watres.2016.05.031
http://www.ncbi.nlm.nih.gov/pubmed/27206056
http://dx.doi.org/10.1016/j.watres.2015.02.034
http://www.ncbi.nlm.nih.gov/pubmed/25770444
http://dx.doi.org/10.2175/WER.64.5.6
http://dx.doi.org/10.1007/s00254-002-0539-6
http://dx.doi.org/10.1089/ees.2006.0071
http://dx.doi.org/10.3390/su2092988
http://dx.doi.org/10.1016/j.scitotenv.2013.08.056
http://www.ncbi.nlm.nih.gov/pubmed/24021639
http://dx.doi.org/10.1021/cr0102967
http://www.ncbi.nlm.nih.gov/pubmed/12428984
http://dx.doi.org/10.1021/es00061a012
http://www.ncbi.nlm.nih.gov/pubmed/22191743
http://dx.doi.org/10.1021/es9505210
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.ica.2014.12.015
http://dx.doi.org/10.1016/j.apcatb.2009.06.012
http://dx.doi.org/10.3390/w10050651
http://dx.doi.org/10.1002/clen.201200406
http://dx.doi.org/10.1016/j.chemosphere.2018.09.129
http://www.ncbi.nlm.nih.gov/pubmed/30268895
http://dx.doi.org/10.1016/j.watres.2015.08.023
http://www.ncbi.nlm.nih.gov/pubmed/26311273
http://dx.doi.org/10.1061/(ASCE)0733-9372(1998)124:10(1012)
http://dx.doi.org/10.1016/j.chemosphere.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15522338


Water 2018, 10, 1739 12 of 17

37. Popat, V.; Padhiyar, N. Kinetic study of Bechamp Process for p-nitrotoluene reduction to p-toluidine. Int. J.
Chem. Eng. Appl. 2013, 4, 401–405. [CrossRef]

38. Firdous, R.; Devlin, J.F. BEARKIMPE-2: A VBA Excel program for characterizing granular iron in treatability
studies. Comput. Geosci. 2014, 63, 54–61. [CrossRef]

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

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

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

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

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

44. Noubactep, C. Investigating the processes of contaminant removal in Fe0/H2O systems. Korean J. Chem. Eng.
2012, 29, 1050–1056. [CrossRef]

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

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

47. Noubactep, C. Research on metallic iron for environmental remediation: Stopping growing sloppy science.
Chemosphere 2016, 153, 528–530. [CrossRef] [PubMed]

48. Makota, S.; Nde-Tchoupe, A.I.; Mwakabona, H.T.; Tepong-Tsindé, R.; Noubactep, C.; Nassi, A.; Njau, K.N.
Metallic iron for water treatment: Leaving the valley of confusion. Appl. Water Sci. 2017, 7, 4177–4196.
[CrossRef]

49. Noubactep, C.; Makota, S.; Bandyopadhyay, A. Rescuing Fe0 remediation research from its systemic flaws.
Res. Rev. Insights 2017, 1, 1–8. [CrossRef]

50. Ghauch, A.; Abou Assi, H.; Baydoun, H.; Tuqan, A.M.; Bejjani, A. Fe0-based trimetallic systems for the
removal of aqueous diclofenac: Mechanism and kinetics. Chem. Eng. J. 2011, 172, 1033–1044. [CrossRef]

51. Naseri, E.; Ndé-Tchoupé, A.I.; Mwakabona, H.T.; Nanseu-Njiki, C.P.; Noubactep, C.; Njau, K.N.; Wydra, K.D.
Making Fe0-based filters a universal solution for safe drinking water provision. Sustainability 2017, 9, 1224.
[CrossRef]

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

53. 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]

54. 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]

55. Cohen, M. The formation and properties of passive films on iron. Can. J. Chem. 1959, 37, 286–291. [CrossRef]
56. Cohen, M. Thin oxide films on iron. J. Electrochem. Soc. 1974, 121, 191C–197C. [CrossRef]
57. Vetter, K.J. General kinetics of passive layers on metals. Electrochim. Acta 1971, 16, 1923–1937. [CrossRef]
58. Sato, N. 1989 Whitney Award Lecture: Toward a more fundamental understanding of corrosion processes.

Corrosion 1989, 45, 354–368. [CrossRef]
59. Sato, N. An overview on the passivity of metals. Corros. Sci. 1990, 31, 1–19. [CrossRef]
60. Knowlton, L.G. Some experiments on iron. J. Phys. Chem. 1928, 32, 1572–1595. [CrossRef]
61. Wang, L.; Li, P.; Wu, Z.; Yan, J.; Wang, M.; Ding, Y. Reduction of nitroarenes to aromatic amines with

nanosized activated metallic iron powder in water. Synthesis 2003, 13, 2001–2004. [CrossRef]
62. Gould, J.P. The kinetics of hexavalent chromium reduction by metallic iron. Water Res. 1982, 16, 871–877.

[CrossRef]
63. Murphy, A.P. Chemical removal of nitrate from water. Nature 1991, 350, 223–225. [CrossRef]
64. Brondel, D.; Edwards, R.; Hayman, A.; Hill, D.; Mehta, S.; Semerad, T. Corrosion in the oil industry. Oilfield

Rev. 1994, 6, 4–18.

http://dx.doi.org/10.7763/IJCEA.2013.V4.334
http://dx.doi.org/10.1016/j.cageo.2013.10.005
http://dx.doi.org/10.2174/1874233500701010009
http://dx.doi.org/10.1080/09593330802131602
http://www.ncbi.nlm.nih.gov/pubmed/18724646
http://dx.doi.org/10.1016/j.jhazmat.2009.02.143
http://www.ncbi.nlm.nih.gov/pubmed/19329247
http://dx.doi.org/10.4314/wsa.v36i5.62000
http://dx.doi.org/10.4314/wsa.v37i3.68493
http://dx.doi.org/10.1007/s11814-011-0298-8
http://dx.doi.org/10.1002/clen.201200502
http://dx.doi.org/10.1016/j.chemosphere.2016.03.088
http://www.ncbi.nlm.nih.gov/pubmed/27037660
http://dx.doi.org/10.1007/s13201-017-0601-x
http://dx.doi.org/10.15761/RRI.1000119
http://dx.doi.org/10.1016/j.cej.2011.07.020
http://dx.doi.org/10.3390/su9071224
http://dx.doi.org/10.1007/s11270-011-0812-y
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.jenvman.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26826456
http://dx.doi.org/10.1139/v59-037
http://dx.doi.org/10.1149/1.2402379
http://dx.doi.org/10.1016/0013-4686(71)85147-2
http://dx.doi.org/10.5006/1.3582030
http://dx.doi.org/10.1016/0010-938X(90)90086-K
http://dx.doi.org/10.1021/j150292a013
http://dx.doi.org/10.1055/s-2003-41021
http://dx.doi.org/10.1016/0043-1354(82)90016-1
http://dx.doi.org/10.1038/350223a0


Water 2018, 10, 1739 13 of 17

65. Nesic, S. Key issues related to modelling of internal corrosion of oil and gas pipelines—A review. Corros. Sci.
2007, 49, 4308–4338. [CrossRef]

66. 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]

67. Khudenko, B.M. Feasibility evaluation of a novel method for destruction of organics. Water Sci. Technol.
1991, 23, 1873–1881. [CrossRef]

68. Warren, K.D.; Arnold, R.G.; Bishop, T.L.; Lindholm, L.C.; Betterton, E.A. Kinetics and mechanism of
reductive dehalogenation of carbon tetrachloride using zero-valence metals. J. Hazard. Mater. 1995, 41,
217–227. [CrossRef]

69. 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]

70. Farrell, J.; Wang, J.; O’Day, P.; Conklin, M. Electrochemical and spectroscopic study of arsenate removal from
water using zero-valent iron media. Environ. Sci. Technol. 2001, 35, 2026–2032. [CrossRef] [PubMed]

71. Noubactep, C.; Licha, T.; Scott, T.B.; Fall, M.; Sauter, M. Exploring the influence of operational parameters on
the reactivity of elemental iron materials. J. Hazard. Mater. 2009, 172, 943–951. [CrossRef] [PubMed]

72. Lavine, B.K.; Auslander, G.; Ritter, J. Polarographic studies of zero valent iron as a reductant for remediation
of nitroaromatics in the environment. Microchem. J. 2001, 70, 69–83. [CrossRef]

73. Odziemkowski, M. Spectroscopic studies and reactions of corrosion products at surfaces and electrodes. In
Spectroscopic Properties of Inorganic and Organometallic Compounds; The Royal Society of Chemistry: Cambridge,
UK, 2009; Volume 40, pp. 385–450.

74. Chen, L.; Jin, S.; Fallgren, P.H.; Liu, F.; Colberg, P.J.S. Passivation of zero-valent iron by denitrifying bacteria
and the impact on trichloroethene reduction in groundwater. Water Sci. Technol. 2013, 67, 1254–1259.
[CrossRef] [PubMed]

75. Chen, S.; Fan, D.; Tratnyek, P.G. Novel contaminant transformation pathways by abiotic reductants. Environ.
Sci. Technol. Lett. 2014, 1, 432–436. [CrossRef]

76. 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]

77. Pilling, N.B.; Bedworth, R.E. The oxidation of metals at high temperatures. J. Inst. Met. 1923, 29, 529–591.
78. Caré, S.; Crane, R.; Calabro, P.S.; Ghauch, A.; Temgoua, E.; Noubactep, C. Modelling the permeability loss of

metallic iron water filtration systems. Clean Soil Air Water 2013, 41, 275–282. [CrossRef]
79. 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]
80. Phukan, M. Characterizing the Fe0/sand system by the extent of dye discoloration. Freib. Online Geosci 2015,

42, 1–80.
81. Phukan, M.; Noubactep, C.; Licha, T. Characterizing the ion-selective nature of Fe0-based filters using azo

dyes. Chem. Eng. J. 2015, 259, 481–491. [CrossRef]
82. Phukan, M.; Noubactep, C.; Licha, T. Characterizing the ion-selective nature of Fe0/H2O systems in batch

experiments. J. Environ. Chem. Eng. 2016, 4, 65–72. [CrossRef]
83. Gatcha-Bandjun, N.; Noubactep, C.; Loura-Mbenguela, B. Mitigation of contamination in effluents by

metallic iron: The role of iron corrosion products. Environ. Technol. Innov. 2017, 8, 71–83. [CrossRef]
84. Snowdon, R.C. The electrolytic reduction of nitrobenzene. J. Phys. Chem. 1911, 15, 797–844. [CrossRef]
85. Lyons, R.E.; Smith, L.T. Die Reduktion von Nitroverbindungen mit Eisen und löslichen Chloriden. Berichte

der Deutschen Chemischen Gesellschaft 1927, 60, 173–182. [CrossRef]
86. Linnenbom, V.J. The Reaction between iron and water in the absence of oxygen. J. Electrochem. Soc. 1958, 105,

322–324. [CrossRef]
87. Stratmann, M.; Müller, J. The mechanism of the oxygen reduction on rust-covered metal substrates. Corros.

Sci. 1994, 36, 327–359. [CrossRef]
88. Cole, I.S.; Marney, D. The science of pipe corrosion: A review of the literature on the corrosion of ferrous

metals in soils. Corros. Sci. 2012, 56, 5–16. [CrossRef]
89. Vollprecht, D.; Krois, L.-M.; Sedlazeck, K.P.; Müller, P.; Mischitz, R.; Olbrich, T.; Pomberger, R. Removal of

critical metals from waste water by zero-valent iron. J. Clean. Prod. 2019, 208, 1409–1420. [CrossRef]

http://dx.doi.org/10.1016/j.corsci.2007.06.006
http://dx.doi.org/10.1016/0045-6535(94)90279-8
http://dx.doi.org/10.2166/wst.1991.0643
http://dx.doi.org/10.1016/0304-3894(94)00117-Y
http://dx.doi.org/10.1021/la990902h
http://dx.doi.org/10.1021/es0016710
http://www.ncbi.nlm.nih.gov/pubmed/11393984
http://dx.doi.org/10.1016/j.jhazmat.2009.07.097
http://www.ncbi.nlm.nih.gov/pubmed/19683386
http://dx.doi.org/10.1016/S0026-265X(01)00075-3
http://dx.doi.org/10.2166/wst.2013.689
http://www.ncbi.nlm.nih.gov/pubmed/23508149
http://dx.doi.org/10.1021/ez500268e
http://dx.doi.org/10.1021/es60072a008
http://dx.doi.org/10.1002/clen.201200167
http://dx.doi.org/10.1016/j.cej.2014.10.105
http://dx.doi.org/10.1016/j.cej.2014.08.013
http://dx.doi.org/10.1016/j.jece.2015.11.009
http://dx.doi.org/10.1016/j.eti.2017.05.002
http://dx.doi.org/10.1021/j150126a001
http://dx.doi.org/10.1002/cber.19270600132
http://dx.doi.org/10.1149/1.2428838
http://dx.doi.org/10.1016/0010-938X(94)90161-9
http://dx.doi.org/10.1016/j.corsci.2011.12.001
http://dx.doi.org/10.1016/j.jclepro.2018.10.180


Water 2018, 10, 1739 14 of 17

90. Goetz, R.; MacDougall, B.; Graham, M.J. An AES and SIMS study of the influence of chloride on the passive
oxide film on iron. Electrochim. Acta 1986, 1, 1299–1303. [CrossRef]

91. Taylor, D.C. Atomistic modeling of corrosion events at the interface between a metal and its environment.
Int. J. Corros. 2012, 2012, 204640. [CrossRef]

92. Tepong-Tsindé, R.; Phukan, M.; Nassi, A.; Noubactep, C.; Ruppert, H. Validating the efficiency of the MB
discoloration method for the characterization of Fe0/H2O systems using accelerated corrosion by chloride
ions. Chem. Eng. J. 2015, 279, 353–362. [CrossRef]

93. Taxén, C.; Letelier, M.V.; Lagos, G. Model for estimation of copper release to drinking water from copper
pipes. Corros. Sci. 2012, 58, 267–277. [CrossRef]

94. Fisher, W.W. Fluidized cathode cementation of copper. Hydrometallurgy 1986, 16, 55–67. [CrossRef]
95. Noubactep, C.; Schöner, A.; Sauter, M. Significance of oxide-film in discussing the mechanism of contaminant

removal by elemental iron materials. In Photo-Electrochemistry & Photo-Biology for the Sustainability; Union
Press: Osaka, Japan, 2012; pp. 97–122, ISBN-10 4946428615; ISBN-13 978-4946428616.

96. White, A.F.; Paterson, M.L. Reduction of aqueous transition metal species on the surface of Fe(II)-containing
oxides. Geochim. Cosmochim. Acta 1996, 60, 3799–3814. [CrossRef]

97. Béchamp, A. Bechamp reduction. Ann. J. Am. Chem. Phys. 1854, 42, 186, cited in Popat and Padhiyar (2013).
98. Muspratt, S.; Kerl, B.; Beckmann, E.O.; Bunte, H.; Neumann, B.; Binz, A.H.; Hayduch, F.; Stohmann, F.K.A.

Handbuch der Technischen Chemie; F. Vieweg & Sohn: Braunschweig, Germany, 1888; p. 942, cited in Lyons
and Smith (1927).

99. Noubactep, C. Investigations for the Passive In-Situ Immobilization of Uranium (VI) from Water. Ph.D.
Thesis, TU Bergakademie Freiberg, Freiberg, Germany, 2003; p. 140. (In German)

100. Noubactep, C.; Meinrath, G.; Dietrich, P.; Merkel, B. Mitigating uranium in ground water: Prospects and
limitations. Environ. Sci. Technol. 2003, 37, 4304–4308. [CrossRef] [PubMed]

101. Noubactep, C.; Meinrath, G.; Merkel, J.B. Investigating the mechanism of uranium removal by zerovalent
iron materials. Environ. Chem. 2005, 2, 235–242. [CrossRef]

102. Noubactep, C.; Schöner, A.; Meinrath, G. Mechanism of uranium (VI) fixation by elemental iron. J. Hazard.
Mater. 2006, 132, 202–212. [CrossRef] [PubMed]

103. Burghardt, D.; Kassahun, A. Development of a reactive zone technology for simultaneous in situ
immobilisation of radium and uranium. Environ. Geol. 2005, 49, 314–320. [CrossRef]

104. Noubactep, C. Characterizing the reactivity of metallic iron upon methylene blue discoloration in
Fe0/MnO2/H2O systems. J. Hazard. Mater. 2009, 168, 1613–1616. [CrossRef] [PubMed]

105. Ghauch, A.; Abou Assi, H.; Bdeir, S. Aqueous removal of diclofenac by plated elemental iron: Bimetallic
systems. J. Hazard. Mater. 2010, 182, 64–74. [CrossRef] [PubMed]

106. Noubactep, C.; Caré, S.; Btatkeu-K, B.D.; Nanseu-Njiki, C.P. Enhancing the sustainability of household
Fe0/sand filters by using bimetallics and MnO2. Clean Soil Air Water 2012, 40, 100–109. [CrossRef]

107. Btatkeu-K, B.D.; Olvera-Vargas, H.; Tchatchueng, J.B.; Noubactep, C.; Caré, S. Characterizing the impact of
MnO2 on the efficiency of Fe0-based filtration systems. Chem. Eng. J. 2014, 250, 416–422. [CrossRef]

108. Bafghi, M.S.; Zakeri, A.; Ghasemi, Z.; Adeli, M. Reductive dissolution of manganese ore in sulfuric acid in
the presence of iron metal. Hydrometallurgy 2008, 90, 207–212. [CrossRef]

109. Westerhoff, P.; James, J. Nitrate removal in zero-valent iron packed columns. Water Res. 2003, 37, 1818–1830.
[CrossRef]

110. Bi, E.; Devlin, J.F.; Huang, B. Effects of mixing granular iron with sand on the kinetics of trichloroethylene
reduction. Groundw. Monit. Remediat. 2009, 29, 56–62. [CrossRef]

111. Ulsamer, S. A Model to Characterize the Kinetics of Dechlorination of Tetrachloroethylene and
Trichloroethylene by a Zero Valent Iron Permeable Reactive Barrier. Master’s Thesis, Worcester Polytechnic
Institute, Worcester, MA, USA, 2011.

112. Tepong-Tsindé, R.; Crane, R.; Noubactep, C.; Nassi, A.; Ruppert, H. Testing metallic iron filtration systems
for decentralized water treatment at pilot scale. Water 2015, 7, 868–897. [CrossRef]

113. O´Hannesin, S.F.; Gillham, R.W. Long-term performance of an in situ “iron wall” for remediation of VOCs.
Groundwater 1998, 36, 164–170. [CrossRef]

114. Erickson, A.J. Enhanced Sand Filtration for Storm Water Phosphorus Removal. Master’s Thesis, University
of Minnesota, Minneapolis, MN, USA, 2005.

http://dx.doi.org/10.1016/0013-4686(86)80151-7
http://dx.doi.org/10.1155/2012/204640
http://dx.doi.org/10.1016/j.cej.2015.04.129
http://dx.doi.org/10.1016/j.corsci.2012.02.005
http://dx.doi.org/10.1016/0304-386X(86)90051-4
http://dx.doi.org/10.1016/0016-7037(96)00213-X
http://dx.doi.org/10.1021/es034296v
http://www.ncbi.nlm.nih.gov/pubmed/14524469
http://dx.doi.org/10.1071/EN05003
http://dx.doi.org/10.1016/j.jhazmat.2005.08.047
http://www.ncbi.nlm.nih.gov/pubmed/16271827
http://dx.doi.org/10.1007/s00254-005-0093-0
http://dx.doi.org/10.1016/j.jhazmat.2009.02.121
http://www.ncbi.nlm.nih.gov/pubmed/19329252
http://dx.doi.org/10.1016/j.jhazmat.2010.05.139
http://www.ncbi.nlm.nih.gov/pubmed/20580154
http://dx.doi.org/10.1002/clen.201100014
http://dx.doi.org/10.1016/j.cej.2014.04.059
http://dx.doi.org/10.1016/j.hydromet.2007.07.003
http://dx.doi.org/10.1016/S0043-1354(02)00539-0
http://dx.doi.org/10.1111/j.1745-6592.2009.01234.x
http://dx.doi.org/10.3390/w7030868
http://dx.doi.org/10.1111/j.1745-6584.1998.tb01077.x


Water 2018, 10, 1739 15 of 17

115. Erickson, A.J.; Gulliver, J.S.; Weiss, P.T. Enhanced sand filtration for storm water phosphorus removal. J.
Environ. Eng. ASCE 2007, 133, 485–497. [CrossRef]

116. Erickson, A.J.; Gulliver, J.S.; Weiss, P.T. Capturing phosphates with iron enhanced sand filtration. Water Res.
2012, 46, 3032–3042. [CrossRef] [PubMed]

117. Bradley, I.; Straub, A.; Maraccini, P.; Markazi, S.; Nguyen, T.H. Iron oxide amended biosand filters for virus
removal. Water Res. 2011, 45, 4501–4510. [CrossRef] [PubMed]

118. Lazzari, L. General aspects of corrosion. In Encyclopedia of Hydrocarbons; Istituto Enciclopedia Italiana: Rome,
Italy, 2008; Volume V, Chapter 9.1.

119. Kosmulski, M. Compilation of PZC and IEP of sparingly soluble metal oxides and hydroxides from literature.
Adv. Colloid Interface Sci. 2009, 152, 14–25. [CrossRef] [PubMed]

120. Kosmulski, M. Isoelectric points and points of zero charge of metal (hydr)oxides: 50 years after Parks’ review.
Adv. Colloid Interface Sci. 2016, 238, 1–61. [CrossRef] [PubMed]

121. Frost, R.L.; Xi, Y.; He, H. Synthesis, characterization of palygorskite supported zero-valent iron and its
application for methylene blue adsorption. J. Colloid Interf. Sci. 2010, 341, 153–161. [CrossRef] [PubMed]

122. Arabi, S.; Sohrabi, M.R. Removal of methylene blue, a basic dye, from aqueous solutions using
nano-zerovalent iron. Water Sci. Technol. 2014, 70, 24–31. [CrossRef] [PubMed]

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

124. Comba, S.; Di Molfetta, A.; Sethi, R. A Comparison between field applications of nano-, micro-, and
millimetric zero-valent iron for the remediation of contaminated aquifers. Water Air Soil Pollut. 2011, 215,
595–607. [CrossRef]

125. Phillips, D.H. Permeable reactive barriers: A sustainable technology for cleaning contaminated groundwater
in developing countries. Desalination 2009, 248, 352–359. [CrossRef]

126. Phillips, D.H.; Van Nooten, T.; Bastiaens, L.; Russell, M.I.; Dickson, K.; Plant, S.; Ahad, J.M.E.; Newton, T.;
Elliot, T.; Kalin, R.M. Ten year performance evaluation of a field-scale zero-valent iron permeable reactive
barrier installed to remediate trichloroethene contaminated groundwater. Environ. Sci. Technol. 2010, 44,
3861–3869. [CrossRef] [PubMed]

127. Naidu, R.; Birke, V. Permeable Reactive Barrier: Sustainable Groundwater Remediation; CRC Press: Boca Raton,
FL, USA, 2015; 333p, ISBN 978-1-4822-2447-4.

128. Mueller, N.C.; Braun, J.; Bruns, J.; Cerník, M.; Rissing, P.; Rickerby, D.; Nowack, B. Application of nanoscale
zero valent iron (NZVI) for groundwater remediation in Europe. Environ. Sci. Pollut. Res. 2011, 19, 550–558.
[CrossRef] [PubMed]

129. Ruhl, A.S.; Ünal, N.; Jekel, M. Evaluation of two-component Fe(0) fixed bed filters with porous materials for
reductive dechlorination. Chem. Eng. J. 2012, 209, 401–406. [CrossRef]

130. Bartzas, G.; Komnitsas, K. Solid phase studies and geochemical modelling of low-cost permeable reactive
barriers. J. Hazard. Mater. 2010, 183, 301–308. [CrossRef] [PubMed]

131. Li, L.; Benson, C.H. Evaluation of five strategies to limit the impact of fouling in permeable reactive barriers.
J. Hazard. Mater. 2010, 181, 170–180. [CrossRef] [PubMed]

132. Firdous, R.; Devlin, J.F. Visualizations and optimization of iron–sand mixtures for permeable reactive barriers.
Groundw. Monit. Remediat. 2015, 35, 75–84. [CrossRef]

133. Miyajima, K.; Noubactep, C. Impact of Fe0 amendment on methylene blue discoloration by sand columns.
Chem. Eng. J. 2013, 217, 310–319. [CrossRef]

134. Lee, G.; Rho, S.; Jahng, D. Design considerations for groundwater remediation using reduced metals. Korean
J. Chem. Eng. 2004, 21, 621–628. [CrossRef]

135. Guo, X.; Yang, Z.; Dong, H.; Guan, X.; Ren, Q.; Lv, X.; Jin, X. Simple combination of oxidants with
zero-valent-iron (ZVI) achieved very rapid and highly efficient removal of heavy metals from water. Water
Res. 2016, 88, 671–680. [CrossRef] [PubMed]

136. Karottu Ansaf, K.V.; Ambika, S.; Nambi, I.M. Performance enhancement of zero valent iron based systems
using depassivators: Optimization and kinetic mechanisms. Water Res. 2016, 102, 436–444. [CrossRef]
[PubMed]

http://dx.doi.org/10.1061/(ASCE)0733-9372(2007)133:5(485)
http://dx.doi.org/10.1016/j.watres.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22482494
http://dx.doi.org/10.1016/j.watres.2011.05.045
http://www.ncbi.nlm.nih.gov/pubmed/21708394
http://dx.doi.org/10.1016/j.cis.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19744641
http://dx.doi.org/10.1016/j.cis.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27890403
http://dx.doi.org/10.1016/j.jcis.2009.09.027
http://www.ncbi.nlm.nih.gov/pubmed/19850299
http://dx.doi.org/10.2166/wst.2014.189
http://www.ncbi.nlm.nih.gov/pubmed/25026575
http://dx.doi.org/10.1080/10643380091184219
http://dx.doi.org/10.1007/s11270-010-0502-1
http://dx.doi.org/10.1016/j.desal.2008.05.075
http://dx.doi.org/10.1021/es902737t
http://www.ncbi.nlm.nih.gov/pubmed/20420442
http://dx.doi.org/10.1007/s11356-011-0576-3
http://www.ncbi.nlm.nih.gov/pubmed/21850484
http://dx.doi.org/10.1016/j.cej.2012.08.006
http://dx.doi.org/10.1016/j.jhazmat.2010.07.024
http://www.ncbi.nlm.nih.gov/pubmed/20678863
http://dx.doi.org/10.1016/j.jhazmat.2010.04.113
http://www.ncbi.nlm.nih.gov/pubmed/20510511
http://dx.doi.org/10.1111/gwmr.12123
http://dx.doi.org/10.1016/j.cej.2012.11.128
http://dx.doi.org/10.1007/BF02705496
http://dx.doi.org/10.1016/j.watres.2015.10.045
http://www.ncbi.nlm.nih.gov/pubmed/26575476
http://dx.doi.org/10.1016/j.watres.2016.06.064
http://www.ncbi.nlm.nih.gov/pubmed/27395028


Water 2018, 10, 1739 16 of 17

137. McGuire, M.M.; Carlson, D.L.; Vikesland, P.J.; Kohn, T.; Grenier, A.C.; Langley, L.A.; Roberts, A.L.;
Fairbrother, D.H. Applications of surface analysis in the environmental sciences: Dehalogenation of
chlorocarbons with zero-valent iron and iron-containing mineral surfaces. Anal. Chim. Acta 2003, 496,
301–313. [CrossRef]

138. Kim, H.; Yang, H.; Kim, J. Standardization of the reducing power of zero-valent iron using iodine. J. Environ.
Sci. Health A 2014, 49, 514–523. [CrossRef] [PubMed]

139. 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]

140. Li, J.; Dou, X.; Qin, H.; Sun, Y.; Yin, D.; Guan, X. Characterization methods of zerovalent iron for water
treatment and remediation. Water Res. 2019, 148, 70–85. [CrossRef] [PubMed]

141. Alamilla, J.L.; Espinosa-Medina, M.A.; Sosa, E. Modelling steel corrosion damage in soil environment. Corros.
Sci. 2009, 51, 2628–2638. [CrossRef]

142. Noubactep, C. Predicting the hydraulic conductivity of metallic iron filters: Modeling gone astray. Water
2016, 8, 162. [CrossRef]

143. Heimann, S.; Ndé-Tchoupé, A.I.; Hu, R.; Licha, T.; Noubactep, C. Investigating the suitability of Fe0

packed-beds for water defluoridation. Chemosphere 2018, 209, 578–587. [CrossRef] [PubMed]
144. Brenner, S. Sequences and consequences. Philos. Trans. R. Soc. Lond. B 2010, 365, 207–212. [CrossRef]

[PubMed]
145. Miehr, R.; Tratnyek, G.P.; Bandstra, Z.J.; Scherer, M.M.; Alowitz, J.M.; Bylaska, J.E. Diversity of contaminant

reduction reactions by zerovalent iron: Role of the reductate. Environ. Sci. Technol. 2004, 38, 139–147.
[CrossRef] [PubMed]

146. Noubactep, C.; Meinrath, G.; Dietrich, P.; Sauter, M.; Merkel, B. Testing the suitability of zerovalent iron
materials for reactive Walls. Environ. Chem. 2005, 2, 71–76. [CrossRef]

147. Mwakabona, H.T.; Ndé-Tchoupé, 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]

148. Ndé-Tchoupé, A.I.; Nanseu-Njiki, C.P.; Hu, R.; Nassi, A.; Noubactep, C.; Licha, T. Characterizing the
reactivity of metallic iron for water defluoridation in batch studies. Chemosphere 2018, in press.

149. Hu, R.; Noubactep, C. Iron corrosion: Scientific heritage in jeopardy. Sustainability 2018, 10, 4138. [CrossRef]
150. Btatkeu-K, B.D.; Miyajima, K.; Noubactep, C.; Caré, S. Testing the suitability of metallic iron for

environmental remediation: Discoloration of methylene blue in column studies. Chem. Eng. J. 2013,
215–216, 959–968. [CrossRef]

151. 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.

152. Hildebrant, B. Characterizing the reactivity of commercial steel wool for water treatment. Freib. Online
Geosci. 2018, 53, 1–60.

153. Lauderdale, R.A.; Emmons, A.H. A method for decontaminating small volumes of radioactive water. J. Am.
Water Works Assoc. 1951, 43, 327–331. [CrossRef]

154. Tseng, C.L.; Yang, M.H.; Lin, C.C. Rapid determination of cobalt-60 in sea water with steel wool adsorption.
J. Radioanal. Nucl. Chem. Lett. 1984, 85, 253–260. [CrossRef]

155. Oldright, G.L.; Keyes, H.E.; Miller, V.; Sloan, W.A. Precipitation of Lead and Copper from Solution on Sponge
Iron. 1928. Available online: http://digital.library.unt.edu/ark:/67531/metadc12459 (accessed on 27 May
2018).

156. Lung, T.N. The history of copper cementation on iron—The world's first hydrometallurgical process from
medieval China. Hydrometallurgy 1986, 17, 113–129. [CrossRef]

157. Habashi, F. A short history of hydrometallurgy. Hydrometallurgy 2005, 79, 15–22. [CrossRef]
158. Baker, M.N. Sketch of the history of water treatment. J. Am. Water Works Assoc. 1934, 26, 902–938. [CrossRef]
159. Devonshire, E. The purification of water by means of metallic iron. J. Frankl. Inst. 1890, 129, 449–461.

[CrossRef]
160. Bischof, G. On putrescent organic matter in potable water. Proc. R. Soc. London 1877, 26, 258–261. [CrossRef]
161. Anderson, W. The purification of water by means of iron on the large scale. J. Soc. Arts 1884, 32, 963–964.
162. Anderson, W. The purification of water by means of iron on the large scale. Minutes Proc. Inst. Civ. Eng. 1885,

81, 279–284.

http://dx.doi.org/10.1016/S0003-2670(03)01009-2
http://dx.doi.org/10.1080/10934529.2014.859029
http://www.ncbi.nlm.nih.gov/pubmed/24410682
http://dx.doi.org/10.1039/C5AY02182K
http://dx.doi.org/10.1016/j.watres.2018.10.025
http://www.ncbi.nlm.nih.gov/pubmed/30347277
http://dx.doi.org/10.1016/j.corsci.2009.06.052
http://dx.doi.org/10.3390/w8040162
http://dx.doi.org/10.1016/j.chemosphere.2018.06.088
http://www.ncbi.nlm.nih.gov/pubmed/29957518
http://dx.doi.org/10.1098/rstb.2009.0221
http://www.ncbi.nlm.nih.gov/pubmed/20008397
http://dx.doi.org/10.1021/es034237h
http://www.ncbi.nlm.nih.gov/pubmed/14740729
http://dx.doi.org/10.1071/EN04014
http://dx.doi.org/10.1016/j.watres.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28390234
http://dx.doi.org/10.3390/su10114138
http://dx.doi.org/10.1016/j.cej.2012.11.072
http://dx.doi.org/10.1002/j.1551-8833.1951.tb18948.x
http://dx.doi.org/10.1007/BF02164230
http://digital.library.unt.edu/ark:/67531/metadc12459
http://dx.doi.org/10.1002/j.1551-8833.1934.tb14361.x
http://dx.doi.org/10.1002/j.1551-8833.1934.tb14361.x
http://dx.doi.org/10.1002/j.1551-8833.1934.tb14361.x
http://dx.doi.org/10.1016/0016-0032(90)90189-P
http://dx.doi.org/10.1098/rspl.1877.0023


Water 2018, 10, 1739 17 of 17

163. Werner, J. Amination by Reduction. Ind. Eng. Chem. 1951, 43, 1917–1919. [CrossRef]
164. Werner, J. Amination by Reduction. Ind. Eng. Chem. 1952, 44, 1980–1982. [CrossRef]
165. Werner, J. Amination by Reduction. Ind. Eng. Chem. 1953, 45, 1912–1914. [CrossRef]
166. Werner, J. Amination by Reduction. Ind. Eng. Chem. 1954, 46, 1800–1801. [CrossRef]
167. Werner, J. Amination by Reduction. Ind. Eng. Chem. 1956, 48, 1563–1565. [CrossRef]
168. Werner, J. Amination by Reduction. Ind. Eng. Chem. 1959, 51, 1065–1066. [CrossRef]
169. Werner, J. Amination by Reduction. Unit Processes Review. Ind. Eng. Chem. 1961, 53, 77–78. [CrossRef]
170. 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.
171. Harza Environmental Services. Fundamental Aspects of Selenium Removal by Harza Process; Technical Report

Prepared under Contract for the Federal-State San Joaquin Valley Drainage Program; Harza Environmental
Services: Sacramento, CA, USA, 1989.

172. 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]

173. Leupin, O.X.; Hug, S.J.; Badruzzaman, A.B.M. Arsenic removal from Bangladesh tube well water with filter
columns containing zerovalent iron filings and sand. Environ. Sci. Technol. 2005, 39, 8032–8037. [CrossRef]
[PubMed]

174. Hussam, A. Contending with a Development Disaster: SONO Filters Remove Arsenic from Well Water in
Bangladesh. Innovations 2009, 4, 89–102. [CrossRef]

175. 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]

176. Marwa, J.; Lufingo, M.; Noubactep, C.; Machunda, R. Defeating fluorosis in the East African Rift Valley:
Transforming the Kilimanjaro into a rainwater harvesting park. Sustainability 2018, 10, 4194. [CrossRef]

177. Tratnyek, P.G.; Salter, A.J.; Nurmi, J.T.; Sarathy, V. Environmental applications of zerovalent metals: Iron vs.
Zinc. ACS Symp. Ser. 2010, 1045, 165–178.

178. DeVor, R.; Carvalho-Knighton, K.; Aitken, B.; Maloney, P.; Holland, E.; Talalaj, L.; Elsheimer, S.; Clausen, C.A.;
Geiger, C.L. Mechanism of the degradation of individual PCB congeners using mechanically alloyed Mg/Pd
in methanol. Chemosphere 2009, 76, 761–766. [CrossRef] [PubMed]

179. Agarwal, S.; Al-Abed, S.R.; Dionysiou, D.D. Enhanced corrosion-based Pd/Mg bimetallic systems for
dechlorination of PCBs. Environ. Sci. Technol. 2007, 41, 3722–3727. [CrossRef] [PubMed]

180. Bigg, T.; Judd, S.J. Zero-valent iron for water treatment. Environ. Technol. 2000, 21, 661–670. [CrossRef]
181. Scherer, M.M.; Balko, B.A.; Tratnyek, P.G. The Role of Oxides in Reduction Reactions at the Metal-Water

Interface. ACS Symp. Ser. 1998, 715, 301–322.
182. Roberts, A.L.; Totten, L.A.; Arnold, W.A.; Burris, D.R.; Campbell, T.J. Reductive elimination of chlorinated

ethylenes by zero-valent metals. Environ. Sci. Technol. 1996, 30, 2654–2659. [CrossRef]
183. Khudenko, B.M. Mechanism and kinetics of cementation processes. Water Sci. Technol. 1985, 17, 719–731.

[CrossRef]
184. Gould, J.P.; Escovar, I.B.; Khudenko, B.M. Examination of the zinc cementation on cadmium in aqueous

solutions. Water Sci. Technol. 1987, 19, 333–344.
185. Khudenko, B.M. Mathematical models of cementaion process. J. Environ. Eng. 1987, 113, 681–702.

© 2018 by the authors. 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/10.1021/ie50501a011
http://dx.doi.org/10.1021/ie50513a019
http://dx.doi.org/10.1021/ie50525a027
http://dx.doi.org/10.1021/ie50537a027
http://dx.doi.org/10.1021/ie51401a002
http://dx.doi.org/10.1021/ie51397a004
http://dx.doi.org/10.1021/ie50613a042
http://dx.doi.org/10.1080/10934520009377018
http://dx.doi.org/10.1021/es050205d
http://www.ncbi.nlm.nih.gov/pubmed/16295871
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/10.3390/su10114194
http://dx.doi.org/10.1016/j.chemosphere.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19535124
http://dx.doi.org/10.1021/es062886y
http://www.ncbi.nlm.nih.gov/pubmed/17547203
http://dx.doi.org/10.1080/09593332108618077
http://dx.doi.org/10.1021/es9509644
http://dx.doi.org/10.2166/wst.1985.0174
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Interactions within Fe0/H2O Systems 
	The Importance of Indirect Reduction 
	Aniline and the Fe0/H2O System 
	MnO2 and the Fe0/H2O System 

	Long-Term Permeability of Fe0 Walls 
	Ion-Selective Nature of Fe0/H2O Systems (Coulomb’s Law) 
	Discussion 
	Fe0 for Environmental Remediation 
	Lessons from the History and Future Directions 
	Conclusions 
	References

