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“An error does not become truth by reason of multiplied propagation, nor does truth
become error because nobody sees it.” M ahatma Gandhi

Conseil a un jeune homme inconnu
Alfred de Vigny (27.03.1797 — 17.09.1863)

“Conseil a un jeune homme inconnu” is the sub-title of “La Bouteille a la Mer”, a poem by
Alfred de Vigny.

The symbol in "La Bouteille alaMer" isthat of avessel wrecked off the Straits of Magellan; the
captain realising that the ship is sinking writes in haste a warning to future sailors, puts the
precious document into a corked bottle and throws it out to sea. The ship sinks together with the
captain and crew. The fragile bottle then becomes the hero of the poem, and is cast up finally on
the shores of France (Rooker 1914, Morton Dey 1936).

When the vessel sinks and the captain goes down with it, he throws the bottle into the sea.

Il sourit en songeant que ce fragile verre

Portera sa pensée et son nom jusqu’au port ;

Que d’une le inconnue il agrandit la terre ;

Qu’il marque un nouvel astre et le confie au sort ;

Que Dieu peut bien permettre a des eaux insensées

De perdre des vaisseaux, mais non pas des penseées,

Et qu’avec un flacon il a vaincu la mort. (Strophe XV)

A fisherman on the coast of France catches the bottle in his nets; he does not dare open it, but
takesit to asavant to find out what "this black and mysterious elixir " is:

Quel est cet élixir ? Pécheur, c’est la science,
C’est I’élixir divin que boivent les esprits,
Trésor de la pensée et de I’expérience ;
Et si tes lourds filets, 6 pécheur, avaient pris
L’or qui toujours serpente aux veines du Mexique,
Les diamants de I’Inde et les perles d’Afrique,
Ton labeur de ce jour aurait eu moins de prix. (Strophe XXI11I)
Le vrai Dieu, le Dieu fort est le Dieu des idées.
Sur nos fronts ou le germe est jeté par le sort,
Répandons le Savoir en fécondes ondées ;
Puis, recueillant le fruit tel que de I’ame il sort,
Tout empreint du parfum des saintes solitudes,
Jetons I’ceuvre a la mer, la mer des multitudes :
— Dieu la prendra du doigt pour la conduire au port. (Strophe XXVI)

According to Alfred de Vigny, God's sole interest is in the Idea. God is indifferent to the groans
of the physical universe, but He will not let perish one single human thought.




Abstract

Scientific progress is in nature a permanent accumulation of experimental observations and data.
However, pure accumulation is of limited value. A profound look behind the data is necessary to
recognize relations between apparently remote observations and express these relations in
universally valid concepts and models. Usually, such concepts are cornerstones for further
scientific progress.

Based on the above premise and the experimenta evidence that metallic iron (Fe”) do remove
more substances or substance classes from aqueous solutions than could be predicted for a
reducing agent (Fe”), the objective of the present work was to critically review the literature on
“water treatment with Fe™ and discuss the consequences for the further development of the
technology of “using Fe” for water treatment”.

The first observation was that the approach to investigate processes in Fe”/H.O systems has been
more pragmatic than systematic. In fact, iron walls have first been reported to effectively degrade
solvents in groundwater. Subsequently, the ability of Fe” to treat other contaminants has been
evaluated on a case-by-case basis. Quantitative removal of non-reducible species, oxidable
species and species without redox properties has been reported as well. Therefore, the concept
considering Fe° as a reducing agent has been questioned and proven inconsistent. A new concept
has been introduced and validated which considers adsorption (and adsorptive size exclusion in
column studies), and co-precipitation as fundamental contaminant removal mechanisms. Because
removed contaminants are enmeshed in the matrix of transforming iron corrosion products, they
are necessarily long-term stable under experimental and filed conditions. Thus, Fe’ is a universal
material for water treatment and in particular for safe drinking water production.

Next to the profound understanding of the mechanism of contaminant removal in packed Fe’
beds, the volumetric expansive nature of iron oxidative dissolution at pH > 4.5 was properly
considered. The result was the suggestion of Fe® volumetric proportions between 30 and 60 % for
safe drinking water production at household level. Idedlly, Fe” is mixed with porous inert
materials which sustain the reactivity of Fe® by storing in-situ generated iron hydroxides.

The efficiency of a Fe” bed mostly depends on: (i) the intrinsic reactivity of used Fe°, (ii) the
thickness of the bed, and the water flow rate (or the residence time within the bed). Future
experimental works should be focused on characterizing the intrinsic reactivity of potential
affordable materials. It can be emphasized that Fe® beds will allow for the provision of household
and remote small communities with safe drinking water.
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0 Introduction

0.1  Available technologies

The availability of clean drinking water is an universal problem faced both by developed and
developing nations. Population growth has created a worldwide demand for new water sources.
Many potential water sources contain high levels of contaminants from natural and anthropogenic
origins that are hazardous to human health (WHO/UNICEF 2010). Natural contaminants include
arsenic, uranium and pathogens (e.g. bacteria, viruses). Anthropogenic contaminants include dyes,
pesticides and pharmaceuticals.

Whenever a water source is contaminated, it should be properly treated before release (e.g.
wastewaters) or use (e.g. drinking water). Various technologies are available for water treatment
at three levels: (i) drinking water production, (i) wastewater treatment, and (iii) environmental
remediation. Pressures from financial, legidative and time-related constraints necessitate
continued research into aternative techniques that provide better, faster and cheaper water
treatment. Many conventional water treatment strategies are too expensive for extensive
deployment in small municipalities and in the developing world (Coulibaly & Rodriguez 2004,
Phillips 2009, Gottinger 2010). Therefore, affordable technologies using low cost materials and
matching or exceeding the capability of conventional remediation technol ogies are needed.

For safe drinking water production, conventional treatments with coagulation, rapid sand
filtration, granular activated carbon filtration, and disinfection (chlorination, ozonation or
ultraviolet radiation) have been proven inefficient for the quantitative removal of several micro-
pollutants from surface waters (Zhou & Smith 2002, Tansel 2008, Li et al. 2009, Srinivasan &
Soria 2009). Consequently, aternative and innovative water treatment concepts are under
development (Tansel 2008, Li et al. 2009, Antia 2010, Tellen et al. 2010).

A new treatment four-stages-concept was recently proposed in the Netherlands: (i) fluidized
ion exchange (FIEX), (ii) ultrafiltration (UF), (iii) nanofiltration (NF), (iv) granular activated
carbon filtration (GAC) (Li et a. 2009). The FIEX process removes calcium and other divalent
cations; the UF membrane removes particles and microorganisms,; and the NF membrane and
GAC remove natural organic matter (NOM) and micro-pollutants. The results of a pilot study
showed successful removal of most micro-pollutants. However, very polar substances with a
molecular weight lower than 100 Daltons could not be quantitative removed. These substances
are too small to be reected by the NF (size exclusion), and too polar to be quantitatively
adsorbed by the GAC. Therefore, a process is needed to quantitatively remove both small and
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polar substances from water. Water filtration on metallic iron is a serious candidate as will be
shown in thisthesis.

The technology of using metallic iron (Fe”) for safe drinking water production has been
inspired by the 20 years old technology of iron reactive barriers. Water filtration using metallic
iron will first be presented.

0.2 Water filtration on metallic iron

In early 1990, Fe® was introduced as reducing agent for groundwater remediation in permeable
reactive barriers (iron walls). Fe” has been proven particularly efficient for the decontamination
of halogenated organic compounds (O"Hannesin & Gillham 1998, Scherer et a. 2000, Henderson
& Demond 2007). Subsequent studies have confirmed the efficiency of Fe” for quantitative
removal of several substances (and substance classes) including nitrate, bromate, chlorate, nitro
aromatics compounds, pathogens, pesticides, arsenic, chromium, copper, lead, triazoles, uranium,
and zinc (Bigg & Judd 2000, Scherer et a. 2000, Henderson & Demond 2007, You et al. 2005,
Diao & Yao 2009, Pradeep & Anshup 2009, Tellen et al. 2010). Although successful removal of
reducible (e.g. Cr”', lindane) and non reducible (e.g. Zn", triazoles) contaminants has been
reported, theinitial premise of reductive transformation is still prevailing.

The unspecific nature of the processes yielding agueous contaminant removal by Fe” is
confirmed by reports on successful removal of more than 20 different species (including bacteria
and viruses) in Fe’-based filters (3-Kolshi and SONO filters) designed for arsenic removal at the
household level in South East Asia (Hussam & Munir 2007, Tuladhar & Smith 2009). The
qualitative aspect of the efficiency of Fe® materials for contaminant removal in iron walls and
household filters is the motivation for this work. The most important output is that Fe° is an
efficient filter material, allowing for the quantitative removal of all contaminants, including small
size and polar species difficult to be eliminated in conventional water treatment plants.
Contaminants are not removed by iron or individual corrosion products but by the whole process
of iron corrosion.

The presentation will start with an overview on the Fe® remediation technology (Chapter 1).
In this chapter the concept of water treatment with Fe° is presented in a broader scientific context
and reveals research needs. Chapter 2 presents the appended articles in relation to their
contribution to solve the problems from Chapter 1. Chapter 3 presents the appended articles in
the perspective of using Fe” for safe drinking water production. Chapter 4 summarizes the major
findings or the present work. An outlook is given in form of specific recommendations for future
works. Chapter 5 lists cited references. The twenty one (21) peer-reviewed journa papers on
which thisthesisis formulated are listed in appendix.
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1 Overview on the Fe® remediation technology

This chapter presents the technology of using metallic iron (Fe”) for water treatment. The aim is
not to give a complete review of almost 20 years intensive research. Comprehensive reviews on
Fe as remediation agent have been carried out recently (Tratnyek et al. 2003, Warner & Sorel
2003, Zhang 2003, Ebert 2004, Jambor et al. 2005, Li et al. 2006, Henderson & Demond 2007,
Laine & Cheng 2007, Cundy et al. 2008, Thiruvenkatachari et al. 2008). The objective of the
present work is to present a selection of key issues and questions which have not been properly
addressed so far and which are essential for the further development of the technology.

1.1  Background

The idea of using geochemical barriers to mitigate contaminant migration in the environment as
used in permeable reactive barriers (PRB) is not new (Artiole & Fuller 1979, Pamer and
Wittbrodt 1991). The PRB technology for groundwater remediation was introduced in the 1990s
as a passive dternative to active pump-and-treat remedial strategies (O'Hannesin & Gillham
1992, Starr & Cherry 1994). The PRB concept was introduced by McMurthy & Elton in 1985.
The basic idea is to allow a polluted water to pass through an engineered structure containing a
material that reacts with the contaminant to enhance its removal from the aqueous phase. The
nature of the reactive material and the mechanism of contaminant removal depend on the nature
of the contaminant (McMurthy & Elton 1985, Pamer & Wittbrodt 1991, Starr & Cherry 1994,
Hamby 1996). Regardless of the removal mechanisms, PRB performance depends on: (i)
appropriate placement of the barrier to capture the targeted contaminant plume, and (ii) sufficient
residence time within the treatment wall to accomplish the desired removal goal. Conventionally,
two treatment wall configurations are considered: the continuous barrier and the funnel and gate
system (Starr & Cherry 1993, Starr & Cherry 1994, Painter 2005). Since the introduction of the
PRB technology, numerous pilot tests, field tests, and commercial instalations have been
implemented (Muegge & Hadley 2009, Phillips et a. 2010). Most treatment walls have been
constructed within the past few years (Jambor et al. 2005, Thiruvenkatachari et al. 2008). Recent
estimates suggest that there are more than 200 currently operating PRBs around the world and
applications of treatment wall technology will likely continue. The large majority of current full-
scale treatment walls (approximately 120) uses Fe’ as the reactive medium (Henderson &
Demond 2007, Thiruvenkatachari et a. 2008).
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1.2  Water remediation with Fe°

Environmental remediation with Fe” was born as Reynolds et al. (1990) published their work on
the potential of stainless steel and galvanized steel as casing materials used in groundwater
monitoring wells to cause sampling bias for waters containing halogenated hydrocarbons. Their
results showed in particular that trichloroethene is disappeared in the presence of stainless steel.
This discovery coincided with the active seek of suitable reactive media for engineered walls
according to the concept developed by McMurty & Elton (1985). Fe® materias are highly
reactive, environmentally acceptable, and are readily available. They became the most promising
reactive medium for engineered walls (Tratneyk et al. 2003, Jambor et al. 2005, Henderson &
Demond 2007, Thiruvenkatachari et a. 2008). Within 20 years the iron wall technology has
developed to a standard technology for groundwater remediation and wastewater treatment with
worldwide acceptance (Henderson & Demond 2007, Johnson et al. 2008, Comba et al. 2011).

1.3 Current limitations

Despite its well-documented efficiency, the Fe” remediation currently has three major limitations
(Lee et a. 2004, Mielczarski et a. 2005, Henderson & Demond 2007, Johnson et al. 2008, Jiao et
al. 2009, Combaet a. 2011):

(i) the contaminant removal mechanisms are till not fully understood (Problem 1);

(i) the longevity of the wall in terms of Fe° reactivity loss resulting from the build-up of
mineral precipitates at the Fe® surface is not fully understood (Problem 2);

(iii) the longevity of the wall in terms of reduction in permeability resulting from the filling of
hole rooms within the wall by mineral precipitates (Problem 3).

The importance of Problem 1 is currently underestimated as Fe” is considered a reducing agent
for contaminants, only. However, Fe’/H,O systems have successfully removed non-reducible
contaminants as well (Lai et al. 2006, Morrison et al. 2006). As concerning Problem 2 and
Problem 3, Henderson & Demond (2007) reported Fe° reactivity loss is more likely to limit iron
wall longevity than the reduction in permeability (permeability loss). While the problem of Fe°
longevity is univocally recognized and is currently investigated, the mechanism of contaminant
removal currently receives less attention (Lavine et al. 2001, Jiao et al. 2009). A proper
understanding of the processes by which agueous contaminants are removed in Fe’/H,O systems
is very important and is significant for the system long-term reactivity of Fe” and the long-term
stability of removed contaminants.
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1.4 Classes of removed contaminants

There are several ways to differentiate contaminants: (i) chemical nature (e.g. degradable, ionic,
organic, inorganic, radionuclides), and (ii) redox-reactivity (reducible, oxidable and non-
sensitive). With respect to remediation with Fe®, a fundamental difference exists between organic
and inorganic contaminants (Ott 2000, Thiruvenkatachari et a. 2008). Organic contaminants can
be broken down into innocuous elements (carbon, hydrogen, halogens, oxygen, sulphur,
phosphorous, nitrogen) and compounds (mainly carbon dioxide and water). Conversely, most
inorganic contaminants are themselves elements; they can not be destroyed but can only change
speciation or be removed from the aqueous phase (or immobilized). Accordingly, remediation
strategies must focus on transforming inorganic pollutants into forms that are non-toxic, not
bioavailable, immobile, or capable of being removed from the subsurface. Moreover, the
transformed (and parent) species should be removed from contaminated water.

1.5  Mechanisms of contaminant removal by Fe°

1.5.1 Prevailing concept

Metallic iron is mostly regarded as an electron donor to degrade organic contaminants or to
convert them into non-toxic or less toxic forms (e.g. reductive degradation, reductive
precipitation). Accordingly, Fe® PRB is regarded as a reductive technology for organic
contaminants (e.g. Laine & Cheng 2007, Thiruvenkatachari et al. 2008, Comba et al. 2011).

As regarding inorganic contaminants, reductive precipitation (Gu et al. 1998, Puls et al. 1999),
co-precipitation (Lackovic et al. 2000, Komnitsas et al. 2006, Noubactep et a. 2006) and
adsorption onto iron oxides and oxyhydroxides are considered as major reaction paths. Whether a
contaminant is adsorbed, co-precipitated or reduced, it should not be remobilized under field
conditions (Scherer et al. 2000). This prerequisite makes co-precipitation the most suitable
removal mechanism as slowly precipitated iron oxides are not likely to be dissolved under natural
conditions (Heron et al. 1994). In fact, pH changes could cause desorption of adsorbed
contaminants. On the other hand, changes of the redox situation will cause contaminant re-
oxidation. The reductive degradation/precipitation concept would not explan why some
contaminants are oxidized in Fe/H,O systems (Joo et al. 2004, Lee & Sedlak 2008). Oxidized
contaminants are necessarily co-precipitated (Jiao et al. 2009, Ghauch et el. 2010a, Ghauch et €.
2010b). For example while investigating the process of diclofenac removal by Fe®, Ghauch et €.
(2010b) could identify both reduced and oxidized derivates of the parent chemical.

The identification of oxidative derivates and the removal of non- reducible species (e.g. Zn'") in
Fe%H,0 systems disqualify the concept regarding Fe” as a reducing agent. Moreover, while
investigating the reductive dechlorination of carbon tetrachloride (CT) by Fe°, Jiao et al. (2009)
demonstrated that “the adsorbed hydrogen atoms produced during the iron corrosion process are
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necessary for the dechlorination process of CT.” The results of Jiao et a. (2009) are particularly
interesting because CCl, was one of the probe compounds used to demonstrate that contaminants
are removed by chemical reduction (Matheson & Tratnyek 1994).

1.5.2 Revisited concept

The presentation above suggests that the role of the oxide scale on Fe® in the process of
contaminant removal has not been properly addressed. Oxide scale formation on Fe® at pH > 4.5
is a fundamental characteristic of aqueous iron corrosion (Wilson 1923, Evans 1929, Stratmann
& Miiller 1994, Odziemkowski 2009). The universal oxide scale on Fe has been regarded as
inhibitory (curse) for aqueous contaminant removal in the presence of Fe’.

The reductive transformation concept has never been univocally accepted (Warren et al. 1995,
Lavine et al. 2001). For example, Warren et al. (1995) wrote, “a convincing mechanism for the
reductive dehalogenation of haloorganics by zero-valence metals has not yet been proposed.
Matheson & Tratnyek (1994) maintained that dehal ogenation was not mediated by Hx(g) or Fe(I1)
in the bulk agueous-phase solution, suggesting that observed reactions take place at the metal
surface.” Three years later, O'Hannesin & Gillham (1998) acknowledged, “there is a broad
consensus that the process is an abiotic redox reaction involving reduction of the organic
compound and oxidation of the metal”. Despite this “broad consensus’, the reductive
transformation concept has felt to explain many experimental observations (e.g. Mantha et al.
2001, Lee et a. 2004, Mielczarski et al. 2005) .

An alternative concept regarding the oxide scale on Fe” as beneficial (a blessing) for the process
of aqueous contaminant removal has recently been introduced in the frame work of this thesis
work (Noubactep 2007, Noubactep 2008, Noubactep 2010a). According to this concept
contaminant are fundamentally adsorbed and co-precipitated within the mass of transforming
corrosion products and are therefore stable under experimental conditions. This concept could
explain all reported discrepancies (Noubactep 2007, Noubactep 2008).

Independent researchers could traceably demonstrate that quantitative contaminant removal is
only observed when iron corrosion products are allowed to precipitate in the Fe”/H,O system
(Ghauch & Tugan 2009, Ghauch et al. 2010a, Ghauch et al. 2010b).

The view that adsorption and co-precipitation are the fundamental mechanisms of contaminant
removal in Fe”H,O systems suggests that Fe” is a universal medium for water treatment.
Moreover, upon proper design, a Fe”/H,0O bed will remove all contaminants by adsorptive size
excluson and co-precipitation (Chapter 2). This characteristic chalenges the common
assumption, that in view to differences in properties (adsorptivity, solubility, degradability),
multiple contaminant mixtures may not efficiently be treated by a single material (e.g. Bayer &
Finkel 2005, Pradeep & Anshup 2009). However, because contaminant removal in batch systems
primarily depends on the affinity of contaminants to iron hydroxides (iron corrosion products), it
is likely that species like Mo"' with low adsorptive affinity to iron hydroxides are not
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guantitatively removed. In this case, a sequential treatment design will be necessary. The
restrictive remark on batch systems is valid for system using injections of nano-scale Fe
(Noubactep & Caré 2010a,).

1.6  Applications of the new concept

The applications of the adsorption/co-precipitation concept are numerous and are a challenge for
the research community. Strictly, a paradigm shift has occurred and the consegquences for the
development of the Fe” remediation technology are yet to be estimated. Two important aspects
will be given below.

1.6.1 Designing Laboratory experiments

Two decades of intensive laboratory investigations have not elucidated the remova mechanism
of agueous contaminants in Fe/H,0 systems. Two of the major reasons for this are: (i) the failure
to consider Fe’/H,0O systems as consisted of Fe® covered by alayer of corrosion products, and (ii)
the failure to treat properly the combined problem of mass transport and chemical reaction in
these complex systems. Well-mixed batch experiments that have been undertaken in order to
circumvent the mass-transport problem associated with bulk solutions have not aways
adequately addressed these key issues. Mixing intensity may not only affect the hydrodynamic
but also the chemical dynamics, in particular the formation of the oxide-film. A critical review on
the process of oxide scale formation and its impact on the process of mass-transport to the Fe°
surface, have demonstrated that well-mixed batch systems are not an effective tool for
investigating the mechanism of aqueous contaminant removal by Fe°. In fact, any mixing
operation (e.g. stirring, shaking) increases corrosion rate, delays the formation of the oxide scale,
or provokes its abrasion. The critical review has let to the conclusions that quantitative
contaminant removal occur within the oxide scale on Fe’. Consequently: (i) non-shaken batch
experiments are proposed as a simple tool to investigate mass-transport limitation through oxide-
films at laboratory scale, (ii) experiments characterizing interactions in Fe’/H,O systems should
be performed at low mixing intensities (e.g. < 50 rpm). Similarly, batch experiments should be
performed with flow rates relevant to natural situations (Noubactep 2009a, Noubactep 2009b,
Noubactep et al. 2009a, Noubactep et al. 2009b).

1.6.2 Designing iron beds

The pore surface diffusion model (PSDM) presented by Crittenden et al. (1986) for granular
activated carbon (GAC) is currently used to model contaminant transport in Fe® beds (Arnold &
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Roberts 2000, Bayer & Finkel 2005). The PSDM is a dynamic adsorption mass transfer model
which incorporates (i) mass transfer by advective flow, (ii) liquid phase film transfer, (iii) pore
and surface diffusion into the immobile liquid phase (intra-particle pores), and (iv) loca
equilibrium adsorption. The single modification that was rather optionally made was to simulate
the development of oxide coatings or the reduction of the reactive Fe” surface over the total
operation time (Bayer & Finkel 2005).

The presentation above has shown that no equilibrium state will be achieved in the presence
of Fe” asiron corrosion is a continuous process. Furthermore, Fe” is not porous and its surface is
not directly accessible to contaminants. Therefore, (i) the initial immobile phase (Fe”) is reactive
and (ii) pore and surface diffusion occur into the “new immobile phase” (corrosion products)
which is in turn a transforming system. Accordingly, the origina PSDM should be profoundly
modified to take into account the dynamic nature of the system.

Another important feature of bed design will be discussed in Chapter 2. It deals with the
proportion of Fe” and/or the nature of filling materials (reactivity and porosity). It can be
anticipated that due to the expansive nature of iron corrosion (Caré et al. 2008), mixing Fe® with
an inert material (gravel, rocks, sandstones) is a prerequisite for long-term reactivity and not as
considered by O'Hannesin & Gillham (1998) a tool to save Fe” cost. In other words,
economization of money is a positive side effect of proper system design. Calculations have
shown that at least a volumetric proportion of 40 % (relative to a 100 % Fe”) should be saved
(Noubactep & Caré 2010b).

Finaly, it should be highlighted that the very first reactive wall constructed at Borden
(Ontario, Canada) for the demonstration of the feasibility of the new technology contained less
that 10 vol-% (Fe®) (O'Hannesin & Gillham 1998) and could never been clogged because the
initial porosity of the system could not be filled by expansive iron corrosion products. In other
words, because of insufficient system analysis, the Fe® reactive wall technology has been
demonstrated on a very permeable system (10 vol-% Fe®) but operating walls are necessarily less
permeable (mostly 50 to 100 vol-% Fe”).

15




2 Overview on the appended articles

2.1 Introduction

By 2002, the field of water treatment with metallic iron (Fe’-based materials or Fe®) had reached
athreshold at which better organization becomes crucial for purposeful technology development
(Tratnyek et al. 2003, Warner & Sorel 2003, Ebert 2004). For this innovative technology to meet
its promises for science and society, a Systematic organization was needed at several fronts. They
include (i) elucidating the mechanism of contaminant removal, (ii) properly considering data
from other research areas using Fe” in aqueous solution, (iii) assessing Fe° intrinsic reactivity, (iv)
explaining available discrepancies, (v) rationalizing the selection of experimental protocols, (vi)
rationalizing the validity of available models and concepts for predictive simulations.

The present work is a contribution to this effort. This chapter will summarize the
achievements, which are presented in details in appended origina articles and the next chapter
will present these results in the perspective of using Fe° for safe drinking water production.

2.2 State-of-the-art

Using Fe® for water treatment is necessarily a multidisciplinary issue as iron corrosion
(electrochemistry, metallurgy, physics) is used for agueous contaminant removal (environmental
chemistry, geochemistry, water chemistry). Accordingly, the state-of-the-art knowledge in all
fields using Fe” in agueous systems (Fe”/H,O systems) would have been considered from the
beginning on. The state of the art is the highest level of development of a scientific field achieved
a a particular time (www.wikipedia.org). A critical review of the literature on the remediation
Fe/H,O system revealed that data available in severa areas of science are not properly
considered (Noubactep 2007, Noubactep 2008, Noubactep 2010a): (i) agueous iron corrosion
(Noubactep & Schoner 2009, Noubactep & Schoner 2010a), (ii) corrosion in the petroleum
industry (Noubactep & Schoner 2009), (iii) hydrometallurgy (Noubactep & Schéner 2009,
Noubactep 2010b), and (iv) synthetic organic chemistry (Noubactep 2007). As a result, modern
analytic techniques (e.g. McGuire et a. 2003) and sophisticated modelling tools (e.g. Bayer &
Finkel 2005, Wang & Savage 2005) were used to investigate and simulate the Fe”/H,O system
while considering Fe” as a reducing agent and completely ignoring some key process occurring
under environmental conditions (see Chapter 1). However, reductive transformations are not the
goal of remediation. Remediation or mitigation basicaly means contaminant removal.
Accordingly, even reduced contaminants have to be removed from the agueous phase. One
should also remember that many reduction products are even more toxic that the parent
compounds.
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2.3 Mechanism of contaminant removal in Fe"/H,0 systems

The presentation above has belittled the importance of contaminant reduction in Fe”/H,0 systems.
An example will be given for clarity. If an agueous solution contains 10 mM of a chlorinated
aliphatic hydrocarbon (e.g. CoH4Cly), completely reducing C,H4Cl, to CoHe will yield 10 mM
C,Hg which has to be removed below a threshold value before the water is regarded as treated.
Fortunately, reducible (CCl4, Cr’") and non-reducible (e.g. Zn'") contaminants are quantitatively
removed in Fe° beds (Morrison et a. 2002, Lai et al. 2006, Johnson et al. 2008, Noubactep et al.
2010). This strong argument and other considerations have yielded to the revision of the still
prevailing view, that Fe” is a (strong) reducing agent for contaminant reductive transformation
(Noubactep 2007, Noubactep 2008, Noubactep 2010a, Noubactep et al. 2010a).

The new concept considers that contaminants are adsorbed and enmeshed in the matrix of
iron corrosion products. Accordingly, contaminants are progressively incorporated in the growing
oxide film at the surface of Fe’. The dynamic process of iron corrosion necessarily removes
contaminant by a non specific mechanism. Removed contaminants could be further transformed
(oxidized or reduced). Moreover, iron is corroded by water and trace amounts of contaminants
and other solutes may impact the process by influencing the protectiveness of the oxide-film on
Fe® (Nesic 2007, Noubactep 2009c). Consequently, assuring long-term reactivity of Fe” is the
only way to render Fe”H,0 sustainable.

This logical deduction coupled to the expansive nature of iron corrosion has yielded to the
conclusion that iron beds with more that 50 vol-% Fe® should be regarded as pure material
wastage (Noubactep & Caré 2010b). In fact, calculations have shown that a 100 % Fe° bed will
loss its permeability (porosity = 0) when only 51 vol-% of Fe® is consumed. Accordingly, mixing
Fe® with an inert materia is not a tool to save Fe° cost (e.g. O'Hannesin & Gillham 1998) but a
prerequisite for along-term reactivity (Noubactep & Caré 2010b). The statement isillustrated the
best by very efficient Fe’-based arsenic filters (e.g. 3-Kolshi filters) in South East Asia which
were abandoned for non-sustainability (Hussam 2009). The technology could be re-vive by a
simple replacement of the thin 100 % Fe° layer by thicker layers of Fe%additive in adequate
proportions (e.g. 50:50 volumetric ratio for a Fe”/quartz filter). This last point suggests that the
selection of operational conditions is crucia for the sustainability of Fe”H,O systems
(Noubactep et al. 2009c, Noubactep & Schoner 2010b).

2.4 Importance of adequate operational conditions

Presently, there is no standard procedure for conducting experiments regarding the

characterization of contaminant removal in Fe”/H,O systems. Various experimental procedures

are employed by researchers. Employed procedures differ for instance in Fe” intrinsic reactivity,
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pH value, Fe® pre-treatment (e.g. acid wash), particle size (nm, um, mm) and surface area, Fe’
surface state, volume of used experimental vessels, nature and concentration of contaminants,
buffer application, experimental duration, mixing operations (type and speed) (Noubactep 2009a,
Noubactep 2009b, Noubactep et a. 20093, Noubactep et al. 2009b, Noubactep 2010c). A critical
consideration of the impact of individual operational parameters suggests that mixing operation
was the most disturbing factor in characterizing Fe”/H,0O systems (Noubactep 2009b, Noubactep
et a. 2009a, Noubactep et al. 2009b). The pH value was identified as the most important
parameter determining the reactivity of Fe® (Noubactep 2009a, Noubactep 2009b, Noubactep
2009c). The major output are that: (i) proprietary information on the Fe® manufacturing process
(not accessible or non-available) is of great importance for the efficiency and sustainability of Fe’
remediation systems; (ii) remediation with Fe” is limited to pH > 5.0; (iii) batch experiments
should be performed under non-disturbed conditions or mixing conditions (shaking, stirring) till
dlowing the formation of an oxide-scale on Fe% (iv) and column experiments should be
performed with flowing rate relevant for natural situations. Two tests for the characterization of
Fe® intrinsic reactivity are introduced. The first test characterizes iron dissolution in a 0.02 M
EDTA solution (Noubactep 2009a, Noubactep et al. 2009a). The second test characterizes the
extend of the delay of the discoloration of a 12 mg/L methylene blue solution by Fe” in the
presence of well-characterized MnO, (Noubactep 2009d). Both tests are facile, cost-effective and
do not involve any stringent reaction conditions. Hopefully, these tests will be routinely used to
characterize Fe together with elemental composition, surface area for instance.

2.5  Validity of models for Fe° reactivity

The presentation above (in particular 8§ 1.3) has clearly demonstrated the need of a paradigm shift
as the Fe” remediation technology has neglected several important factors inherent to agueous
iron corrosion (Noubactep 2009e, Noubactep 2009f, Noubactep 2009g). It is obvious that the
validity of models developed on an inconsistent basis is questionable. Several models have been
developed to improve predictive simulations of efficiency and sustainability of Fe’/H,O systems.
The most used model is the specific reaction rate constants ksa concept (Johnson et al. 1996).

The ksa-model relies on the assumption that agueous contaminant disappearance proceeds by
kinetics (Kqps) that are first-order irrespective of contaminant concentration. Therefore, kops Should
be contaminant-characteristic. Because the rate of contaminant removal by Fe® appeared aso to
be first-order with respect to the available reaction sites on Fe® (specific surface area - SSA),
Johnson et al. (1996) introduced ksa (Kons/SSA ratio) as a more general descriptor of Fe°
reactivity. Therefore, ksa is considered a more appropriate for remediation design calculations
and other inter-systerm comparisons than Kops.

The first problem with the ksa-model is that it is contaminant-specific, while one-contaminant
systems are rare in nature. Moreover, Fe° is mostly corroded by water. The second and most
important problem of the ksa-model is that it neglects the presence of iron corrosion products on

18




the surface of Fe® (Noubactep 2008e). However, iron corrosion products are of larger surface area
and stronger affinity to contaminants that the bare Fe” surface (Noubactep 2009c, Noubactep
2008e).

The validity of the ksa-model is dependent on not only the intrinsic Fe” reactivity and Fe° pre-
treatment, but also on the operational experimental conditions (used Fe” mass loading, mixing
intensity, Fe particle size, and initial pH value). Currently used experimental conditions are too
different from each other for a useful comparison by means of the ksx-model (Noubactep 2008e).

The idea behind the ksa-model is that there may be common underlying mechanisms for
reactions in Fe”/H,O systems that provide a confidence for a non-site-specific permeable reactive
barrier design (McGeough et al. 2007). The view that contaminants are adsorbed and co-
precipitated by a non-specific mechanism suggests that material selection and system
dimensioning are the two most operation factors controlling the efficiency and the sustainability
of remediation Fe%H,0 systems. Accordingly, the thickness of a wall depends on site-specific
geochemical conditions (including contaminant concentration) and the Fe” intrinsic reactivity
(Noubactep & Caré 2010b).

2.6 Lessons from the past

The presentation above has described the short history of the innovative technology of using Fe°
for water remediation. The first reactive wall was constructed in 1994 (O’ Hannesin & Gillham
1998) and the first household Fe’-based filter, the 3-Kolshi system, tested in 1999 (Hussam 2009).
The present study has revealed that the great potential of Fe” treatment is yet to be exploited, as
the majority of works are conducted on a pragmatic basis. The net result is that controversial
observations were made from various experimental protocols making any re-evaluation effort
impossible (Noubactep et al. 2009a, Noubactep et al. 2010a). Provided that the new views are
accepted and implemented by the mgjority, it will lead to a large scale changes in the scientific
worldview on Fe® remediation. Recently the view that adsorption and co-precipitation are the
fundamental mechanisms of the process of contaminant removal in Fe%/H,0 has been validated
and adopted by an independent research group (Ghauch et a. 2010a, Ghauch et al. 2010b).
Despite some initial skeptic views (Elsner et al. 2007, Kang & Choi 2009), the concept is
progressively properly referenced in the scientific literature (Baeza et a. 2008, Simon et al. 2008,
Flury et al. 2009, Satapanajaru et al. 2009, Dickinson & Scott 2010, Dou et a. 2010, Gyliene et a.
2010, Kiser & Manning 2010, Zhu et a. 2010). For example Kiser & Manning (2010) wrote: “...
substantial evidence now suggests that Fe(ll) is the predominant reducing agent generated
during corrosion of metallic Fe (Noubactep 2007, Noubactep 2008).” A second example is the
work of Dou et a. 2010 in which 7 references from 42 are articles from the appended list.

It is not unusual for technologies that the know-why precedes the know-how (Schmuki 2002,
Post & Votta 2005, Noubactep & Schoner 2010a). For example, Noubactep & Schéner (2010a)
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reiterated that the proper understanding of the complex chemical and physical processes involved
in electrocoagulation using Fe” (Fe&” EC) as sacrificia electrode is still incomplete. The
el ectrocoagul ation was patented by Dieterich in 1906 and Fe” EC has been commercially used for
decades. As a rule, profound understandings of the know-why open new doors for technology
development.

During the last 20 years, a huge volume of data has been produced while using Fe° for water
treatment. The fact is that iron remediation is an efficient technology. There should be no more
pro or contra discussion for Fe’. Rather, the whole remediation community should work on the
conversion of these data into knowledge. It is a blessing that the funding research groups of the
Fe® remediation technology are still active. It will be easy for each group to reconsider his own
results than for any outstanding to search through the literature for datato re-evaluate.

The next chapter will compile the author contribution for the development of the Fe’
remediation technology in the perspective of using Fe” for safe drinking water production at
household and community level (Noubactep et al. 2009¢, Noubactep & Caré 2010b, Noubactep
& Schoner 2010b, Noubactep et al. 2010c).
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3 Metallic iron for safe water production at household level

3.1 Background

This chapter summarizes the content of the appended papers in the perspective of using metallic
iron (Fe”) for small water treatment installations in single-family houses. Producing safe drinking
water at household level is a human need of universal relevance. The presentation will
discriminate between the situation in the developed and the developing worlds for clarity.

3.1.1 Household level water treatment in the developed world

In the developed world, metallic contamination from old piping systems, residues from water
disinfection, and the presence of so-called emerging contaminants (mostly residues from
pharmaceutical products) are three examples justifying the increasing trend to use bottled waters
or household filters. Filtered water may be stored in PET bottles of doubtful quality. In fact,
recent studies have reported leaching of Sb from PET bottles into mineral water and citrus fruit
juices (Hansen et a. 2010).

Still in the developed world, many conventional water treatment technologies are too costly
for extensive deployment in small municipalities (Coulibaly & Rodriguez 2004, Coulibay &
Rodriguez 2003, Gottinger 2010). On the other hand, there is a new trend for single-standing
detached one family houses. Detached houses are sometimes built in remote rural areas. The
connection of their engineering systems with old pipe and €electric lines could be prohibitively
expensive. Even where centralized water supply is available, a growing number of homeowners
are interested in treating water at household level. This gives them an opportunity to choose the
quality of the water they are using. In other words, people are not satisfied with available water
and they wish to control what they drink. Therefore, for the developed world, household water
treatment technologies matching or exceeding the capability of conventional technologies are
needed.

3.1.1 Household level water treatment in the developing world

In many rural and peri-urban communities in the developing world, most people do not have any
access to treated water. Their natural waters (rivers, springs, wells) are potentially contaminated
with pathogens and various imported manufactured substances including fertilizers, heavy metals,
herbicides, insecticides, and pharmaceutics (Shannon et al. 2008, Sobsey et al. 2008, Litter et al.
2010, Tellen et al. 2010). Here, there is obviously a larger need for efficient but affordable
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technologies for safe drinking water. Affordable treatment devices should additionally be easy to
use and maintain (Hussam & Munir 2007, Ngai et al. 2007, Tellen et al. 2010).

Currently there are more than 800 million people without access to safe drinking water in the
world and experts agree on the sad fact that the Millennium “Development Goals for water (to
“halve by 2015 the proportion of people without sustainable access to safe drinking water” in
2000) will not be achieved (WHO/UNICEF 2010). Therefore, a potential efficient and affordable
technology must be worldwide applicable. Metallic iron (Fe”) which is universaly available is a
good candidate.

3.2 Suitability of Fe for household filters

The last two decades have witnessed the establishment of Fe’ as powerful environmental
remediation materials (Scherer et a. 2000, Henderson & Demond 2007, Cundy et al. 2008,
Comba et al. 2011). Until recently, it has been commonplace to consider that the mechanism of
metallic iron remediation varies depending on the contaminant of interest (O'Hannesin &
Gillham 1998, Scherer et al. 2000, Henderson & Demond 2007, Cundy et al. 2008, Comba et al.
2011). Following this premise, research over the past decade has demonstrated the efficacy of Fe’
for the remediation of a wide range of contaminants, including chlorinated organics, dyes,
pharmaceutical products, selected inorganic ions, a wide range of heavy metals, and
radionuclides (Cantrell et al. 1995, Blowes et al. 2000, Morrison et a. 2002, Morrison et al. 2006,
Ghauch et al. 2010a, Ghauch et al. 2010b). Thereby, the used approach was a pragmatic one as
contaminant removal was tested on case-by-case basis. In other words, available results on
agueous contaminant removal by Fe” could be collectively regarded as demonstration of the
universal efficiency of Fe filters for safe drinking water production.

Beside adsorption and co-precipitation, size exclusion is the third fundamental remova path
of contaminants in Fe® filters. Accordingly, Fe® is used to assist sand filtration and not to induce
any chemical transformation of contaminants. The volumetric expansive process of iron
corrosion and the adsorptive properties of in situ generated iron oxides are used to sustain the
filtration efficiency (Noubactep 2010a, Noubactep & Caré 2010b, Noubactep et a. 2010b). In
other words, in Fe filters, Fe” is oxidized by H,O and corrosion products are used as trap for
contaminants, which could be chemically transformed. Depending on their nature and
concentration, selected contaminants may inhibit or sustain the process of iron corrosion. For
example, it is well-established that the incorporation of a cation into the structure of iron
(oxyhydr)oxides alters the nucleation, crystal growth, and transformation (Mitsunobu et al. 2010).
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3.3 Mechanism of contaminant removal in Fe° filters

‘ Raw water —— Drinking water

Media filtration Reactive filtration

Figure 1: Flow scheme of treatment concept. Potential materials are enumerated without care on
their relative proportions. In the reactive filtration bed, sand and iron particles are
mixed. The volumetric proportion of Fe® should not exceed 50%.

3.3.1 Bed porosity and porosity loss

A Fe° filtration bed is composed of one or several reactive zones of granular sand and Fe’
particles (Fig. 1). The compact Fe’:sand mixture has a random porous structure. The manner with
which the pore space is formed depends mainly on the arrangement of the granular particles (Nur
et a. 1998). While packing uniform spheres, the least compact and most compact arrangements
are rhombohedral and cubic respectively. The pore size can be defined in terms of a length
dimension (pore radius). Pore size in a packed bed is closely related with the size of the filter
grains constituting the bed (e.g. Fe® and sand). The smaller the grains are, the smaller the pore
sizeis.
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The most important feature of Fe” filters is the evolution of the initial porosity with the extent of
volumetric expansive Fe° corrosion (Noubactep et al. 2010b) and its consequence for the process
of contaminant removal. It has been shown that if a filter contains less that 50 vol-% of Fe’, no
porosity loss will occur upon Fe° depletion. In all the cases, a progressive diminution of pore
radius will be observed. Assuming a purposeful selection of Fe® and sand grain size and a
relevant Fe® volumetric ratio in a filter, the processes yielding contaminant removal in Fe” beds
are discussed below.

3.3.2 Mechanism of contaminant removal in Fe° filters

In the conventional granular bed filtration (adsorptive filtration), contaminants have to be
transported in the vicinity of the filter grains (e.g. activated carbon, metal oxide) by different
transport mechanisms and then adhered to the grain surfaces by various attachment mechanisms
for their successful removal (Manandhar & Vigneswaran 1991). Filtration is thus a complex
process involving physico-chemical mechanisms and essentially depending on four major various
factors: (i) filtration rate, (ii) media grain size, (iii) affinity of contaminant to bed media, and (iv)
contaminant concentration. Depending on the media grain size and the size of the contaminant, a
filtration bed may work as pure sieve (size exclusion). Size exclusion is used for example in rapid
sand filtration for water clarification.

3.3.2.1 Adsorptive filtration and reactive filtration

Conventional filters contains adsorptive media (e.g. iron oxides), which are relatively inert in
water and possess a given adsorptive capacity for any contaminant. Accordingly, a contaminant
breakthrough is observed when the adsorptive capacity of the materia in the filter is exhausted.
In a Fe%sand bed, on the contrary, iron oxides for contaminant adsorption are generated in-situ.
Ideally, iron oxide generation through Fe” oxidation H-O (or H*) occurs uniformly in the whole
bed (Fig. 2). Therefore, although a reaction front exists due to dissolve O,, salinity and probably
contamination, virgin Fe® can not be expected in a Fe” filter (reactive filtration). Accordingly, at
any date contaminant removal occurs in the whole bed and iron corrosion proceeds in al three
compartments of the bed. The best illustration for this is given by an experiment of Leupin &
Hug (2005). The authors performed an As removal experiment with four identical filtersin series
containing each 1.5 g Fe” and 60 g sand.

The results showed that 36 L of water containing 500 ug As/L could be treated to below 50 pg/L

arsenic. This performance resulted from multiple filtrations, showing that contaminant removal

occurs in the whole bed. The difference between synthetic iron oxides and in-situ generated iron

oxides (corrosion products) is excellently given by Sikora & Macdonald (2000), and presented

elsewhere in the context of safe drinking water production (Noubactep et al. 2009c). The further
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presentation will insist on the transformation of iron from its position in the metal lattice (Fe°) to
itslocation in a crystallized corrosion products (e.g. FeEOOH, Fe,O3, Fes0,).

¢ 't T Td* t

Figure 2: Comparison of the evolution of contaminant loading in granular activated carbon
(GAC - up) and Fe® (dawn) filters. The evolution of the GAC filters is virgin -
preloaded (reaction front) and saturated carbon. For the Fe” filters a reaction front may
exist due to increased O, in the influent but iron corrosion by H.O (or H") occurs
uniformly in the whole column. The light grey shadow indicates progressive Fe°
corrosion by water.

Bl saturated zone

B reaction front
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3.3.2.2 The volumetric expansion/compression cycle

The essential characteristic of a Fe® filtration bed is the in-situ generation of very adsorptive iron
hydroxides which are progressively transformed to amorphous and crystalline iron oxides. While
filling the pore space, solid corrosion products necessarily reduce the pore radius, improving size
exclusion but the most important feature is the dynamic nature of iron corrosion in the pore space
(Noubactep et a. 2009c, Noubactep 2010a, Noubactep 2010d, Noubactep 2010e, Noubactep et al.
2010b). Iron corrosion products could be regarded as “mercenaries’ with the mission to trap
contaminants in the pore space of the bed. Accordingly, contaminants do not need to be
transported near the Fe® grains to be removed.

The cycle of asingle atom (Fe”) in the process of iron corrosion can be given as follows:
Fe® = Fe*'/Fe* (H,0)s = Fe**/Fe* (OH),, = FEOOH = Fe,0; = Fes0, (1)
While only considering insoluble speciesthe cycleis:

Fe® = Fe(OH),/Fe(OH); = FEOOH = Fe,03 = Fes0, 2)

The transformation can also be represented in terms of variation of the specific surface area (SSA
in m?/g). Selected representative values are given in parenthesis, Fe,(HO)g stands for ferrihydrite
(Hanna 2007).

Fe® (1) = Fex(HO)s (327) = FeOOH (55) = Fe,0s (11) = FesOx (2) 3)

The last aternative to represent the transformation is in terms volumetric expansion relative to
Fe in the metal lattice. The coefficient of volumetric expansion given in parenthesis is equal to
V oxide/ Ve (Caré et a. 2008). The following evolution is given:

Fe® (1) = Fex(HO)s (6.4) = FeOOH (3.0) = Fe,0s (2.2) = FesOs (2.1) (4)

The evolution of the surface area, the density and the coefficient of volumetric expansion clearly
show that dissolved Fe first experiences an expansion than a compression. Focusing the attention
on theinitial stage (Fe®) and the final stage (FEOOH, Fe,O; or Fe;O,) reveal an expansion, which
is definitively the reason for porosity loss. However, the whole dynamic process of iron corrosion
should be considered. In particular, if there is not enough space for volumetric expansion, iron
corrosion will stop. Strictly the porosity will decrease to zero. This corresponds to permeability
loss (or porosity loss). Thisis the very first argument against a 100 % Fe° reactive zone of 100 %
Fe° filtration bed as used in the 3-Kolshi system (Khan et al. 2000, Hussam 2009). Therefore,
Leupin et al. (2005) suggested the admixture of inert sand to Fe° as an efficient tool to ameliorate
the efficiency of iron filters. Recent calculations (Noubactep & Caré 2010b, Noubactep et al.
2010b) suggested that a reactive zone with more that 60 vol-% Fe° should be regarded as pure
material wastage because corrosion will stop because of lack of space to proceed. It is important
to notice that mixing Fe® and inert materials (e.g. sand) is a prerequisite for long-term Fe°
reactivity (and filter permeability). Accordingly, the resulting economy in investment costs (costs
for the corresponding up to 50 vol-% Fe”) could be regarded as beneficial side effects.
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3.3.2.3 Expansion/compression cycles and contaminant removal

The transformations accompanying Fe° transformation to crystallized iron oxides may occur in
the presence of contaminants which may be trapped or enmeshed in the mass of corrosion
products or be retained in the filter by size exclusion. The efficiency of a Fe° filter for
contaminant removal can be summarized in the following metaphor: Instead of waiting for the
contaminants to come to its surface, Fe® injects corrosion products into the pore space for rapid
and effective contaminant removal. A further abstraction is to consider that the pore space is
initially filled with porous amorphous iron hydroxides and oxides, which are progressively
transformed to more crystalline species.

It is important to note that the presentation above has not considered the nature of the
contaminants. Accordingly, even contaminants with less adsorptive affinity to iron oxides like
Mo"" (Morrison et al. 2002, 2006) will be transported in the filter by gravity, and removed by
pure size exclusion. Specific laboratory researches are nevertheless needed for such contaminants.
These studies may check the possibility to add a layer of adequate reactive materials (e.g. MnO,
or natural zeolithe for Mo"") for the specific removal of such contaminants before or after Fe°
filtration.

3.4.  Filter design

Fe® filtration beds should remove trace amounts of chemical contaminants and pathogens from
raw water to produce save drinking water. The filter efficiency depends upon the purposeful
selection of a reactive medium (Fe®) and the water flow velocity. The water flow velocity will
depend on the intrinsic reactivity of Fe°, as the residence time should correspond to the time
necessary to produce enough iron corrosion for contaminant removal by (i) adsorption, (ii) co-
precipitation and (iii) size exclusion.

It should be explicitly said that the goal should never be to select (or manufacture) the most
reactive material but a material which is reactive enough to produce enough water for the
community in need. For example, a Fe” material that is not reactive enough for a water plant in
Germany could be satisfactorily for a plant in a tropical country (e.g. Cameroon). Nevertheless,
having readily reactive materials has the advantage to offer flexibility in selecting the amount to
be used in individual cases. For example, only 35 vol-% of avery reactive material could be used
under tropical conditions and up to 60 vol-% under temperate conditions. Varying the reactivity
of Fe® materials by varying their particle size from fine powders to large granules and chips will
be atool in optimising filtration efficiency.

A water treatment plant based on Fe° bed filtration is very simple and similar to slow sand
filtration for small communities. The simplest device is a single column containing layers of: (i)
gravel and sand for water clarification (media filtration) and (ii) Fe®:sand for water treatment
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(reactive filtration). This device is similar to household Fe’-based SONO filters (Hussam &
Munir 2007, Hussam 2009) which have been reported to function for more than five years. The
long-term efficiency of SONO filtersis certainly due to the porous nature of the used composite.

3.5 The economics of Fe%/sand beds

Cost is amajor factor in implementing Fe” filtration technologies and is necessarily site-specific.
Factors determining water treatment cost in Fe® beds include: (i) the quality of freshwater, (ii)
plant or filter capacity, and (iii) construction costs. The realistic costs of Fe%sand filters given by
Gottinger (2010) could be adopted here. The estimation is based on the evidence Fe” is the sole
material to be bought. In Canada, Fe” filings can currently be obtained for under $1.50 / kg (1.12
€/kg). The cost of manufacturing Fe%/sand filter is comparable to a biological activated carbon
filter. The service life of a Fe’/sand filter (50 vol-% Fe”) was estimated to be approximately 40
months (3.3 years). This yield to a treatment cost of < 0.01 $/L (< 0.01 €/L) and includes filter
installation, media, operation and maintenance costs. It is not likely that any water treatment
could be cheaper than the own presented here.

3.6  Concluding remarks

Fe’/sand filtration is an affordable technology for safe drinking water production at various scales:
household, rural establishments (clinics, forestry stations, hospitals, hotels, schools), and small or
large communities. Fe%sand filtration is the ideal technology for remote villages in the
developing world (Noubactep & Schoner 2010b). Here inhabitants may lack money to purchase
Fe® (no income) but they possess the ancestral iron-making technology (Pole 1982, Prakash
1991). It could be anticipated that, self produced safe drinking water will increase the self-
confidence of rural populations and contribute to reduce rural exodus. On the other hand, the
development and the implementation of the technology worldwide will render travel with bottle
water superfluous. Moreover, Fe%sand filters are excellent candidates for safe drinking water in
emergencies (e.g. earthquakes, wars, and tsunami).

Fe%sand filtration is equally a feasible option to successfully remove all target compounds
from surface and groundwater: particles, natural organic matter, pathogens and micro-pollutants
(including so-called emerging contaminants). Therefore, efforts should be made to use this
chemical-free technology as the first choice everywhere. It could be expected that using Fe%sand
filtration as standard technology will be very beneficial for water works as iron oxides (the
products of iron corrosion) are easy to recycle to Fe. Recycling unit can be built within the
facilities. The calcination of enmeshed organic contaminants will care for a porous recycled
material. Porous Fe® materials are known for their increased reactivity. Possible enmeshed toxic
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inorganic substances are not likely to be leached out of the filters because or the low solubility of
iron under working conditions (pH > 4.5).

The probably strongest argument for the development of Fe%sand filtration technology is the
simplicity of the system. One should not care in parallel for membranes, granular activated
carbon and chemicals (including disinfectants) but only on the stock of iron and sand, and the
regeneration of the former. Finally, it can be speculated the success of the Fe’/sand technology
for safe drinking water production will depend on the capacity of researchers create new reactive
Fe® materials and their capacity to find ways to control material reactivity in an affordable way.
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4 Conclusions and outlook

Metallic iron remediation technology is being developed on a wrong basis while ignoring basic
results from several research branches using Fe° in agueous solutions. A critical system analysis
is also missed. As aresult, an inconsistent approach is available for: (i) system design, (ii) result
interpretation, and (iii) predictive modelling. The present work has suggested a basic structure for
a comprehensive system design. The introduced structure requires further study at several fronts
to verify its overall usefulness.

4.1  System design

Experimental procedures reported over the last 20 years for the characterization of the process of
agueous contaminant removal by Fe° have been critically reviewed in terms of sample handling
and appropriateness to simulate environmental situations. The results have clearly shown that
available results are hardly comparable, as they have been achieved under very different
experimental conditions (Noubactep et al. 2009a). A unified experimental procedure (e.g.
standard procedure) for the investigation of processes in Fe’/H,O systems is suitable. A
parameter (Kepta - Noubactep et a. 2009a) is introduced which could be routinely used to
characterize Fe” reactivity under given experimental conditions. Furthermore, it is suggested that
future batch experiments are only performed under mixing conditions still enabling the formation
of an oxide scale near Fe”. For column experiments, only flow rates relevant for natural situations
will be used. Additionally no 100 % Fe° beds should be used, but rather, systems containing Fe
and inert materials. The Fe” volumetric proportion should not exceed 60 % (Noubactep & Caré
2010b, Noubactep et al. 2010b).

4.2  Result interpretation

The prevailing concept considers Fe® as a reducing agent. It is assumed that Fe”/H,0 systems
may remove chlorinated organics by reductive degradation, whereas metals, metalloids and
radionuclides may be removed via reductive precipitation, surface adsorption or complexation, or
co-precipitation with the Fe oxyhydroxides that are generated in the system (Scherer et a. 2000,
Henderson & Demond 2007, Cundy et a. 2008). The validity of this concept is questioned in this
work (Noubactep 2007, Noubactep 2008, Noubactep 2010a, Noubactep 2010d, Noubactep
2010e). In fact, given the large array of removed contaminants, some processes must be
fundamental and valid for all possible pollutants while others will be valid only in particular
situations (e.g., the contaminant is reducible). In addition to the diversity of successfully removed
contaminants in Fe”/H,0O systems, there is diversity among Fe® sources (intrinsic properties) and
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thus diversity in the chemical reactivity of used materials. The new concept was validated by own
experimental results on methylene blue discoloration (Noubactep 2009a) and verified by the
research group of Prof. Ghauch (Ghauch et al. 2010a, Ghauch et al. 2010b).

It is very important to notice that contaminant removal is caused by the whole dynamic
process of agueous iron corrosion (yielding adsorption and co-precipitation) rather than by Fe’
strictly as a contaminant-removing agent. In Fe® beds, adsorptive size exclusion sustains the
process of the contaminant removal. This is the rational behind using Fe° for safe water treatment
(Noubactep & Caré 2010b, Noubactep & Schoner 2010b). On the other hand, the suitability of
the injection of nano-scale Fe for in-situ remediation of contaminated source is questioned
(Noubactep & Caré 2010a).

4.3  Predictive modelling

In spite of the great number of models proposed to understand the processes occurring in a
Fe%H,0 systems (e.g. Bayer & Finkel 2005, Wang & Savage 2005, Li et a. 2006, Beak &
Wilkin 2009, Cong et al. 2010, Jeen et al. 2011), it is fair to say that none of them has the
potential to be applied to rea systems. In fact, they are all based on the premise that Fe’ is a
reducing agent, only. New modelling tools based on the view that the dynamic nature of iron
corrosion is responsible for bed efficiency are yet to be developed. It is important to notice that
contaminant removal on Fe” beds is neither an adsorptive nor a reactive filtration, which are
characterized by a reaction front, but rather a bed filtration (Noubactep & Schéner 2010b).
Therefore, the first tool to improve the Fe” bed efficiency is to thicken the reactive zone and mix
Fe® with non-reactive materials (Noubactep & Caré 2010b, Noubactep et al. 2010b). On the other
hand, regarding Fe’ beds as "Fe® amended sand filters' (Noubactep 2010e) suggests that
population balance models that account for pore and particle size distributions along with pore
space topology (e.g. Bedrikovetsky 2008) describe processes in dynamic Fe’/H.O systems with
better accuracy than currently used models (Jeen et a. 2011).

In summary, the present work should be regarded as a comprehensive evauation of the
process of agueous contaminant removal using Fe’. It offers a platform on which future works
must be based for rapid technology development. A concerted effort within the scientific
community is necessary to improve the efficiency of this cost effective remediation technology.
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5 Epilogue

The presented work corresponds to the original manuscript evaluated by three anonymous
referees. Minor revisions were performed, mostly limited at actualizing bibliographic references.
The major concern of two referees was about the mechanism of organic contaminant removal in
Fe%/H,0 systems and is not addressed here for two reasons:

(i) the view that organic contaminants are removed by a different mechanism is not acceptable as
has already been demonstrated in severa reviews and comments (Noubactep 2011a). For an
independent view see for example a recent work of Eusterhues et a. (2011) entitled
“Fractionation of organic matter due to reaction with ferrihydrite: Coprecipitation versus
adsorption”.

(i) the similarity between contaminant removal in metal/H,O systems and el ectrocoagul ation has
been well-established (Bojic et al. 2004, 2007, 2009, Noubactep & Schéner 2010a). In particular,
Bojic et al. (2009) stated that the mechanism of action of micro-alloyed aluminium is "based on
the several physico-chemical processes and the in situ formation of the coagulant, due to its
spontaneous reaction with water. The major processes are adsorption, reduction, hydrogenation,
hydrolysis and coagulation, operating synergistically to degrade and remove variety of pollutants
from water, similarly as in process of electrocoagulation.” They further wrote that *‘the
aluminium hydroxide flocks act as adsorbents and/or traps for ions, molecules or suspended
particles thus removing them from the solution by sorption, co-precipitation or electrostatic
attraction followed by coagulation.” This last statement corresponds to the major massage of two
review articles by the author (Noubactep 2007, 2008).

Additionally, a more elaborated article was recently published (Noubactep 2010e) demonstrating
more comprehensively how the synergy between adsorption, co-precipitation and adsorptive size-
exclusion efficiently removes al agueous contaminants in awell-designed Fe” bed.

Readers interested in testing the Fe” bed technology for save drinking water production are
encouraged to use a recently published experimental design for column experiments (Noubactep
& Caré 2011). In particular, mixing Fe® and contaminant release material (CRM) in long-term
column experiments has the potential to accurately characterize of the suitability of Fe” materials
for water treatment (Noubactep et a. 20053, Noubactep 2011b). Appropriate three component
systems "Fe® + reactive additive + CMR" can offer more investigation possibility. Two aready
positively tested reactive additive are FeS, and MnO, (Noubactep et al. 2003, Noubactep et al.
2005b, Ghauch et al. 2010a, 2010b).
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