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Abstract

Metallic iron (Fe®) or zero-valent iron (ZVI) has been extensively used for water
remediation during the past three decades. It has been proven to be effective in treating
waters polluted with chlorinated aliphatics, dyes, heavy metals, pathogens, radionuclides
and more. Fe is an abundant, low-cost, and non-toxic reactive metal. Its environmental
reactivity is justified by the negative electrode potential of the redox couple Fe''/Fe’ (E® =
—0.44 V). These characteristics of Fe” have been exploited in a wide range of remediation
technologies, including both permeable reactive barriers (PRBs) for in-situ groundwater
remediation, and filtration systems (Fe®filters) for decentralized water treatment.
Fe® PRBs and Fe® water filters employ Fe’ and other solid aggregates (e.g. MnO,, pyrite,
sand) to passively remediate polluted waters in a reactive zone. A polluted water flowing
through a reactive zone packed with Fe® is ideally satisfactorily decontaminated, meaning
that the contaminant concentrations in the outflow are below regulatory levels
(called maximum contamination level - MCL).

The voluminous literature on "water remediation using Fe®"

is characterized by the huge
number of parameters which have been shown to affect the efficiency of Fe’’H,O
remediation systems under environmental conditions. Relevant parameters include: (i)
Fe® type, (ii) nature and concentration of pollutants, (iii) pH value, (iv) O2 concentration,
(v) water salinity, (vi) water flow velocity (contact time), and (vii) ambient temperature.
These factors are interrelated and have been frequently demonstrated as important from
isolated sets of experiments. However, because of the lack of (i) a reference Fe material,
and (ii) a unified experimental procedure, it is practically impossible to compare data
obtained with different contaminants, different natural waters and using different
Fe® samples. A major shortcoming of published results from batch experiments is that they
have been achieved within very short equilibration times (some few hours or days). More
so, they have been mostly achieved under mixing and stirring conditions
that do not represent the conditions in filtration systems while additionally considering
Fe® as a reducing agent. The net result is that it is doubtful whether the reported limitations

of the Fe® technology have been accurately identified.

To address these gaps, the present thesis was designed to: (i) theoretically discuss the
importance of hybrid Fe/aggregate systems for the sustainability of Fe® filters
(Objective 1), and (ii) experimentally investigate the influence of five common anions
(CI', F, HCOs5 ", HPO4*, and SO4*) on the efficiency of Fe/H,O remediation systems
(Objective 2). Objective 1 was achieved by a critical literature review, and published as
such (review article). Objective 2 was achieved through a series of quiescent batch
experiments lasting for up to 45 days using the methylene blue method (MB method).
Each system was characterized by the extent of dye discoloration, the final iron

concentration and the final pH value. Experiments were conducted in assay tubes
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containing 20 or 22 mL of MB, 0.1 of Fe’ 0.5 g of sand, and various concentrations of
anions. The MB method is an innovative procedure which enables monitoring the
availability of solid iron corrosion products (FeCPs) in a Fe%/sand/H,O system. The results

are summarized in two research articles.

Results from Objective 1 indicate that hybrid systems which are likely to be sustainable
(e.g. Fe%sand < 10% (v/v)) are yet to be investigated. Experimental results (Objective 2)
showed that all five tested anions basically inhibit the remediation process as Fe salts are
formed within individual systems, thereby delaying the availability of FeCPs which are
the effective contaminant scavengers. For the chloride and sulfate, the present work has
established that Cl and SO4* basically delay the process of contaminant removal in
Fe”’H,O systems because the stability of Fe-salts (e.g. FeCl,, FeCls, FeSO.) delay the
availability of solid iron corrosion products. The results also present a better explanation
of the ambivalent role of HCOs™ (e.g. inhibitory at high concentrations, and enhancing at
lower ones). In fact, the impact of HCOs™ is not limited to a concentration-dependent
buffering effect but reveals the kinetics of the formation of a FeCOj; scale on Fe’. As
expected, phosphate inhibition of Fe’ reactivity was observed, since phosphate could form
inner-sphere complexes with dissolved Fe and co-precipitates on the Fe® surface, which
inhibits electron transfer from Fe® to protons (H* from water dissociation). Lastly, fluoride
is demonstrated as a strong inhibitor of Fe® reactivity because of the formation of very

stable FeF¢>~ complexes, delaying the precipitation of FeCPs.

Based on the results achieved in this thesis, one of the most productive areas for future
work would involve investigating the suitability of lower than 10% (vol/vol). Related
small-scale experiments should last for several months or years to interpret the unexpected
long-term corrosion kinetics. In addition, better experimental protocols to characterize the
influence of co-solutes on the Fe’ remediation systems is possible. More systematic
research is needed to design efficient and sustainable real world Fe’-based systems
characterized by multi-anion-compositions. Replicating the experiments conducted herein
with relevant mixtures of anions (e.g. HCO;-ClI-SOs or HCO;-F-SO4»),

representative for natural waters seems to be to logical next step.

Keywords: Co-existing solutes, Groundwater remediation, Porosity loss, Reactivity loss,

Zero-valent iron.
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Chapter 1: Introduction

1.1 Background

The quest for safe drinking water and a clean environment has motivated the application
of metallic iron (Fe®) in environmental remediation (Baker 1934, Henderson and Demond
2007, Noubactep 2018a, Noubactep 2020, Noubactep 2024). This technology is a
century old (Bischof 1973, Bischof 1877, Devonshire 1890, Mwakabona et al. 2017) but
it has regained interest during the 1990s when Gillham and colleagues realized that
halogenated hydrocarbons (RCI) dissolved in groundwater disappeared in Fe’-based
sampling vessels (Reynold et al. 1990, Lee et al. 2004, Gillham 2010, Naidu et al. 2014).
The observation was interpreted as RCI reduction by Fe® after Equation 1.1 (Gillham and
O’Hannesin 1994, Matheson and Tratnyek 1994, Weber 1996, Gillham 2010). Suggesting

that RCI is reduced to RH by electrons from Fe’, an electrochemical reaction.
Fe’ + RCl+ H" = Fe*" + CI" + RH (1.1)

This observation was in turn the motivation for the development of subsurface permeable
reactive barriers (PRBs) which are regarded as one of the most promising available
technologies for groundwater remediation (Naidu et al. 2014, Lawrinenko et al. 2023b,
Plessl et al. 2023, Singh et al. 2023).

Currently, Fe’-based filtration is also considered to be one of the most affordable and
applicable technologies for decentralized safe drinking water supply (Raychoudhury &
Scheytt 2013, Naseri et al. 2017, Noubactep 2018a, Mueller et al. 2023, Bandyopadhyay
2024). In other words, the Fe® technology can significantly contribute to achieving the two
United Nations (UN) Sustainable Development Goals (SDGs) focusing explicitly on
freshwater: (1) Goal 6 "Ensure availability and sustainable management of water and
sanitation for all", and (ii) Goal 14 "Conserve and sustainably use the oceans, seas and
marine resources for sustainable development" (Hering et al. 2016). Hering et al. (2016)
anticipated that, given the timeframe of the then only 15 years (in 2016) to achieve the 17
SDGs by 2030, scientists were required to effectively translate existing knowledge into
practical solutions. Now, this timeframe has been reduced to less than a decade, i.e. 7 years.

Translating existing knowledge on "water remediation using Fe®"

into practical efficient
Fe® water filtration systems implies a profound understanding of the variables (e.g. factors,
parameters) that influence their operation and performance in the field (Sun et al. 2016,
Naseri et al. 2017, Li et al. 2019, Noubactep 2018b, Noubactep 2019, Noubactep 2024).
Relevant factors include: (i) Fe® characteristics (e.g. reactivity, shape, size), (i) operating
conditions (e.g. Fe’ loading, Fe® admixing with other aggregates, water flow velocity), (iii)

solution chemistry (e.g. common major anions and cations, dissolved O, natural organic
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matter - NOM), and (iv) ambient temperature (Sun et al. 2016, Naseri et al. 2017). All
these factors have been demonstrated in individual investigations to exert significant
negative or positive effects on the performance of Fe’ towards contaminant removal (Su
and Puls 2001, Klausen et al. 2003, Westerhoff and James 2003, Bi et al. 2009a, Sun et al.
2016). It is obvious, that depending on the removal mechanisms of the respective
contaminants and other environmental conditions, an individual variable may exhibit
different effects (Sun et al. 2016). For this reason, a reference Fe® material (Cui et al. 2023)
and a unified experimental procedure (Naseri et al. 2017) seem to be the starting point for
achieving more reliable results (Xiao et al. 2023, Xiao et al. 2024). It is therefore not
surprising that the effects of many of these factors on the performance of Fe® systems have
not been well understood despite three decades of intensive research (Sun et al. 2016,
Lawrinenko et al. 2023a, Plessl et al. 2023, Singh et al. 2023). The present work was
designed to address two aspects: (i) the significance of hybrid Fe’aggregate systems for
the sustainability of Fe’ filters, and (ii) the effects of common anions on the contaminant
removal efficiency. Such a fundamental understanding should shape the design of future

research for more efficient Fe° filters.

1.2 State-of-the-art knowledge

Filtration in Fe’-based systems represents an efficient technology for the remediation of
polluted waters, but the evidence in the literature lacks an understanding of their long-
term performance. This section gives an overview of the state-of-the-art knowledge of the

two aspects investigated in this work.

1.2.1 The suitability of hybrid Fe"/aggregate systems

The fundamental characteristic of Fe® used in Fe’-based filtration systems is the
volumetric expansive nature of the iron corrosion process (Pilling and Bedworth 1923,
Car¢ et al. 2008, Car¢ et al. 2013). In fact, each solid iron corrosion product (FeCPs or
"oxides") is larger in volume than the parent metal (iron): i.e., Voxide > Viron. According to
Caré et al. (2008) the volumes of individual oxides are 2.1 to 6.4 times larger than Fe®.
This implies that under environmental conditions (pH > 4.5), the initial porosity of any
Fe’-based filter is progressively filled by in-situ generated FeCPs, leading to porosity loss.
This porosity loss is necessarily coupled to reductions in the hydraulic conductivity
(permeability loss) of the Fe® filter (Handerson and Demond 2007, Ruhl et al. 2012,
Domga et al. 2015, Bilardi et al. 2023). This evidence has been considered in the Fe’
literature only around 2010, approximately some 15 years after the installation of the first
commercial full-scale Fe’ PRB in Sunnyvale, California/USA (Singh et al. 2023). Even
after this realization, mixing Fe® with granular materials to build hybrid Fe%/aggregate
systems is discussed, just as a strategy to improve the hydraulic behavior of Fe filters.
However, mixing non-expansive aggregates to Fe’ should be regarded as a pre-requisite
for sustainable filtration systems (Domga et al. 2015, Naseri et al. 2017). In other words,

Fe filters without aggregates are not sustainable because they will lose porosity and
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hydraulic conductivity, resulting in clogging (Hussam 2009, Bilardi et al. 2023, Noubactep
2020, Noubactep 2021, Noubactep 2024).

Following this highly pragmatic approach, many inert (e.g. gravel, sand) and reactive (e.g.
magnetite, pyrite) materials have been proposed and tested to sustain the reactivity and
the permeability of Fe® filters as recently reported by Bilardi et al. (2023). However, works
using pure Fe’ beds (100 % Fe®) are still performed (Yu et al. 2023). Thus, there is a need
for a critical review of how hybrid Fe%/aggregate systems have been investigated in order
to shape future experimental methodologies. It is important to recall that the breakthrough
in understanding the suitability of Fe’aggregate systems for sustainable Fe’-based
systems was achieved using the methylene blue method (Miyajima 2012, Miyajima and
Noubactep 2012). The methylene blue method (MB method) is a low-cost but efficient

tool for characterizing the extent of FeCPs availability within a Fe?/H,O system.

The MB method uses MB as an indicator of reactivity for the Fe?/H,O system (Miyajima
2012, Btatkeu-K. et al. 2016, Konadu-Amoabh et al. 2021). The MB method is hinged on
the historic findings by Mitchell et al. (1955) that the efficiency of pure sand to adsorb
MB declines as iron oxides progressively cover the surface of sand. The suitability of the
MB method to characterize Fe’/H,O systems is based on the evidence that: (i) sand is a
good adsorbent for MB, and (ii) iron oxide-coated sand has a poor affinity for MB
discoloration (Miyajima 2012). The method characterizes MB discoloration by sand as it
is in-situ coated by FeCPs in Fe’/H,O/sand system. In order words, the MB method
enables the detection of the decline of Fe® reactivity (reactivity loss), which is related to
porosity loss. In fact, Miyajima (2012) has also demonstrated the ability of the MB method
to trace the clogging of Fe’ filters (permeability loss). Miyajima (2012) unequivocally
demonstrated for the first time, that admixing Fe® with non-expansive aggregates is a pre-
requisite for sustainable Fe filters. Prior to 2012, admixing Fe’ with other aggregates was
regarded as "material dilution" with possible impacts on reaction rates and contaminant
removal efficiency despite beneficial cost reduction (Kenneke and McCutcheon 2003,
Kaplan and Gilmore 2004, Song et al. 2005, Bi et al. 2009a). This misconception
originated from the falsified view that Fe® is a reducing agent for many dissolved species
(Matheson and Tratnyek 1994, Weber 1996, Lawrinenko et al. 2023a, 2023Db).
Unfortunately, this view is still prevailing (Lawrinenko et al. 2023a, Noubactep 2021,
Noubactep 2023, Noubactep 2024) and has affected the understanding of both key aspects
addressed in this work. For the sake of clarity, Chapter 3 will present the background of
the experimental methodology in more details. An overview of the achieved results is

given in Chapter 5 and the published review article appended to this work.

1.2.2 Effects of common anions on the efficiency of Fe’-based systems
Typical anions present in natural water include (hydro)carbonate (COs* or HCOs),
chloride (CI"), nitrate (NOs"), phosphate (H,PO4~ or HPO4*), silicate (SiO5>") and sulfate
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(SO4*). The nature and the concentration of anions in the aqueous matrix are reported to
dictate the remediation performance of Fe’-based systems (Klausen et al. 2003, Kim et al.
2007, Sun et al. 2016). As summarized in a recent review article by Sun et al. (2016), NO3~
is redox-active and "consumes Fe" through cathodic attack while non-redox anions may
form solid precipitates that subsequently deposit on the Fe® surface. Such precipitates form
(i) a physical barrier for mass transfer to (and from) the Fe surface, and (ii) a conduction
barrier for electrons from the Fe® surface (Henserson and Demond 2007, Hu et al. 2021).
Sun et al. (2016) also reported that Cl- and to some extent SO4* may enhance the
performance of Fe’ remediation systems either by (i) facilitating the breakdown of
passivating oxide scales and/or (ii) enabling the formation of new reactive phases within
the system. Moreover, for individual anions ambivalent or mixed effects are reported while

varying their initial concentrations or the reaction (even for the same contaminant).

This presentation is based on Sun et al. (2016) as it was the most recent overview article
at the start of this work. However, the start-of-the-art knowledge has not changed despite
7 additional years since 2016 (Roccamante et al. 2022). The discussion of the influences
of common anions on the performance of Fe® remediation systems is mostly falsified by
the view that Fe’ is a reducing agent under environmental conditions (Equation 1.1)
(Matheson and Tratnyek 1994, Hu et al. 2021, Lawrinenko et al. 2023a). In addition, it
would be suitable to investigate the performance of Fe® remediation systems as influenced
by common anions while excluding any redox interaction except for the Fe’ oxidation by
water (H") (Equation 1.2).

Fe’+2 H = Fe* + H, (1.2)

The MB method fulfils these requirements while excluding NO3;~ from the investigated
systems will account for the requirement related to the redox reactivity of anions. Note
that works under experimental conditions similar to those used herein have demonstrated
that SO4> is not redox reactive (Gatcha-Bandjun et al. 2017, Tsamo et al. 2018). The
background of this knowledge is summarized in Chapter 3 and the achieved results

discussed in Chapter 5.

1.2.3 Knowledge gaps on both aspects and their interlinkages

Sections 1.2.1 and 1.2.2 demonstrate that there are gaps in knowledge regarding the
operating mode of Fe’ filters and their long-term efficiency. Actually, accurately
evaluating the sustainability of such systems is essential, both for future researchers and
policymakers. However, previous and current evaluations either neglect or insufficiently
address interlinkages among factors influencing the performance of the systems. In
particular, investigating the influences of admixing Fe’ and other aggregates has been
performed in the perspective that the aggregates will reduce the efficiency of the systems

(Rahman et al. 2013, Bilardi et al. 2023). Similarly, investigating the effects of common
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anions on the Fe’/H,O system has been almost limited to discuss how, and to which extent,
the electron transfer from Fe® is impacted (Sun et al. 2016). This situation has led to
unclear identification of leverage points to enhance the sustainability of Fe filters. Thus,
there is a need to identify and establish complex interlinkages among key factors affecting
the sustainability of Fe® filters as used in subsurface PRBs and systems for decentralized
safe drinking water supply. The results would: (i) help researchers to design better
experiments in future, and (ii) enable policymakers to take well-informed decisions before

implementing Fe® filters.

1.3 Research objectives

The goal of this thesis is to shape practical applications of Fe® filtration systems by:

0 theoretically discussing the suitability of hybrid Fe%/aggregate systems for filter
design, and

(i1) experimentally investigating the influences of five common groundwater anions
(CI, HCOs, F-, HPO4*, and SO4*) on the performance of Fe’-based systems for

water decontamination.

An important feature of the study design is to use the methylene blue method in batch
experiments without any attempt to mechanically homogenize the solutions. This
experimental design provides an affordable and replicable setup to investigate processes
associated with contaminant removal under the diffusion-driven conditions occurring in
Fe® filters. Non-agitated or quiescent batch experiments also facilitates the formation of

the oxide scale which would otherwise be disturbed through agitation.

The working hypothesis for experimental investigations is based on Equation 1.3 and
states that the addition of any anion delays or inhibits the process of MB discoloration.
This is because MB discoloration is achieved by adsorption and co-precipitation with
FeCPs.

Fe®, H>O, anions, O = Fe-salts or Fe-complexes + FeCPs (1.3)

Because all anions tested (Cl, HCOs-, F, HPO4*", SO4*) form salts (e.g. FeCls) or
complexes (e.g. FeF¢*") with Fe?* and/or Fe*", the availability of FeCPs should be typically
delayed.

1.4 Research methodology

Quiescent batch experiments are used to monitor the extent of MB discoloration by
various Fe%sand systems (MB method) as influenced by the presence and the amounts of
individual anions for an experimental duration of up to 45 days. The MB method traces

the dynamics within the Fe?/H,O system by exploiting the differential adsorptive affinity

16



of MB onto sand and sand coated with iron corrosion products (FeCPs). It evaluates the
degree of Fe® corrosion in various Fe’/anion/H,O systems. The extent of MB discoloration
in various Fe’-based systems was characterized in parallel quiescent batch experiments
for 0 to 45 days. Parallel experiments with Orange Il as a model contaminant allowed an
improved discussion of the results. Additional experiments using 4 different Fe° types
were conducted. Each system was characterized by: (i) final pH value, (ii) final Fe

concentration, and (iii) extent of dye discoloration.

A detailed description of background of the experimental methodology is given in Chapter

3. Chapter 4 provides details on material and methods used.

1.5 Outline of the thesis

This introductory chapter has given the theoretical background of the study, together with
the current state-of-the-art knowledge on (i) designing hybrid Fe%/aggregate systems, and
(ii) the influences of common groundwater anions on the efficiency of Fe’-based

remediation systems. The remaining of the thesis is presented as follows:

e Chapter 2 gives an overview of the named state-of-the-art knowledge as reflected
by the published literature;

e Chapter 3 presents the background of the used experimental methodology to
outline its novelty;

e Chapter 4 summarizes the experimental conditions used;

e Chapter 5 present the achieved results and give a discussion;

e Chapter 6 provides a general conclusion of this work and gives some suggestions
for further research;

e Alist of all references used in all chapters; and

e An appendix closes the presentation.

The appendix includes a list of journal articles that were authored or co-authored by me
and directly related to the presented work. In summary, two papers were published, and
one manuscript is submitted. The appendix also includes all experimental results achieved

in the framework of this thesis.
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Chapter 2: Literature review

This chapter summarizes the state-of-the-art knowledge on: (i) the design of hybrid
Fe’H,0 filtration systems, and (ii) the effect of common anions on the performance of
such systems. Both aspects are tied by the evidence that the extent of iron corrosion and
thus the extent to which available pores are filled depends on how anions influence the
solubility of Fe?" and its transport within and eventually out of the filter. This chapter is
not repeating the reasoning used in introducing the appended two articles (Tao et al 2022,
Tao et al 2023) and one submitted manuscript (Tao et al. 2024). Rather, a critical overview
is given that (i) is based on the chemistry of the system (Equation 2.1), and (ii) considers

the current state of the knowledge, including views published after these articles.
Fe’+2 H = Fe* + H, (2.1)

Equation 2.1 recalls the reaction of the oxidative dissolution of Fe® that is the fundamental
reason for using this readily available and cost-effective material in water remediation
(James et al. 1992, Henderson and Demond 2007, Cundy et al. 2008, Noubactep and Caré
2010a, Noubactep and Caré 2010b, Jeong et al. 2014, Wu et al. 2017). The application of
Fe’-based filtration systems have been reported to suffer from reactivity loss and
permeability loss (Henderson and Demond 2007, Guan et al. 2015, Wu et al. 2017,
Saadatpour et al. 2023, Singh et al. 2023). Discrepancies on the extent of the importance
of both aspects have been reported in the literature and can be collectively attributed to
the fact that both aspects have been considered separately. However, given that Equation
1 describes the oxidation of Fe® by water, it must be considered that each individual Fe®
particle experiences reactivity loss and the extent to which it is consumed contribute to
reducing the pore space (porosity loss and the permeability loss) (Domga et al. 2015, Yang
et al. 2020, 2021, 2022).

Equation 2.1 is also a compass to evaluate the extent to which contaminants are removed
and the permeability decreases. The ambivalent nature of iron corrosion for the
sustainability of Fe-based filters has been difficult to consider in previous works (Wu et
al. 2017, Bilardi et al. 2023, Saadatpour et al. 2023): iron corrosion induces water
treatment (beneficial), and the same reaction causes porosity loss (harmful) (Henserson
and Demond 2007, Domga et al. 2015). This makes designing efficient and sustainable
Fe’ filters challenging (Miyajima 2012, Rahman et al. 2013, Yang 2022). The three
fundamental questions to answer are: (i) how much iron oxidizes (e.g. per unit time)?
(Question 1), (i) which amount or which fraction of dissolved Fe is transported out of the
column? (Question 2), and (iii) which amount of dissolved Fe is precipitated and available
to act as contaminant scavengers? (Question 3). Questions 1 to 3 can only be answered

together, ideally while using a holistic spatiotemporal approach (Yang 2022). This makes
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the conventional approach of separately characterizing the nature and amount of FeCPs
and the extent of porosity loss at specific times, for instance at the end of a short-term
experiment (Wielinski et al. 2022) unreliable or at least non accurate (Yang 2022). The
methylene blue method used in this work has been demonstrated a powerful tool to solve
this critical problem (Btatkeu-K et al. 2016, Konadu-Amoah et al. 2022).

2.1 The suitability of Fe’/aggregates hybrid systems

2.1.1 General aspects

To predict spatiotemporal changes of porosity of a Fe’-based filter, it suffices to consider
the time-dependent extent of the following (Yang 2022, Bilardi et al. 2023): (i) Fe°
corrosion (Equation 2.1), (ii) precipitation of solid iron corrosion products (e.g. Fe oxides
and hydroxides - FeCPs), (iii) precipitation of other minerals (e.g. CaCOs3, FeCOs), (iv)
accumulation of H», and (v) accumulation of contaminants. It can be operationally
considered that H, escapes out of the system. The contribution of other minerals and
contaminants to porosity loss can also be neglected. This can be considered as an
oversimplification but it shows that iron corrosion by water alone do provoke porosity loss

and this was experimentally documented by Luo et al. (2013) using deionized water.

The other characteristic feature of Fe? corrosion to consider is its volumetric expansive
nature (Whitney 1903, Pilling and Bedworth 1923, Caré et al. 2008, Zhao et al. 2011).
Because the volume of the corrosion products (FeCPs - oxides) is greater than that of the
original metal (Voxidge > Viron), the formation of the FeCPs induces a reduction in the pore
volume (porosity loss), and this occurs for each Fe** from Equation 2.1 unless it is
complexed, for instance by Cl™ (e.g. FeCls), F~ (e.g. FeFs’") or natural organic matters.
However, even in cases such stable complexes are formed, they are transported away from
the Fe’ particles which continue to corrode. In other words, stable complexes sustain the
reactivity of Fe’, which is available in large stoichiometric amount in a Fe’-based filter.
Clearly, when strong complexing agents (e.g. CI", F) are available, more Fe® is corroded.
The net result is a comparative delay in porosity loss. Under static conditions (batch
studies), strong complexing agents delay the availability of FeCPs and thus the

decontamination process (section 2.2).

2.1.2 Fe' corrosion in porous media

A reliable approach for a knowledge-driven design of sustainable and stable Fe® filters
goes through a holistic analysis of the Fe/H,O system (Noubactep 2009b, Cao et al.
2021a). A Fe® filter is a porous bed containing granular Fe® in a pure (Fe® alone) or in a
hybrid system (e.g. Fe%pyrite, Fesand). A porous bed is characterized by an initial
porosity, e.g. 36 % for compact spheres (Caré et al. 2013, Rahman et al. 2013) which
necessarily decreased over the time as contaminants are eliminated from inflowing

polluted waters.
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Iron corrosion in a Fe® filter is an electrochemical process as discussed above (Equation
2.1). The 4 components are (Xiao et al. 2023, Xiao et al. 2024): (i) iron dissolution at an
anodic site of Fe® (releasing Fe?* and leaving electrons behind), (ii) transport of released
Fe?* through the electrolyte (polluted water) away from the Fe® surface, (iii) transfer of
electrons to a cathodic site on the surface of uncorroded Fe’, and (iv) H' reduction at the
cathode. The corrosion rate is influenced by several factors including: (i) the rate with
which species H" and Fe*" are consumed or released (intrinsic reactivity), (i) their
transport through the pore system within the filter (solution chemistry), (iii) the occurrence
of further chemical reactions such as complexation, oxidation, precipitation (pH value
solution chemistry), and (iii) the occurrence of physical processes such as adsorption, ion
exchange, and size-exclusion (pH value, solution chemistry) (Nesic 2007, Noubactep
2015, Angst 2019). Items (i) to (iv) locally affect the electrolyte chemistry at the Fe®
surface, which in turn affects the electrochemical reaction kinetics of the uncorroded Fe®.
It is essential to mention that H» and Fe?* (Equation 2.1) are stand-alone reducing agents
for several organic (Jiao et al. 2009) and inorganic pollutants (Farrell et al. 2001).
Moreover, several Fe'' and Fe''/Fe!! species generated in Fe/H,O systems are stand-alone

natural reducing agents (Scherer et al. 2000, Henderson and Demond 2007).

Another characteristic feature of Fe® filters is the presence of a porous medium which
significantly influences all processes involved in the progression of iron corrosion
(Equation 2.1). The most important being that (i) there is limited space to store expansive
corrosion products, and (ii) transport processes are all limited (e.g. restricting convection).
A potential beneficial role of a porous medium adjacent to the Fe® surface is that different
local properties at the Fe%H,O interface create new electrochemical cells to sustain

corrosion.

Summarized, to design a Fe® filter, the following is needed: (i) a filter container, (ii) a
reactive Fe” sample, and (iii) one or several filling materials (e.g. MnO», pumice, sand) or
reactive aggregates (e.g. MnQO,, pyrite). Because Fe’ corrosion is volumetric expansive is
nature, a pure Fe® filter (100 % Fe’) can be efficient but not sustainable (Hussam 2009,
Domga et al. 2015). In other words, sustainable Fe® filters are hybrid in nature (e.g.
Fe%sand). Practically, Fe® proportion, Fe? type, Fe’ shape, initial porosity, nature, shape
and size of admixing aggregates, and water quality are interrelated parameters which all
influence progressive generation and accumulation of iron corrosion products (FeCPs)
within the pores of any Fe® filter. Filter function can be influenced by sediment influx and
deposition. Consequently, determining the rate of sedimentation and the period before
sediment accumulation obstructs the filter's ability to function effectively is crucial. While
designing a filter, enough storage capacity for FeCPs should be considered so that FeCPs

accumulation does not affect the filter's function during its planned operational life. One
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proven efficient approach has been the use of porous Fe’ materials (Bischof 1973, Hussam
and Munir 2007, Hussam 2009).

2.1.3 Fundamental flaws in designing Fe® filters

The literature reports on "detailed analysis of the rate of surface precipitate buildup”
(Wilkin et al. 2002) in Fe® filters as a critical step in understanding how long long-term
systems can be sustainably designed (Li et al. 2005, Li et al. 2006, Li and Benson 2010).
However, the reasoning was rooted on the Fe’ amount available for the reductive
transformation of selected contaminants (Sarr 2001, Wilkin et al. 2002). In this approach,
depending on the environmental conditions (e.g. aquifer chemistry, composition of Fe’
filter), different types of minerals and surface coatings have been discussed (L1 et al. 2006,
Li and Benson 2010, Guan et al. 2015). The impacts of microbiological processes (e.g.
presence of bacteria and their mediated processes) have also been largely discussed (Gu
et al. 1999, Scherer et al. 2000, Henderson and Demond 2007). In this context, Wilkin et
al. (2002) presents a subsurface Fe filter as a "large reservoir of iron" for contaminant
transformation whose action can be enhanced by microorganisms including iron-reducing,
sulfate-reducing, and/or methanogenic bacteria. Wilkin et al. (2002) also suggested that
such enhancement may occur at the "expense of faster corrosion", thereby inducing a

faster clogging of the Fe filter.

The approach presented by Wilkin et al. (2002) is commonplace in the Fe? literature and
was mainly a recommendation of the Interstate Technology & Regulatory Council (ITRC
2005, 2011). Accordingly, to explore the bio-geochemical processes occurring within a
Fe® filter, and thus understand the reasons of reactivity loss and permeability loss,
sophisticated structural analytical techniques and detailed coring and water sampling
programs are needed (Gaspar et al.2002, McGuire et al.2003, Li et al 2019, Wielinski et
al. 2022). However, in the absence of any theory of the system (Section 1), there is no
guide to orient the discussion of achieved results. In addition, most of the observations
made from coring and water sampling programs are just static snap-shots and their
measurements are inaccurate (Brenner 2010). Thus, they cannot enable the generation of
non-trivial models of the dynamic processes within Fe? filters, especially as these occur
over an enormous range of time scales - from some few days or weeks (lab experiments)
to several months or years (pilot studies and field implementations). Moreover, each Fe®
material has its own intrinsic corrosion rate (Reardon 1995), meaning that two different

materials will fill the same pore space within different time scales.

The approach recommended by the ITRC for subsurface Fe’-based permeable reactive
barriers (Fe” PRBs) aimed at: (i) characterizing the surface precipitates and minerals
formed within and down gradient of the Fe® PRBs, (ii) developing conceptual models to

predict the type and rate of precipitate formation, (iii) identifying relevant microbiological
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activities impacting the service life of Fe PRBs, and (iv) developing applicable and cost-

effective protocols for long-term performance monitoring of Fe® PRBs.

Ideally, a Fe® PRB should support complete groundwater remediation while maintaining
an acceptable hydraulic conductivity over its planned service life. However, inherent
temporal and spatial variability of chemical, microbial, and physical processes within the
Fe PRB are difficult to correlate with permeability loss and reactivity loss using the
conventional approach (Wielinski et al. 2022). This correlation has not been successfully
established by the ITRC approach (Santisukkasaem and Das 2019, Wielinski et al. 2022),
suggesting that an alternative approach is needed to design sustainaible Fe° filters,
including Fe® PRBs (Wielinski et al. 2022). The service life of a Fe® filter is essentially
determined by how fast minerals precipitate within its pore space, which in turn,
determines the rate of porosity and permeability loss. This reveals the paramount
importance of the corrosion rate (Fe® intrinsic reactivity) of used materials in aqueous
environments (Lufingo et al. 2019, Cui et al. 2023). Since 1995, the corrosion rate of Fe’
materials has been widely characterized (Reardon 1995, 2005). However, this has been
done in a too pragmatic approach (Lufingo et al. 2019) and for too short experimental
durations (Li et al. 2019, Konadu-Amoah et al. 2023). This points to the need for (i) an
alternative approach based on the fundamentals of iron corrosion science, and (ii)
considering reasonably long timescales representative of real field applications. The
presentation herein insists on the fact that the oxidative dissolution of each individual Fe®
contributes to reducing the pore space (porosity loss) and inducing reactivity loss. This
occurs to different extents depending on the prevailing environmental conditions (e.g.

anoxic/oxic, Fe® mass, Fe/aggregate ratio, pH value, water chemistry).

A proof that the conventional approach has not worked is the development of Artificial
Neural Network (ANN) for evaluating permeability decline in Fe’ PRBs
(Thiruvenkatachari et al. 2008, Santisukkasaem et al. 2015, Santisukkasaem and Das
2019). These authors clearly stated that all other approaches were not successful (Moraci
et al. 2016). However, the ANN is not a physically based approach as it relies on the
network’s ability to understand given information and outputs from physically based
relationships derived using other methods (Santisukkasaem et al. 2015). Fortunately, a
physical approach has been presented which is able to address both permeability loss and
reactivity loss in a very simple and low-cost experimental setup: The methylene blue (MB)
discoloration method (MB method) (Btatkeu-K. et al. 2016, Konadu-Amoah et al. 2022).

2.1.4 Ways out of the "valley of confusion"?

The literature evidences difficulties in understanding the long-term permeability of Fe’
filters (Bilardi et al. 2023). It is now established that sustainable Fe® filters are hybrid in
nature, wherein, Fe’ is admixed with non-expansive aggregates (e.g. Fe®/MnO,, Fe/pyrite,

Fe%sand). It is established that factors influencing the sustainability of Fe® filters include:
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(i) reactive Fe® (intrinsic reactivity), (ii) Fe® shape and size, (iii) nature and extent of
contamination, (iv) geochemical and hydrogeological characteristics of the aquifer, and (v)
groundwater flow velocity. Bilardi et al. (2023) analyzed the relative importance of these
parameters and showed that "admixing Fe® with non-expansive granular materials" is the
most suitable tool to design "long-term hydraulically efficient” Fe® filters. This
corresponds to the findings of Noubactep and Care (2010a, 2010b), showing that despite
hundreds of new peer-reviewed scientific publications, little progress has been made
during the past 12 to 14 years. The reason for this sad situation is the proliferation of
pragmatic, but independent investigations without any opportunity to compare achieved
results. In particular, concerning the impact of Fe%sand ratio, the rationale for working
with 50 % (w/w or v/v) is rarely specified, while (i) the Fe® intrinsic reactivity is not
characterized (Cui et al. 2023), (ii) evidence exists that far lesser Fe%/sand ratios are
efficient (Tepong-Tsinde 2021), and (iii) experiments are performed for too short
experimental times (Yang et al. 2022, Xiao et al. 2023, Xiao et al. 2024).

The Fe® remediation technology involves immersing small Fe® particles (< 5 mm thick) in
water-saturated zones for long times. This is a novel situation for environmental scientists
since there are no comparable data in the scientific literature, for example, on the long-
term corrosion kinetics (Yang et al. 2022). Therefore, new experimental procedures are
needed for obtaining better data, reflecting the true Fe® corrosion kinetics. The starting
point is certainly the characterization of the intrinsic reactivity of available Fe materials
(e.g. iPutec GmbH & Co. KG in Germany, Connelly-GPM in the USA or Hognis in
Sweden). Such Fe® materials can be intensively characterized for their long-term ability
to: (i) generate H, under well-defined conditions (e.g. tap water, spring water, and saline
water), (ii) release Fe** in  selected solutions (e.g. ascorbic  acid,
ethylenediaminetetraacetic acid - EDTA), and (iii)) remove some selected probe
contaminants under well-defined operational conditions. The discussion of a large number
of data, obtained under such controlled experimental conditions (e.g. items (i) to (iii)),
would reveal some common underlying trends for interactions within Fe?/H>O systems
that provide a confidence for design that is non-material-specific. Accordingly, when a
significant body of data exists on removal rates for selected contaminants by materials
depicting certain characteristics, site-specific treatability studies may only be required to
fine-tune design criteria for the optimal performance of Fe’ filters. Such data would
provide a good starting point for the design of future laboratory, pilot, and field-scale
studies for investigating the remediation Fe?/H,O system (McGeough et al. 2007, Naseri
etal. 2017).

A key feature of the presentation herein is that it is about Fe® corrosion by water (H") and
not by any contaminant. This means that polluted water contains one or several species
that can enhance or impede Fe® corrosion. The question is, how are individual

contaminants removed during Fe® corrosion in the presence of polluted water? This
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approach is supported by reports on Fe? corrosion in deionized water (Luo et al. 2013, Xin
et al. 2016), and the removal of several species without redox-reactivity in Fe”/H,O (You
et al. 2005, Jia et al. 2007, Miyajima 2012, Btatkeu et al. 2016).

According to the viewpoints discussed above, the following three key conclusions and
perspectives are put forward:

e Feis not a stand-alone reducing agent under environmental conditions (pH > 4.5);

e Permeability loss and reactivity loss are two inherent properties of Fe in a porous
system. The occurrence of both processes is intimately related to the intrinsic reactivity
of the materials used and the pore space available;

e Anin-depth characterization of the long-term reactivity of selected Fe® materials under
relevant operational conditions is regarded as a key step in designing the next-

generation Fe? filters.
2.2 Effects of common anions on the performance of Fe/H,O systems

2.2.1 General aspects

Predicting the influences of common anions on the efficiency of Fe® filters is a very
complex task. Ideally, the temporal changes of the generation of Fe*" (corrosion rate)
should be known together with amount of each anion and the stability of the Fe and Fe'!
complexes likely to be formed within the porous system. Furthermore, the amount of
FeCPs available should be considered and the competitive adsorptive affinity of anions
and all other co-solutes (including contaminants) discussed. Under ambient atmospheric
conditions, Fe?* from Equation 2.1 is oxidized by molecular O to Fe** (Equation 2.2).

1T

Depending on the relative stability of the Fe' or Fe'! salts and complexes, the following

reaction can be considered for the considered anions (Equations 2.3 to 2.7):

4Fe**+4H "+ 0, = 4 Fe** +2 H,0 (2.2)

Fe* + COs* = FeCOs (2.3)
Fe¥* + 3 Cl" = FeCls 2.4)
Fe** + 6 F- = FeF¢~ (2.5)
Fe* + PO = FePO, (2.6)
Fe?* + SO = FeSO, 2.7)

Because O> (8 mg/L in air, replenished upon consumption) and Fe® are present in
stoichiometric abundance, iron oxides and hydroxides will also be formed, for example

following the two simplified steps (Equation 2.8 and 2.9) according to Mos et al. (2018):

Fe?*, Fe**, H,0 = GR (2.8)
Fe%, GR = Fe;04, H,O (2.9)
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Under natural conditions, at least seven different iron hydroxides and oxides are likely to
be formed and are mutually transformed to each other through a myriad of dynamic biotic
and abiotic reactions (Chaves 2005, Raghav et al. 2015). Additionally, these
transformations are influenced by the presence and concentration of individual co-solutes
(including anions and contaminants) (Rose et al. 1996, 1997a, 1997b). For all these
reasons, investigating any Fe”/anion/H,O system is a very complex task. The situation is
exacerbated by extending the system to consider a given contaminant (e.g.
Fe%anion/contaminant/H>O system) while considering any specific (redox or adsorptive)

interaction of the contaminants with other components of the system.

2.2.2 Investigating the Fe%/anion/H,O system

Section 2.2.1 has demonstrated the complexity of investigating the influences of common
anions on the performance of Fe’/H,O systems. In essence, the impact of all co-solutes on
the process of iron corrosion has to be characterized from the hydrolysis of Fe?* (Equation
2.1) to the re-crystallization of oxides through nucleation and precipitation (Equations 2.8
and 2.9). This analysis suggests that characterizing the solid phases at individual times
cannot help in solving the enigma of the Fe/H,O system. On the other hand, the similitude
between the Fe’/H,O system and Fe® electrocoagulation has been acknowledged (Bojic et
al. 2007, 2009, Noubactep and Schoner 2010). This implies that, like for coagulation and
electrocoagulation, it is better to characterize the influences of anions on the whole process
of decontamination, before subsequently discuss the importance of redox processes
(Crawford et al. 1993a, 1993b). This assertion is supported by reports better justifying the
efficiency of Fe’-based remediation systems by the affinity of contaminants to FeCPs
(Scott et al. 2011, Phukan 2015, Phukan et al. 2015, Phukan et al. 2016).

The presentation until now suggests that any innovative approach to investigate the
influences of common anions on the performance of the Fe’/H>O system goes through an
operational reference. For example, the local tap water can be used as a reference system
and the same augmented by various amount of each anion or mixture of anions. The
present work has used this approach combined to the MB method (Chapter 3). The next

section illustrates the extent of confusion existing in the Fe® remediation literature.

2.2.3 Fundamental flaws in investigating Fe’/anion/H,O systems

The literature evidences fundamental difficulties in understanding the processes occurring
in Fe%anion/H,O systems (Sun et al 2016). Factors influencing the efficiency of
Fe%anion/H,O systems in batch studies include: (i) Fe® intrinsic reactivity, (ii) Fe shape
and size, (iii) solution chemistry, including the nature and extent of contamination, and

(iv) the mixing type and the mixing intensity.

There has been a large number of systematic studies designed to elucidate the effects of

common anions on the decontamination process in Fe’/H,O systems (Sun et al. 2016).
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However, controversial results have been typically reported, even for the same probe
contaminant and the same Fe® (Jiao et al. 2009, Sun et al. 2016). This is usually justified
by the evidence that varying experimental procedures are employed for the collection of
data. For batch experiments, these procedures differ in Fe? pre-treatment, Fe® particle size
(e.g. granular, powder, nanoscale), admixing agents used (e.g. FeS,, MnO,, pumice, sand),
volume of the experimental vessels (mL), volume of solution added (mL), equilibration
time allowed, and ambient temperature (Vidic et al. 1990, Naseri et al. 2017). The major
pitfall in conventional batch experiments has been the disturbance of the "natural" layering
sequence Fe%oxide/H,O in which the Fe? surface is permanently shielded by an oxide
scale. In fact, while performing batch experiments, mixing intensities of up to more than
400 rpm are used to explicitly keep all particles in suspension and avoid mass transfer
limitations (Devlin et al. 1998, Polasek 2007, Miyajima 2012). Such procedures certainly
deliver reproducible results, however, without practical significance for filtration systems.
In Fe’ filters, transport in the vicinity of Fe’ is diffusion-driven (Miyajima and Noubactep
2012). For this reason, quiescent experiments are recommended for treatability studies
(Naseri et al. 2017). Our research group has been using exclusively quiescent batch
experiments (mostly Fe%sand mixtures) for the past 15 years (since 2009) for experimental
durations of up to 90 days (3 months). A major result has been that expressing the
performance of Fe’/H,O systems in terms of adsorption capacity (e.g. mg of contaminant
per g of Fe?) is not acceptable (Naseri et al. 2017). This is because (i) Fe® is not depleted,
(ii) its corrosion rate is not known, and (iii) no standard experimental protocol has been
established.

The presentation until here clearly justified why confusing reports are typically reported
in the literature. An illustration thereof is given based on the review article by Sun et al.
(2016). The types and concentration aqueous anions dictate the performance of Fe’-based
systems (Klausen et al. 2003, Wilkin et al. 2003, Liu et al. 2007). Generally, some anions
are redox-active (e.g. NOs~, SO4¥) species and others species non redox reactive. The
interaction of each anion with species from Fe’ corrosion and other co-solutes (including
the contaminants) may lead the surface being coated by an interfacial barrier to both
electron and mass transfer. In other words, these anions inhibit the performance of the
Fe%H,0 system through "mineralogical modification" (Sun et al. 2016). In contrast, some
other anions may enhance the performance of Fe’/H,O systems either by facilitating the
breakdown of oxide scale on Fe coatings or by enabling the formation of new reactive
phases. However, Sun et al. (2016) acknowledged that individual anions "may
concurrently serve different roles, and the net effect could vary with concentration,
exposure time" and also the nature of the contaminant. It is obvious that this argumentation
is based on the view that electrons from the Fe’ body can reductively transformed
dissolved contaminants, a view that contradicts the science of the system as established in
1903 (Whitney 1903, Xiao et al. 2023). As stated earlier, this chapter is not reviewing the

literature on this issue, interested readers are referred to Sun et al. (2016). Chapter 2 has

26



rather justified the reason why a new experimental approach was necessary. The

background of this approach is presented in the next Chapter.

Chapter 3: Background of the
experimental methodology

Published studies on the interactions between common anions and corroding Fe® appear
to be mixed, reporting on both enhancement and inhibition of the efficiency of
decontamination in the presence of individual anions. To shed light on the complex
interactions between Fe® and relevant anions, this chapter (i) presents an analysis of the
contaminant-free Fe”/H,O system, and (ii) theoretically discusses the interactions in the
Fe’’MB/H,0 system (MB method). The MB method is also discussed in more details.

An analysis of the contaminant-free system provides information on possible reactants
(e.g. adsorbents, ligands, reducing agents) that are available within the system. Based on
the analysis of the contaminant-free system, the Fe’’MB/H,O, using MB as a tracer,
enables the validation (or the falsification) of the working hypothesis, and thus provides
sound information on interactions occurring in the remediation Fe’/H,O system. The

chapter closes with clarifying the working hypothesis.
3.1 Chemistry of the contaminant-free Fe’/H,O system

A holistic analysis of contaminant-free system provides a guide for the interpretation of
achieved results. It enables a scientific discussion of processes likely to occur, and justify
which ones are more likely to take place under given experimental conditions (Noubactep
2009b, Cao et al. 2021a). The initial reaction of aqueous iron corrosion is electrochemical
in nature and operates through a corrosion cell with an anode (Fe? oxidation) and cathode
(electron transfer) (Whitney 1903, Whitman et al. 1924, Groysman 2010). At the anodic
electrode of this cell, Fe’ releases ferrous ions (Fe*") into the solution according to the
reaction described by Equation 3.1. A corresponding reduction occurs at the cathodic
electrode (cathodic area) of the non-corroded Fe® (Groysman 2010, Noubactep 2014,
Noubactep 2016a, 2016b, 2016b, 2016d). The most usual cathodic reaction is the
deposition of hydrogen ions as atomic hydrogen, and the subsequent liberation as
hydrogen gas (Equation 3.2). Equation 3.3 summarizes the electrochemical dissolution of
Fe® in water. This is consistent with the differences of the electrode reaction of the
corresponding redox reactions: —0.44 V for Fe''/Fe® and 0.00 V for H/Ha.

Fe' < Fe?" +2 ¢ 3.1
2H +2¢ < H, (3.2)
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Fe’+2 H" = Fe** + H, (3.3)

In the broad iron literature, it is considered that dissolved oxygen (O) corrodes Fe’ to
form ferrous ions (Equation 3.4) and other Fe!' species. More so, it is considered that
beside reactions illustrated in Equations 3.3 and 3.4, a number of other reduction reactions
are possible "under very special conditions" (Whitman et al. 1924). These special
conditions include the electrodeposition of Cu?* under acidic conditions (Aghazadeh et al.
2012), the acidic reduction of MnO> (Bafghi et al. 2008), or the synthesis of aniline around
a pH value of 4.0 (Werner 1959). A relevant reaction in the context of this thesis is the
reduction of nitrate (NOj3"). As a rule, according to the Electrochemical Series, the oxidant
of each redox couple having a standard electrode potential higher than —0.44 V (E® > —
0.44 V) can oxidize Fe’. This way of thinking has also largely guided previous research
on "using Fe’ for environmental remediation and water treatment" in general, and the
installation of subsurface Fe’ PRBs in particular (Matheson and Tratnyek 1994,
Richardson and Nicklow 2002, Singh et al. 2023, Zhang et al. 2023). Unfortunately, while
using the Electrochemical Series, researchers have overlooked the statement "under very
special conditions" of Whitman et al. (1924). In fact, using Fe® for water treatment implies
a pH value > 4.5. This corresponds to the pH range of natural waters used as drinking
water sources. Under these conditions, the Fe® surface is permanently shielded by an oxide
scale, and thus, not accessible to O, and all other oxidizing agents. This knowledge was
established by Dr. Willis Rodney Whitney (Whitney 1903) and recognized by an award
44 vyears later by the the National Association of Corrosion Engineers (NACE - USA)
(Whitney 1947). Clearly, reaction after Equation 4 is thermodynamically favourable, but
physically impossible. This is because the oxide scale on Fe® acts as (i) a conduction
barrier for electrons from Fe®, and (ii) a physical barrier for dissolved pollutants (Hu et al.
2021, Xiao et al. 2023, Xiao et al. 2024).

2F+4H +0,=2F>+2H,0  (3.4)

The presentation until now shows that, in contaminant-free Fe’/H,O systems, O, is
reduced by Fe!' species, according to a chemical reaction (Equation 3.5). Fe** from
Equation 3.5 spontaneously form hydroxides that polymerize and precipitate as FeCPs,

unless some co-solutes delay or hinder the precipitation of FeCPs (Equation 3.6).

4Fe*"+4H + 0, = 4 Fe* +2 H,0 (3.9)
Fe* +H,O + Na-salt = Fe-salts + FeCPs (3.6)

Relevant co-solutes for natural waters are common anions (e.g. Cl-, F-, HCO;, HPO4*",
NO;, and SO4>), cations (e.g. Ca**, K*, Mg?", Na"), and natural organic matters (NOMs).
This study focuses on the effects of anions on the reactivity of Fe?/H,O systems. NO;~ was

excluded because of its redox reactivity under the experimental conditions (Westerhoff
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and James 2003). Although SO.* is potentially redox active, its redox activity under
conditions closed to the ones used herein has not been documented (Tsamo et al. 2018).
The five remaining anions are: Cl-, F-, HCOs~, HPO4*", and SO4>", of which HCOs"
(Equation 3.7) and HPO4> (Equations 3.8 and 3.9) have the capacity to change the acidity
of the solution. At pH > 4.5, both reactions are theoretically possible.

HCO; + OH = COs* + H,0 (3.7
HPO4# + OH = POs* + H,0 (3.9)
HPO427 +H" = H,POs + H,O (39)

Overall, in light of the foregoing analysis of the contaminant-free Fe?H,O system, the
following insights are evident:

(i) the correct wording should be pollutant-free Fe%H,O system, this is because O, and
co-solutes (anions, cations, and NOM) are contaminants, but usually non-polluting in the
concentration range of natural waters;

(i1) O, and co-solutes more or less strongly impact the extent of iron corrosion and thus
the availability of FeCPs for the elimination of pollutants;

(iii) Anions form complexes (e.g. FeFs’) and salts (e.g. FeCls) with Fe ions (from
Equation 3.1) and delay the availability of FeCPs. For this reason, whether minerals coat
the Fe’ surface or not, the fundamental influence of any anion on the performance of Fe’
filters should be a depression of contaminant removal. This corresponds to the working

hypothesis of this thesis.

Real polluted natural waters to be treated with Fe® remediation systems are usually multi-
component systems containing several: (i) co-solutes (e.g. anions, solutes, NOM), and (ii)
contaminants. Both co-solutes and contaminants can be redox reactive, making real
system more complex and difficult to analyse. A simplification adopted in this work
corresponds the non-consideration of NOs™ as it is redox active and the investigation of
the Fe”’MB/H>O system. MB is used here as a tracer of reactivity and not as a model
pollutant (Miyajima 2012).

3.2 Influences of common anions on the Fe’/MB/H,O system

The previous section has recalled that the chemical reactivity of a Fe?/H,0 system depends
on (i) the intrinsic reactivity of the used Fe® material (corrosion rate) (Cui et al. 2023), (ii)
the nature of the interactions between primary iron corrosion products (e.g. Fe**, Hy) and
co-solutes (Wang et al. 2021, Abd El-Monaem et al. 2024), and (iii) the extent of the
availability of FeCPs (oxides or salts — Equation 3.6) (Konadu-Amoah et al. 2022).
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FeCPs

FeCPs

(a) adsorption onto FeCPs (b) occlusion by FeCPs

(c) microbial degradation (d) reductive discoloration

Figure 3. 1 Mechanisms by which methylene blue (MB) can be discoloured in Fe®/H,0
systems: (a) adsorption at the surface of solid iron corrosion products (FeCPs),
(b) occlusion by precipitation FeCPs, (¢) microbial degradation (not considered
herein), and (d) dimerization under reducing conditions (not relevant for the used

experimental conditions).

As stated already, redox reactive NOs™ is not considered in this work for a sake of
simplification. Investigating MB discoloration in Fe’/H>O systems as influenced by the
presence of any other anion can be regarded as monitoring the process of MB occlusion
by in-situ generated FeCPs (co-precipitation) (Figure 3.1) (Duff et al. 2002). The redox
discoloration of MB is not considered because if anoxic conditions are established within
the system, it is rather an intensification of the blue colour that is expected to occur (redox
indicator) (Farjami et al. 2010). Relevant interactions include the extent to which the
affinity of MB to FeCPs is influenced by the pH value (Mitchell et al.1955, Kara et al.
2021, Lu et al. 2023, Abd El-Monaem et al. 2024). These interactions are in turn modified
by the nature of individual anions (Equations 3.7 to 3.9) because the speciation of anions
is pH-dependent and the affinity of each anion to FeCPs depends on the point of zero
charge (pzc or pHy.c) of these solid phases (Kosmulski 2016, Kara et al. 2021).

Discussing the adsorptive interactions of each species within a Fe%H,O system as
influenced by an anion primarily corresponds to considering the pH shift induces by the
addition of the anion. The difference between the actual pH value and the pH,.. (ApH) is
very useful in discussing adsorption processes (Kosmulski 2016). ApH is particularly

important in this work, because FeCPs is a mixture of iron oxides and hydroxides with
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various adsorptive affinities (Sikora and Macdonald 2000, Duff et al. 2002, Chaves 2005,
Nesic 2007, Zhang et al. 2023).

Solution chemistry is of great importance to the behaviour of the Fe?”’/MB/H,O systems.
As demonstrated by previous works this process can be regarded as local coagulation in
the vicinity of Fe’ (Bojic et al. 2007, Noubactep 2007, 2008, Bojic et al. 2009, Noubactep
2012, 2013a). The nature and concentration of the anions influence the speciation of iron,
the precipitation of iron salts coupled with the adsorption and coprecipitation behavior of
MB during precipitation ("local coagulation"). Research on the influence of common
anions on MB discoloration in Fe?/H,O systems is still limited. Only one independent
paper by Tsamo et al. (2018) was found. The results of Tsamo et al. (2018) will be
considered in the discussion (Chapter 5). The remaining papers are those of Dr.
Noubactep’s research group, including one by the current author (Tao et al. 2023) which
is part of this thesis. While some previous works have attributed observed MB
discoloration in the presence of Fe® to redox properties (Frost et al. 2010, Hamdy et al.
2018), Miyajima clearly demonstrated that the only redox effect would be an
intensification of the blue colour and not a discoloration, thus reductive discoloration is
not considered in this thesis. This is because the redox conditions of this study are not
reductive enough to evidence the redox-indicator property of MB. Similarly, because MB
is not readily biodegradable (Ghaedi et al. 2015, Kara et al. 2021), MB discoloration by
any microbiological process is not likely to occur under the used experimental conditions.
Therefore, the two remaining discoloration mechanisms are (Figure 3.1): adsorption onto

FeCPs and co-precipitation with FeCPs (occlusion).

This thesis uses quiescent batch tests to evaluate MB discoloration in the presence of Fe®
under varying concentrations of CI-, F-, HCO;~, HPO4*, and SO.*". The experimental
results will be interpreted in terms of: (i) the variaton of pH value, and the iron
concentration and (ii) the incidence on the extent of MB discoloration. No solid phase
analysis (e.g. FTIR, XDR, XPS) will be performed. This is because such analysis gives
only a static snapshot corresponding to a single time, while required information should
help to understand dynamic processes lasting for years (Btatkeu-K et al. 2016, Konadu-
Amoabh et al. 2022). One key issue will consist on answering the question whether there
is inhibition or enhancement of MB discoloration in the presence of individual anions. The
working hypothesis is that there must be some suppressive effect on MB discoloration in
the presence of all anions, because the formation of corresponding iron salts delays the
availability of contaminant scavengers (FeCPs). Another inhibition path is the competitive

adsorption of each ion onto FeCPs.

3.3 The MB method
The MB method is an innovative approach to characterize dynamic processes in Fe"/H.O

systems. The method was introduced 11 years ago by Miyajima (2012) after the
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observation that a MB discoloration front (e.g. uniform adsorption onto sand) is altered in
the zone containing Fe® (reactive zone). Miyajima (2012) reported that the Fe’-packed
columns generating more FeCPs within a short height were the ones exhibiting the most
rapid MB breakthrough. This observation was justified by considering the historical work
of Mitchell et al. (1955). Mitchell et al. (1955) reported that sand is an excellent adsorbent
for MB but iron oxide-coated sand has no affinity for the same (Figure 3.2). In other words,
in the experiments of Miyajima (2012), the earliest MB breakthrough was observed in the
columns with the highest Fe: sand ratios (short reactive zone), or the lowest amount of
sand. Based on these observations, Miyajima and colleagues developed the MB method
(Miyajima and Noubactep 2012, Miyajima and Noubactep 2013, Miyajima and
Noubactep 2015).

o
e}
. Granular Fe(0)
O Coarse sand
© FeCPs
- 5]
tO — 0 1:l > 1:0 s

Figure 3. 2 Illustration of the time-dependent process of methylene blue (MB)
discoloration in Fe%sand systems. From the start of the experiment (tp = 0), Fe®
corrosion produces solid iron corrosion products (FeCPs) which progressively coat the
sand surface. At t; > to, available sand is completely coated with FeCPs and MB is no
more attracted. From t; on, MB is eliminated from the aqueous phase solely by

occlusion within the matrix of precipitating FeCPs (co-precipitation).

The MB method has been successfully applied to advance the understanding of processes
occurring in the Fe%/sand system (Btatkeu-K et al. 2016, Konadu-Amoah et al. 2022). As
illustrated in Figure 3.2, the MB method can be used to characterize the dynamics of the
generation of FeCPs. Clearly, MB is used as an indicator of reactivity (Miyajima 2012,
Miyajima and Noubactep 2015). MB is a cationic dye that is readily adsorbed onto the
negatively charged surface of sand. When sand is progressively coated by positively
charged FeCPs, its adsorptive affinity for MB decreases (Mitchell et al.1955, Miyajima
2012). In each experiment, the kinetics and the extent to which a given amount of sand is

covered by FeCPs is characteristic for the Fe® material used (intrinsic reactivity) (Melchers
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et al. 2018, Yang et al. 2021). In other words, by using different Fe® materials, different
amounts of Fe® and sand, several aspects of the reactivity of Fe’/H,O systems can be
qualitatively assessed (Btatkeu-K et al. 2014a, 2014b, Gatcha-Bandjun et al. 2017). In
particular, the MB method has clarified the issue of whether admixing Fe® to sand is
inhibitory or beneficial for the sustainability of Fe® filtration systems (Miyajima and
Noubactep 2012, 2013a). It is essential to recall that the MB method does not involve any

solid phase analysis.

The MB method has been used to elucidate the following: (i) the ion-selective nature of
Fe%H,0 systems (Phukan 2015, Phukan et al. 2015), (ii) the reasons why C1~ ions enhance
the efficiency of Fe/H,O systems (Tepong-Tsindé et al. 2015, Gatcha-Bandjun et al. 2017,
Tepong-Tsindé 2021), (iii) the reasons why MnO- addition enhances the efficiency of
Fe’/H,O systems (Btatkeu-K et al. 2014a, Cao et al. 2021a, 2021b), and (iii) the
mechanism of PO’ removal in Fe/H,O systems (Konadu-Amoah 2023, Konadu-Amoah
et al. 2023).

3.4 Working methodology

The methodology used in this work consists in following the MB discoloration process in
Fe”’H,0 systems in the presence of various concentrations of CI-, F-, HCO5~, HPO4*, and
SO4* (Fig 3.3). The primary reaction in each Fe?/H,O system is the oxidation of Fe® to
ferrous ions (Eq. 3.1). Depending on the nature of the anion added, there is at least five
competitive paths for Fe*" consumption: (i) precipitation of FeCPs, (ii) Fe*" adsorption
onto FeCPs, (iii) Fe** complexation with anions (e.g. Cl-, F), (iv) Fe*" precipitate with
relevant anions (HCOs~, HPO4>", and SO4*), and (v) Fe?* oxidation by dissolved O». All
these processes will influence the availability of “free” FeCPs for MB discoloration by
adsorption and co-precipitation (Fig 3.3). On the other hand, different anions shift the
solution pH in characteristic manners and thus, modify the adsorptive affinity of FeCPs

(iron hydroxides).
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Figure 3. 3 Illustration of the processes of MB discoloration in the Fe%anion/H,O system.
The time-dependent availability of FeCPs is summarized as follows: (i) to = 0: Fe0 is
immersed in the MB solution containing O2 and the anions, (ii) t; > to: Fe’ is covered
by FeCPs and Fe-complexes are generated, and (ii) t2 > t;: the oxide scale on Fe® (FeCPs)

is thicker, more MB is occluded.

The tap water of the city of Gottingen is used as reference system and the concentration
of individual anions are added in nine (9) step to reach the saturation concentration. The
rationale for using tap water as reference system is that its chemical composition roughly
corresponds to that of groundwater. In fact, its treatment to drinking standard is almost
limited to reduce reducing the concentration of Fe and Mn. As regarding the
concentrations of anions tested, they were selected to be representative for natural waters

and wastewaters as well. Chapter 4 gives details on the experimental setup.
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Chapter 4: Materials and methods

This chapter summarized the experimental conditions for the experiments performed in

this work.

4.1 Solutions

The used reagents methylene blue (MB — Basic Blue 9 from Merck, Darmstadt, Germany),
methyl orange (MO — from Merck, Darmstadt, Germany), reactive red 120 (RR 120 —
from SIGMA company, St. Louis, USA), and orange II (OIl — from ACROS Organics,
New Jersey, USA) were all of analytical grade. The physico-chemical characteristics of
the four dyes are summarized in Table 4.1. The working solution for each dye was 10 mg
L. The MB solutions were prepared by diluting a stock solution of 1000 mg L™'. The
other three dye solutions were prepared by dissolving accurately weighed corresponding

materials in tap water.

Table salt from a local supermarket of Kaufland/Germany was used as the NaCl source,
while commercial chemicals were used as sources of other anions. The chemicals were
NaF, NaHCO3, Na,HPO4, and Na,SOs, provided by Merck, Darmstadt (Germany). To
prepare the working solutions, weighed salts were dissolved in tap water. The salt
concentration of the tap water was considered as part of the background electrolyte

(operational reference).

The average composition of this water is (mg L™"): C17: 9.7; NOs: 7.7; SO4*": 30.0; HCO;:
88.5; Na™: 6.0; K*: 0.5; Mg?": 7.3; Ca*": 32.6, and its initial pH was 8.3. With this
composition, tap water is a proxy for natural groundwater. The concentration of individual
salts was increased to saturation level to explore the anions levels relevant to surface

waters and various wastewaters.

Table 4. 1 Physico-chemical properties of the used dyes. Solubility data are from the cited
references. Adapted from Tao et al. (2023).

Dye MW Formula Nature Type Amax Solubility
(g mol™) (nm) (gL™
Methylene blue 319.85 CisHisCIN3S cationic basic 664.5 43.6
Methyl orange 327.33 C14sH14N3NaOsS anionic acid 464.0 5.0
Orange 11 350.32 CisH11N2NaO4S anionic Acid 486.0 64.5
Reactivered 120 1338.1 g:“H”C”N”O” anionic ~ acid 5150 700
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4.2 Solids

4.2.1 Metallic Iron (Fe°)

A total of 4 commercially available Fe” materials were selected and used in this study. The
selection was based on their differential reactivity as determined in previous work (Ndé-
Tchoupé et al. 2020). The Fe° materials used were of different geometric shapes and sizes.
These Fe’ materials are referred to as: (i) ZVI1 is a material from iPutec GmbH
Rheinfelden, Germany: (ii) ZVI2 is a directly reduced sponge iron material (DRI) from
ISPAT GmbH, Hamburg, Germany; (iii) ZVI3 is scrap iron from the metal recycling
company Metallaufbereitung Zwickau/Germany; and (iv) ZVI14 is a spherical iron sample
from the Chinese company Tongda Alloy Material Factory. Table 4.2 summarizes the main
characteristics of the 4 Fe” materials together with their iron content, as specified by the
supplier. ZVI1 has been typically used by our research group since 2005 and represents
the most widely used Fe material for field applications in Europe (Birke et al. 2015).

Therefore, ZVI1 is used here as an operational reference.

Table 4. 2 Code and main characteristics of the tested Fe’ materials according to the
supplier. n.s. = not specified; granular = mechanically broken pieces; sponge = particles
with pitted surfaces; scrap = waste generated in any forms: spherical = standard sphere
with a smooth surface. kaa is the initial dissolution kinetics of each Fe’ in a 2 mM
ascorbic acid solution (Ndé-Tchoupé et al. 2020).

Code Shape Size Color kaa Fe Supplier
(mm) (ng h) (%)

ZVIl1 granular 0.05-5.00 black 13.2+0.5 n.s. iPutec GmbH

ZVI12 sponge 1.00-2.00 black 11.5+1.3 90.0 ISPAT GmbH
Metallaufbereitung

ZVI13 scrap 0.05-2.00 black 12.3+0.7 n.s. .
Zwickau

. Tongda Alloy Material

ZV14 spherical 2.00 grey 2.8+0.1 99.99

Factory
4.2.2 Sand

The sand used in this work was a commercial material for aviculture (parrot sand)
(“Papageien sand” from RUT — Lehrte/Germany). “Papageien sand” was used as received
without any further pre-treatment or characterization. The particle size varied between 0.5
- 2.0 mm. Sand was considered in this study because of its worldwide availability and its
use as an additive in Fe’/H,O systems (Miyajima et al. 2012, Konadu-Amoah et al. 2023).
The high adsorption capacity of sand for cationic MB was systematically documented as
early as 1955 (Mitchell et al. 1955, Phukan 2015). Figure 4.1 shows a photograph of sand
materials from three columns flushed with Orange II, methylene blue and reactive red 120

respectively.
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Figure 4. 1 Photograph of sand materials from three columns flushed with Orange II,

methylene blue and reactive red 120 respectively. Pictures are from the work of Phukan
2015.
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4.3 Experimental Procedure

Batch experiments were performed under static conditions (no agitation) in assay tubes

for 0 to 45 days. Figure 4.2 shows the used tubes on a corresponding test tube rack.

Figure 4. 2 Photograph of experimental set-up of batch experiments.

4.3.1 Chloride experiments

The batches consisted of 0.0 to 0.5 g of sand, 0.0 to 0.5 g of Fe’, and mixtures thereof in

22.0 mL of a 10.0 mg L' of dye (MB, MO, OII, and RR 120) solution. Three different

systems were investigated in parallel experiments for dye discoloration: (i) Fe? alone, (ii)

sand alone, and (iii) Fe® + sand. The NaCl concentrations tested ranged from 0.0 to 40 g

L', corresponding to 0 to 24.3 g L' CI" (0 to 685 mM NaCl), without taking into account

the CI” content of tap water (0.011-0.015 g L'). An operational reference (blank

experiment) was included in each experiment. Mixtures with Fe® characterize the effect of
sand on the availability of “free” iron corrosion products and hence their effect on dye

discoloration (Konadu-Amoah et al. 2023). “Free” iron corrosion products are iron oxide-

hydroxides precipitating from the bulk solution and capable of fixing (enmeshing)

contaminants (Miyajima et al. 2012). The influence of different types of Fe® (ZVI1 — ZV14)

on MB discoloration was also investigated. An additional set of dye discoloration
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experiments with MB and MO was performed by varying the Fe® loading (0.23 to 45 g L~
1 for 45 days.

The results of the above experiments are presented by Tao et al. (2023).

4.3.2 Commonly occurring ions experiments

The batches consisted of 0.0 to 0.5 g of sand, 0.1 g Fe°, and mixtures thereof in 20.0 mL
of a 10.0 mg L' of dye (MB and O-II) solution. The Fe’/Sand system was investigated in
different parallel experiments for dye discoloration. The five salt concentrations tested
varied from each other, which were dependent on respective maximum solubility at room
temperature. The maximum concentrations of salts used in this research were listed as
following: (i) NaCl 40.0 g L' (684 mM); (ii) NaF 20.7 g L' (500 mM); (iii) NaHCOs
48.0 gL' (571 mM mM); (iv) NaxS0497.2 g L' (684 mM); (v) Na,HPO, 38.5 g L' (271
mM), without taking into account the background content of tap water. The operational
reference (blank experiment) was the one performed in tap water. The rational for selecting
these anion concentrations was to make sure that experiments are performed in stable
solutions such that any precipitation reaction results from interactions within the system.
The influence of different types of Fe’ (ZVIl — ZVI4) on MB discoloration was
investigated. An additional experimental set for O-II was performed to better understand
the impact of the contaminant nature in the Fe%/salt system. O-II is very closed to MB in

its molecular size but is negatively charged while MB is positively charged.

The influence of varying anion concentration salts was also investigated. For this purpose,
10 different salts concentrations were tested, the largest concentration (Cmax) for each salt
corresponds to i) maximum concentration used in previous work (e.g. Cl,, SO4%) ii) the
half value of saturation solution at room temperature (e.g. F-, HCO5", HPO4*) and the
concentration of the remaining solutions were selected to keep the same equidistance
among the corresponding points (Table 4.3). An additional experiment characterized the

extent MB discoloration as the contact time varied from 0 to 30 days.
The results of the above experiments are presented by Tao et al. (2024).

The efficiency of each system in discoloring dyes was characterized at laboratory
temperature (approximatively 22 °C). The initial pH value of the tap water was ~8.3. After
equilibration, up to 5.0 mL of the supernatant solution was carefully collected for analysis
(e.g. dye, iron). Each experiment was performed in triplicate. Results are presented as

means with the standard deviations (error bars) as a measure of data dispersion.
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Table 4. 3 Concentrations of the synthetic solutions prepared for the investigation of the
impact of anions on the efficiency of Fe’/H,O systems for dye discoloration. P (%) is
the normalized anion concentration relative to the maximum concentration (e.g. 684
mM L! for NaCl).

Number P NaCl NaF NaHCOs3 NaxSOs | NapHPO4
(%) (mMLY) | mMLY) | mML?) | mMLY"Y) | (mML™")
1 0.00 0 0 0 0 0
2 5.0 34 24 29 35 13
3 10.0 68 51 57 68 27
4 15.0 103 75 86 103 41
5 20.0 137 99 114 137 54
6 25.0 171 126 143 171 68
7 38.0 257 186 214 257 101
8 50.0 342 249 286 342 136
9 75.0 513 375 429 513 204
10 100.0 684 500 571 684 271

4.4 Analytical Procedure

Aqueous dye and iron concentrations were determined using a Cary 50 UV-Vis
spectrophotometer (Cary 300) (Figure 4.3). The working wavelengths for iron, MB, MO,
OlII, and RR 120 were 510.0, 664.5, 464.0, 486.0, and 515.0 nm, respectively. Cuvettes
with a 1.0 cm light path were used. The spectrophotometer was calibrated for dye and iron
concentrations < 10.0 mg L™!. The determination of iron was realized with the o-
phenanthroline method (Saywell and Cunningham 1937, Fortune and Mellon 1938). The

pH value was measured with a combined glass electrode (WTW Co., Germany).
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Figure 4.3: Photograph of the wused Spectrophotometer (Cary 50 UV-Vis

spectrophotometer).

4.5 Expression of Experimental Results

In order to characterize the degree of dye discoloration of the tested systems, the treatment
efficiency (E) was calculated as the following equation. After the determination of the
residual dye concentration (C), the corresponding percentage discoloration (E value) was

calculated as follows:

E=[1-(C/Cy)] x 100%

where Cy is the initial aqueous contaminant concentration (10.0 mg L' for each dye) and

C is the corresponding concentration at the end of the experiment.
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Chapter 5: Results and discussion

This chapter summarizes the results obtained in this thesis. The corresponding two articles
and one submitted manuscript are appended. The five main operational parameters for the
successful design of a Fe’ filter to treat a given polluted water are: (i) the volume and
quality of water to be produced per unit time (e.g. day), (ii) the nature (e.g. charcoal, Fe®,
gravel) and the characteristics of the filtering media (e.g. form, reactivity, size), (iii) the
used amount of filtering media (e.g. size of filter, number of filters in series), (iv) the
nature and extent of pollution (e.g. co-solutes, contaminants of concern, pH value), and
(v) the water flow velocity, which in turn determines the contact time. This work has (i)
theoretically discussed the importance of admixing Fe® to other aggregates (hybrid
systems), and (ii) experimentally investigated the influences of five commons anions on

the performance of FeH,O systems.

5.1 Hybrid Fe'/aggregate systems

5.1.1 General aspects

A common feature of all Fe’-based filtration systems is clogging (porosity loss and
permeability loss) resulting from the accumulation of in-situ generated FeCPs within the
pore volume (Henderson and Demond 2007, Henderson and Demond 2011, Henderson
and Demond 2013, Noubactep 2013b, Noubactep 2013c, Noubactep 2013d, Guan et al.
2015, Bilardi et al. 2023). This means that Fe® filters are designed to experience porosity
loss (Car¢ et al. 2013, Domga et al. 2015). The extent of porosity loss in each system
depends on the Fe® intrinsic reactivity (corrosion rate) and the solution chemistry,
including the nature of contaminants and their concentrations. The initial porosity and its
time-dependent change are also crucial for the performance of Fe’-based filters (Yang et
al. 2021, Yang et al. 2022, Tao et al. 2023).

A survey of the history of Fe® filters reveals tangible observations made before 2010, that
would have led to the proper consideration of the contribution of iron corrosion to the
process of permeability loss (Table 5.1). In particular, Oldright et al. (1928) recommended
many thin Fe® beds in series, rather than a thicker one with the same amount of sponge
iron to avoid material wastage. They rationalized their recommendations by the larger
volume of lead (Pb°) replacing iron (Fe®) in the porous system. These authors could have
considered the volumetric expansive nature of iron corrosion at pH values > 4.5 as
reported 25 years before by Whitney (1903).

42



Year
1882

1903

1923

1928

1951

1986

1992

1993

2001

2007

2000-

2009

2009

Table 5. 1 Timeline of the main experimental observations relating the importance of

porosity loss due to iron corrosion before 2010.

Event

Spongy iron filters are clogged at the water works of Antwerp
(Belgium) because of cementation of iron and gravel.
Whitney reported on the expansive volumetric nature of iron
corrosion

Pilling and Bedworth established the rule of volumetric
expansive nature of iron corrosion

Bed clogging is attributed to Fe replacement by Pb

It is observed that column clogging occurs rapidly if fine iron
filings are used in place of the steel wool. Using extremely fine
grade of steel wool should also be avoided.

Filtration beds containing 100 % iron filings are very efficient
at removing selenium from drainage water, but clogging
occurred very rapidly.

Using steel wool as Fe® source for phosphate removal, it is
demonstrated that Fe%/peat performed better than Fe%sand.
Filtration systems containing 10 to 25 % Fe® particles (iron
fillings) mixed to pelletized jute do not experience any
permeability loss.

Fe%pyrite filters are essentially more efficient for water
treatment than pure Fe® filters.

Filtration systems containing less than 5 % Fe® (steel wool) do
not experience any permeability loss.

Household arsenic filters with pure Fe® layers are mostly
efficient but not sustainable due to clogging. Only filters using
porous materials (CIM = composite iron material) were
sustainable.

TCE removal rates are higher in an 85 % Fe® filter than in the
100 % system.

References
(Devonshire 1890)

(Whitney 1903)

(Pilling and Bedworth
1923)

(Oldright et al. 1928)

(Lauderdale and

Emmons 1951)

(Anderson 1886)

(James et al. 1992)

(Wakatsuki et al. 1993)

(Zhang et al. 2004)

(Erickson et al. 2007)

(Hussam 2009)

(Bi et al. 2009)

Table 5.1 shows that, besides sand and gravel, which are considered standard admixing

agents (Westerhoff and James 2003), researchers have considered other aggregates

including jute, peat and pyrite. It is certain that peat was used as another potential

remediation material for PO4*". However, the aspect of sustained permeability should have

received more attention. This in particularly true because systems using pelletized jute

(Wakatsuki et al. 1993) and peat (James et al. 1992) experienced no permeability loss. It

can be postulated, that bio-aggregates (e.g. jute, peat, wood chips) are better than compact
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minerals (e.g. gravel, sand) for sustained permeability. This is because bio-aggregates are
likely to undergo decomposition over time, thereby improving porosity and permeability

of the system and offsetting the effects of cementation.

5.1.2 Rationalizing the suitability of hybrid Fe’/aggregate systems

Table 5.1 is limited to the period before 2010 as it corresponds to the date that the research
group of Dr. Noubactep started its systematic investigation on hybrid Fe® systems. The
very first result published in 2010 was that using porous Fe® materials like sponge iron or
porous composites yields more sustainable systems (Noubactep and Caré 2010a, 2010b).
For the same reasons, using pumice instead of sand yield more sustainable filters. The
rationale is that the internal pores of individual grains are good "reservoirs" for in-situ
generated FeCPs (Noubactep and Caré 2010a, Rahman et al. 2013). On the other hand,
the rationale for Fe%sand being more sustainable than pure Fe® is that there are less
expansive Fe® particles in the system compared to the pure Fe’ system (a fraction is
replaced by non-expansive sand), and thus delayed clogging (Figure 5.1). Upon clogging,
the residual amount of unreacted Fe® is pure material wastage (Caré et al. 2013, Domga et
al. 2015). In other words, the expression ‘Fe® dilution” for hybrid systems is a thinking
mistake. Of course, there are less Fe’ particles in hybrid systems, but it is rather a
prerequisite for sustainability and optimal material usage (Caré et al. 2013, Domga et al.
2015). This means that using pre-treatment Fe’/sand zones was a thinking mistake as
quantitative contaminant removal has been reported in such systems for more than one

century, even when porous Fe’ (e.g. spongy iron) was used (Baker 1934, 1948).

The presentation until here recalls that only mixed layer hybrid systems are sustainable,
but as pointed out by Domga et al. (2015), pure Fe’ filters can still be designed for
particular uses, for instance in an emergency. In such cases, modular designs comprising
at least one Fe? filter are recommended and selected Fe units can be regularly replaced,
for example on a monthly basis. For water supply of households and small communities
however, more sustainable systems are required, a rule of thumb is to develop systems
capable at operating for 6 to 12 months without maintenance (Tepong-Tsindé 2021,
Noubactep et al. 2009, Noubactep and Schoner 2010, Tepong-Tsindé et al. 2019, Xiao et

al. 2024). The remaining discussion will focus on the suitability of admixing aggregates.
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Figure 5. 1 Schematic representation of the cross-section of three different

filters containing: (a) sand alone, (b) Fe%sand (1:1), and (c) Fe® alone. The
pure Fe’ systems completely clogs when the Fe%sand system has just

(a)

experienced 50% porosity loss. In all three systems, permeability loss due to
inflowing colloids and suspended particles is also possible.

5.1.3 Investigating the remediation Fe’/aggregate filtration system
This section virtually considers that Fe® and aggregates are from the same sizes (Figure
5.1), and polluted water have the same chemistry. Only the nature of the aggregate is

discussed. Table 5.2 gives an overview of the main aggregates that have been used to date.

Table 5.2 lists up two 12 different materials that have been demonstrated in individual
studies to significantly impact the efficiency of hybrid systems relative to pure Fe’.
Discrepancies between studies are obvious because non-characterized Fe’ materials are
employed, although testing methods were made available for decades (Reardon 1995,
Noubactep et al. 2005a, Lufingo et al. 2019, Ndé-Tchoupé et al. 2020). On the other hands
each aggregate is tested as an independent success story without any effort to have an
operational reference system (e.g. Fe%sand). To the best of the authors’ knowledge, only
Ndé-Tchoupé et al. (2020) used Fe/sand systems as reference to discuss the suitability of
Fe%pozzolan. Therefore, it is a tangible fact that no normalisation of published data is
possible. This sad situation is illustrated herein by the Fe’/FeS; system in an historical

perspective.
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Table 5. 2 Representative materials used as aggregates in Fe%/aggregate systems.

Aggregate Rationale for use Comments Reference
Biochar Adsorbs and Also used as support for (Zhang and
accumulates nano-Fe’ Wu 2017)
contaminants
Fe oxides Adsorbs and Fe304is used the most (Huang et al.
accumulates 2012)
contaminants
Fe sulfides Shifts pH to lower FeS; is used the most (Lii et al.
values 2018)
GAC Builds galvanic cells GAC coating with FeCPs (Tseng et al.
with Fe? will  hinder  electron 2011)
transfer
Lapillus Stores FeCPs Pores are not (Bilardi et al.
interconnected 2019)
Mn oxides Sustains Fe’ Delay contaminant (Cao et al.
corrosion removal 2021c)
Peat Accumulates More efficient than sand (James et al.
contaminants 1992)
Pozzolan Stores FeCPs More efficient than sand (Ndé-
Tchoupé et
al. 2018)
Pumice Stores FeCPs Pores are not (Moraci and
interconnected Calabro
2010)
Sand Reduces the Fe® cost Reference additive (Bi et al.
2009b)
Wood chips Accumulates Mostly used in POs* (Wilopp et al.
contaminants removal 2010)
Zeolite Accumulates Also used as support for (Fronczyk
contaminants nano-Fe’ 2020)

Pyrite (FeS,) was introduced in the Fe® remediation literature as a pH shifting agent by

Lipczynska-Kochany et al. (1994). The objective was to address “the deactivation of the

metal surface” which was reported to be a barrier to the practical application of the then

considered new technique. Between 1995 and 2005, many other researchers reported on

the improved efficiency of Fe’/FeS, system relative to pure Fe (Wolfe and Cipollone 2001,
Butler and Hayes 2001, Noubactep et al. 2003, Noubactep et al. 2005b, Noubactep et al.
2006). In particular, Wolfe and Cipollone (Wolfe and Cipollone 2001) secured a patent for

remediation Fe%FeS, systems. Later on, Henderson and Demond (2011) used a pure Fe®

bed length of 25 c¢m to investigate permeability and concluded that Fe® filters are not




sustainable. Henderson and Demond (2013) concluded that FeS-based filters are better
than Fe’ ones with regard to permeability loss. This conclusion was based on four lines of
evidence: (i) their excellent literature review (Henderson and Demond 2007), (ii) the
results with the pure Fe® filters (Henderson and Demond 2011), (iii) results of a 25 cm bed
of FeS-coated sand (Henderson and Demond 2013), and (iv) geochemical modeling.
However, the same authors (Henderson and Demond 2011, Henderson and Demond 2013)
have considered inflowing groundwater and not expansive iron corrosion as the cause of
permeability loss. Additionally, no Fe’FeS system was investigated as operational

reference.

Since 2018, more systematic investigations on the suitability of the Fe’/FeS systems were
made available (Lii et al. 2018, Du et al. 2019, Lii et al. 2019, Du et al. 2020). However,
they have not considered past efforts. These experiments were performed for too short
experimental duration while using poorly characterized Fe® and FeS materials (Hu et al.
2021). Additionally, the discussion of the operating mode of FeS, in improving the
efficiency of Fe”H,O systems is biased by considering Fe® as a reducing agent under
operational conditions (Hu et al. 2021, Xiao et al. 2020a, 2020b). The results of Hu et al.
(2021) support that FeS,: (i) delay (not suppress) pH increase in Fe%/H,O systems, and (ii)
boost the production of reactive Fe**. However, their results clearly demonstrated that any
discussion supporting the electron transfer from Fe® is highly speculative and even wrong
because despite pH decrease, quantitative contaminant removal was only observed when
the final pH value was higher than 4.5 (Xiao et al. 2020a, 2020b). Thus, arguments like
“FeS; activates the Fe’ surface through replacing partially the passive oxide film with iron
sulfide (FeS)” (Du et al. 2019) are non-acceptable. There is even evidence, that the
addition of Fe’ to pyrite can suppress its oxidation over the time (Seng et al. 2019, Tabelin
et al. 2019). In other words, the documented enhanced efficiency of FeS-ammended
Fe”H,0 systems should be further investigated to optimize its use in modular systems.
The frequency of exchanging Fe’/FeS units depends on the characteristics of used

aggregates.

To sum up, despite 30 years of intensive investigations on the remediation Fe%FeS system,
available knowledge is largely fragmented (Hu et al. 2021, Xiao et al. 2020a, 2020b). The
situation is not better for all other aggregates, including sand. Therefore, real systematic
investigations with well-characterized Fe’ and aggregates are needed to optimize the
design of efficient Fe® filters for safe drinking water provision, wastewater treatment and

environmental remediation (Yang et al. 2021, Naseri et al. 2017).
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5.2 Influences of chloride on the efficiency of Fe’/H,O systems

5.2.1. Influence of CI- Concentration on MB Discoloration in Fe’/H,O Systems

Figure 5.2 compares the time-dependent extent of MB discoloration under the
experimental conditions for three different NaCl concentrations: 0.0, 8.0, and 40.0 g L.
It can be seen that for each contact time (i) MB discoloration is maximal in the NaCl free
system (confirming the working hypothesis) and (ii) MB discoloration increases with
increasing contact time. A closer look at the NaCl-containing systems shows that for t <
30 days, the 8 g L' NaCl system performed better than the 40 g L' system. Between 30
and 40 days, both systems performed similarly, and at t > 40 days, the 40 g L' NaCl
system performed better than the 8 g L' system. However, both systems still performed

lower than the NaCl-free system.
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Figure 5. 2 Time-dependent extent of methylene blue discoloration in Fe%sand systems
as a function of the NaCl concentration using ZVI1. Experimental conditions: Min =
0.1 g; Mgand = 0.5 g; Violution = 22 mL; (MB) = 10 mg L~!. The lines shown are not fitting

functions, they simply connect the points for ease of visualization.

Figure 5.2 suggests that there is some ambivalence in the effects of Cl™ on the performance
of Fe’’H,O systems for water treatment. The first reason may be an overall decrease in
performance due to the absence or a reduced availability of FeCPs for contaminant
adsorption and co-precipitation. This is evident when comparing NaCl free and NaCl-
containing systems. Second, for the two NaCl-containing systems, there is first a decrease
correlated with the amount of NaCl, then a phase in which both systems show the same
performance. As the duration of the experiment increases, a stage is reached where the
system with the higher NaCl level performs better than the others. Although this improved

performance is still lower than that of the NaCl-free system, these results suggest that the
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improved MB discoloration performance for the 40 g L™' NaCl system corresponds to the
often-reported improved performance of Fe’/H>O systems in the presence of Cl™ (Kim et
al. 2007, Pullin et la. 2017, Hwang et al. 2015).

In this study, quiescent batch experiments in which diffusion transport is the dominant
transport mechanism for dissolved species from the bulk solution to the vicinity of the Fe°
surface have revealed the fundamental effects of the presence of Cl™ on the efficiency of
Fe”H,0 systems for water treatment. Consistent with the chemistry of the system, CI-
ions form stable dissolved complexes with Fe?" and Fe**, delaying the formation of FeCPs
for contaminant adsorption and/or co-precipitation. This observation clearly validates the
working hypothesis: The presence of Cl~ delays the removal of contaminants in Fe’/H,O

systems.

5.2.2 Influence of CI- Concentration on Dye Discoloration in Fe’/H,O Systems

Figure 5.3 summarizes the extent of dye discoloration after 45 days as the NaCl
concentration varied from 0 to 40 g L™!. It can be seen that the presence of CI™ ions inhibit
the discoloration of all dyes. A monotonic decrease in E values with increasing NaCl
concentration is then observed for (NaCl) <30 g L ™!, alongside a slight increase for (NaCl)
=40 g L', This ambivalent situation is related to the relative amounts of Fe(II) and Fe(III)
chlorocomplexes and the availability of FeCPs. Taken together, the results presented in
Figure 5.2 and 5.3 suggest that it is possible to properly design a Fe’-based remediation
system that takes advantage of the enhanced iron corrosion in the presence of Cl™ ions are
possible. However, this does not mean that Cl~ ions generally increase the efficiency of
Fe”H,0 systems. Similar results have been obtained with hybrid Fe®/aggregate systems,
including Fe®’MnQO> (Ghauch et al. 2010, Ghauch et al. 2011, Gheju and Balcu 2019, Cao
et al. 2021¢, Burghardt and Kassahun 2005), Fe%pumice (Moraci and Calabro 2010,
Bilardi et al. 2023), and Fe%sand (Btatkeu et al. 2013, Btatkeu-K et al. 2016, Kosmulski
2016, Gheju and Balcu 2023). In other words, designing a sustainable Fe° remediation
system in a saline environment requires a careful consideration of the balance between

acceptable CI™ concentration and contaminant removal efficiency for each Fe® material.
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Figure 5. 3 Extent of dye discoloration after 45 days as a function of the NaCl
concentration using ZVI1. Experimental conditions: Miron = 0.1 g; Mgand = 0.5 g; Volution
= 22 mL; (dye) = 10 mg L. The lines shown are not fitting functions, they simply

connect the points for ease of visualization.

5.2.3 Influence of Fe’ Dosage on Dye Discoloration in Fe’/H,O Systems

Figure 5.4 summarizes the effect of 0.0 to 45.0 g L™! Fe® on the extent of MB and MO
discoloration over 45 days. The percentage discoloration of both dyes increased with
increasing Fe® dosage, while the presence of salt (NaCl) typically reduced the extent of
dye discoloration. The point at 0.0 g L™! Fe® (sand only) corresponds to the Fe® free system
in which dye discoloration is mediated solely by electrostatic interactions at the negatively
charged sand surface (Mitchell et al. 1955, Miyajima 2012). Figure 5.4a shows that more
than 20% of MB is discolored in the pure sand system, while there was no MO
discoloration (E = 0 % — Figure 5.4b). Another feature of Figure 5.4a is that the presence
of salt reduces the extent of MB discoloration by sand. This is due to the increased
availability of Fe** and Fe*" ions, which are concurrent with MB (also positively charged)
for adsorption onto the sand surface (Parks 1965, Btatkeu-K et al. 2013).
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Figure 5. 4 Extent of dye discoloration after 45 days as a function of the Fe® dosage for
methylene blue (a) and methyl orange (b) using ZVI1. Experimental conditions: mgand
= 0.5 g; Vsolution = 22 mL; (dye) = 10 mg L. The lines shown are not fitting functions,

they simply connect the points for ease of visualization.

For Fe® dosages between 0 and 45 g L™, there is an increase in dye discoloration efficiency
with increasing iron dosage (Figure 5.4a, b). This is primarily due to the availability of
more active binding sites as a result of continuous iron corrosion, which produces solid
iron corrosion products (FeCPs) for dye adsorption and co-precipitation. However, the
discoloration percentage for both dyes become almost constant for (Fe®) >20.0 g L™!. This
behavior suggests a “splitting effect of the concentration gradient” between FeCPs and

51



dye molecules (Aragaw et al. 2022). The different discoloration efficiencies of MB and
MO as a function of the amount of FeCPs available are essentially due to differences in
chemical structure, molecular size, and FeCPs—dye interactions (Mitchell et al. 1955,
Miyajima 2012, Aragaw et al. 2022).

5.2.4. Influence of Fe’ Type on Dye Discoloration in Fe’/H,O Systems

Figure 5.5 summarizes the extent of MB and discoloration after 45 days with four different
Fe® materials in tap water (NaCl) = 0 g L™!) and in salt water ((NaCl) = 40 g L™!). It can
be seen that for all the 4 Fe® materials tested, the dye discoloration decreases in salt water
compared to tap water, confirming the observations in Section 5.2.4 and further validating

the working hypothesis.

For MB (Figure 5.5a), the most significant TW vs. SW variability between replicates was
observed for ZVI1 (error bars), while the lowest was recorded for ZVI4. Considering the
absolute values, the following increasing order of efficiency is observed: ZVI4 > ZVI3 >
ZVI12 > ZVI1. This ranking confirms the information from the kaa values (Table 4.2),
showing that ZVI4 is significantly less reactive than the other three materials (Xin et al.
2018). Another feature of Figure 5.5a is that ZVI14 performed only slightly better than sand
alone in SW and TW. Based on the information in Figure 5.5a, ZVI1 can be recommended
as the most reactive material, while ZVI2 and ZVI3 are very close in their efficiency for
MB discoloration. The results of MO discoloration (Figure 5.5b) confirm the trend
observed in Figure 5.5a, with the exception that ZVI1 has a significantly lower efficiency
in both TW and SW. While this difference is difficult to justify, the overall results reaffirm
the importance of characterizing the diversity among the Fe® materials of environmental
interest (Miehr et al. 2004, Li et al. 2019).
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Figure 5. 5 Extent of MB discoloration after 45 days as a function of the Fe® type for
methylene blue (a) and methyl orange (b). Experimental conditions: Miron = 0.1 g; Mgand
=0.5 g Vsolution =22 mL; (MB) = 10 mg L.

Despite a growing interest in the applications of Fe’ for environmental remediation (Guan
et al. 2015, Plessl et al. 2022, Singh et al. 2023) and safe drinking water supply (Tepong-
Tsindé et al. 2019, Tepong-Tsindé 2021, Ndé-Tchoupé et al. 2022, Mueller et al. 2023),
little progress has been made in characterizing the variability in reactivity among Fe®
samples from different sources (Cui et al. 2023, Ndé-Tchoupé et al. 2020, Li et al. 2019,
Ranjan et al. 2006, Naseri et al. 2017). The most important lesson from Figure 5.5 is that

the extent to which saltwater affects the performance of a Fe’/H,O system depends on the
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used Fe® source used (Fe’ quality). In particular, one investigator using ZVI4 might
conclude that CI™ ions have no effect on Fe® efficiency, while a colleague working under
similar conditions using ZVI1 or ZVI2 would come to a different conclusion. As discussed
by several authors, the diversity of contaminants and Fe® materials, as well as the lack of
unified or standardized experimental procedures are the three most important factors
hindering the progress of knowledge in the design of sustainable Fe’-based remediation
systems (Cao et al. 2022, Cui et al. 2023, Gheju and Balcu 2023, Cao et al. 2021c, Naseri
et al. 2017).

5.3 Influences of common anions on the efficiency of Fe’/H,O systems

5.3.1 The mechanism of MB discoloration in the presence of anions

Figure 5.6a compares the extents of MB discoloration in the presence of ZVII1 as
influenced by the presence of CI-, HCOs~, F-, HPO4*", and SO4*" as the equilibration time
varied from 0 to 30 days. The results indicate that the extent of MB discoloration
progressively increased in all systems, with the HCO;™ system depicting the most
significant increase of efficiency. The progressive increase of the MB discoloration with
increasing experimental duration suggests that MB discoloration does not result from
FeCOs precipitation. In other words, MB discoloration results from progressive generation
of FeCPs. The other anions confirm this observation as the same trend is observed, but
with a lower magnitude.

Figure 5.6b compares the extents of pH variation in the five systems. It is seen that the pH
of each system remains almost constant and equal to the initial value as the equilibration
time varied from O to 30 days. This means that the pH changes accompanying the iron
corrosion in the HCO;™ system for example occurs in the vicinity of Fe® particles at the
bottom of the assay tubes and cannot be recorded in the bulk solution. This observation
corresponds to the real situation in iron filters and are observable only by the quiescent
experimental design of this and related works (Miyajima 2012, Konadu-Amoah et al. 2023,
Tao et al. 2023). In other words, mixing or shaking the experimental vessels would have
enabled a record of pH variation in the bulk solution. However, the objective is to
investigate the processes in a manner that can reflect natural conditions characterized by

diffusive transport in the vicinity of the Fe’ surface (Gheju and Balcu 2019).
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Figure 5. 6 Time-dependent extent of methylene blue discoloration (a), and variation of

pH value (b) in Fe%sand systems as a function of the dissolved anion using ZVII.

Experimental conditions: Mion = 0.1 g; Meang = 0.5 g; Vsolution = 20 mL; (MB) = 10 mg
L!; (Anion) corresponds to P = 25 % (Table 4.3). The lines shown are not fitting

functions, they simply connect the points for ease of visualization.
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The previous sections have corroborated the suitability of the MB method to investigate
the complexity in Fe%H,O systems. The originality of this method is twofold: (i) there are
no redox interactions of MB and reactive species within the Fe/H,O system (Miyajima
2012), and (ii) there is no adsorptive affinity between MB and FeCPs (Chapter 3) (Mitchell



et al. 1955). In essence, the MB method uses MB to trace the process of generation of
FeCPs in a Fe’H,O system. The results of this section suggest that an experimental
duration of 30 days is enough to monitor changes induced by the presence and
concentration of individual anions. Based on this evidence and past results (Miyajima
2012, Miyajima and Noubactep 2015, Tao et al. 2023), the remaining experiments were

performed for an equilibration time of 45 days.

5.3.2 Effects of common anions on the reactivity of Fe’/H,O systems

Figure 5.7 compares the extents of MB discoloration in the presence of ZVI1 for 45 days
as influenced by the presence of ClI, HCO;, F, HPOs", and SO4*. The initial
concentration of each anion increased from 0 (TW) to 100 % (saturation concentration)
(Table 4.3). The results indicate that, in all systems, the E value corresponding to TW (0 %)
first decreased. In fact, E values for (salt) = 5 % were all inferior to those corresponding
to (salt) = 0 %. This observation validates the working hypothesis: The presence of any
salt decreases the amount of FeCPs for MB discoloration. For (salt) >5 %, there is no
general trend in the magnitude on how MB discoloration is influenced by increasing anion

concentration.

For example, in the HCO;3™ system, MB discoloration remains constant to about 62 %
when (HCO3") varied from 5 to 40 % (relative value). An E value of 5 % corresponds to
29 mM NaHCO; or 1743 mg L' HCO;, while 40 % corresponds to 214 mM NaHCOs
(13071 mg L' HCOs") (Table 3). For (HCO;5") > 40 %, the E value sensibly increased to
reach 90 % for (HCO5) =571 mM (33655 mg L ') which is the saturation concentration.
The HPO4* system presented a random fluctuation, with the lowest E value at saturation
((HPO4>) =271 mM or 26028 mg L"). The results in Fig. 5.7 show that practically, each

anion influences MB discoloration by a different mechanism.

Previous studies have reported mixed trends (enhancement or inhibition) on the influence
of the presence and the concentration of various anions on the efficiency of Fe"/H.O
systems (Kim et al. 2007, Tao et al. 2023). To assess the plausibility of given arguments,
the experiments of this study widely varied the anion concentrations (Table 4.3) in order
to account for a wide range of natural and wastewaters. Arguments justifying the
influences of anions on the efficiency of Fe?/H,O systems can be summarized as follows
(Sun et al. 2016, Sun et al. 2023): (i) maintaining the Fe° reactivity by facilitating the
breakdown of oxide scales (e.g. Cl"), (ii) limiting access to reactive sites on Fe’ or
competing with contaminants for the same (e.g. HCOs5~, PO4*"). SO4* both promote the
performance of Fe’/H,O systems by freeing the Fe’ surface from oxide scales, and inhibit
it by competing with some contaminants for adsorption sites within the system. The results
in Fig. 5.7 are not confirming this trend, while the working hypothesis is validated. On the
contrary, HCO;~, which is expected to inhibit MB discoloration is the single anion which
has rather enhanced it for (HCO;") > 50 % (286 mM or 17429 mg L).
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Figure 5. 7 Extent of dye discoloration after 45 days as a function of the dissolved anion
using ZVI1. Experimental conditions: Miron = 0.1 g; Mgana = 0.5 g; Vsolution =20 mL; (MB)
=10 mg L'. The lines shown are not fitting functions, they simply connect the points

for ease of visualization.

If relative concentration 5, 25 and 100 % (Table 4.3) are operationally considered to be
relevant for groundwater, surface water and wastewater respectively, Figure 5.7 give the

following order of increasing MB discoloration as influenced by the anions.

Groundwater: S04 <ClI'=F =HPO4 <HCOs
Surface water: S04+ < Cl'=F <HPO4* =HCOs
Wastewater: HPO4 <S04 <F <CI' <HCO;3

For the three concentrations, only HCO;™ is confirmed as an enhancer of Fe® reactivity at
all concentrations. This order of efficiency surprisingly shows that SO4* inhibits Fe°
reactivity in groundwater. The general trend from the literature (section 5.3.1) is that SO4*
improve the efficiency of the systems. To better understand the systems, the iron

concentrations and the pH values were recorded at the end of the experiments.

Figure 5.8a shows that elevated iron concentrations (0.2 mg L ') were recorded only in F~
and CI systems with higher concentrations in the F~ system. There should be a decrease
of MB discoloration in both systems as observed, but because the solubility of the salts
are just one influencing factors, neither of these systems was the best or the worse in
impacting MB discoloration (Fig 5.7). The discussion above has shown that improved MB

57



discoloration is in the HCO;™ system. Actually, the HCO;™ system depicted the lowest iron

concentration (Figure 5.8a).

Figure 5.8b shows that the pH value of the CI~ system remains constant and equal to that
of the used tap water (8.2) This observation corroborated the view that changes related to
iron corrosion at the bottom of the assay tubes could not be measured in the bulk solution.
In other words, changes in pH values as recorded in Figure 5.8b are just a reflection of the
buffer capacity of the used salt. It has already been pointed out that despite high pH values
in HCO;™ systems, MB discoloration is increased because protons are produced in the

vicinity of Fe® granules.
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Figure 5. 8 Changes of iron concentration (a) and pH value (b) after 45 days as a function
of the dissolved anion using ZVI1. Experimental conditions: mion = 0.1 g; Mgang = 0.5
2; Violution = 20 mL; (MB) = 10 mg L™!. The lines shown are not fitting functions, they

simply connect the points for ease of visualization.

5.3.3 Effects of the Fe® intrinsic reactivity

Table 5.3 compares the extents of MB discoloration in tap water and various anions as
influenced by the Fe® type. The results confirm the trend that, the HCOs™ system depicts
the highest MB discoloration efficiency and the HPO4> system the lowest. For other
anions, there was no a clear trend, confirming that there is no single material for all
situations (Yang et al. 2006, Li et al. 2016, Cui et al. 2023).

Table 5. 3 Extent of MB discoloration after 45 days as a function of the Fe? type for tap
water and various anions. Experimental conditions: Miren = 0.1 g; Msand = 0.5 g5 Visolution
=22 mL; (MB) = 10 mg L!; (Anion) corresponds to P = 100 % (Table 4.3). AE is the
standard deviation from the triplicates. Larger AE values are a reflection of the fact that

individual systems are far from any steady state.

ZV11 ZVI2 ZV13 ZV14
E AE E AE E AE E AE
(%) (%0) (%0) (%0) (%0) (%0) (%) (%)
TW 62.7 23.7 66.0 6.6 63.0 11.3 59.0 8.5
Cl 47.7 3.2 59.3 11.7 44.3 5.9 413 4.9
F 43.3 8.1 52.3 4.0 31.0 5.0 45.0 6.6
HCO; | 89.0 4.4 89.0 2.0 88.7 2.3 76.7 10.4
SO 56.7 6.8 55.7 12.7 60.7 14.5 43.0 11.3
HPO.> | 35.0 14.0 23.3 1.5 28.0 9.5 23.3 1.5
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The results in Table 5.3 confirm the trend observed in this study that HCOs~ enhances MB
discoloration for the 4 tested Fe® materials. The increasing order of efficiency reported in
section 3.1 is roughly maintained: HPO4*>* < F~ < CI" < SO4" < TW < HCO;". However,
for F-, CI, and SO4*, the trend was not evident. For example, for the least reactive
material (ZVI4) there was no significant difference in the extent of MB discoloration in
the three systems. In other words, a researcher working exclusively with ZVI4 would
come to the following increasing order of efficiency: HPO4*>” < F = Cl- = SO4> < TW <
HCO;5". Thus, the results confirm the Fe® intrinsic reactivity as a standalone operational
parameter for the design of remediation Fe’/H,O systems (Yang et al. 2006, Lufingo et al.
2019, Pavelkova et al. 2020, Cui et al. 2023).

The increasing order of reactivity of the materials in the individual solutions was:

Cl: ZVI14 < ZVI3 < ZVI1 < ZVI2
HCOs: ZVI14 < ZVI1 = ZVI2 = ZVI3
F: ZVI3 <ZVI1 <ZVI4 < ZVI2
HPO,*: ZVI2 =Z7ZVI4 < ZVI3 < ZVI1
SO ZV14 <ZVI12 =ZVIl < ZVI3
TW: ZVI14 <ZVI1 = ZVI3 < ZVI2.

This recalls that material selection is a highly site-specific issue. For example, in a
carbonate rich groundwater, ZVI2 will be preferable to ZVI1. The inverse is valid for

phosphate rich groundwater.

Summarized, the influence of the Fe® type on the efficiency of remediation Fe?/H,O
systems depends on the (i) corrosion rate, (ii) solubility of the Fe-salt, and (iii) interactions
(e.g. adsorptive affinity) between the anions and the contaminants of concern. It is
essential to recall that the MB method used herein does not address the nature of the
contaminant as it just traces the availability of FeCPs (Btatkeu-K et al. 2016, Konadu-
Amoah et al. 2022).

5.3.4 Effects of the nature of contaminants

Figure 5.9 compares the extents of methylene blue (MB) and orange II (O-II) discoloration
in the presence of ZVI1 as influenced by the presence of Cl-, HCOs ", F-, HPOs*, and
SO4* (initial concentration 10 — Table 4.3). It is seen that orange II discoloration is
significantly higher in tap water (H>O), and in the presence of Cl” and F. In the presence
of HPO4* and SO4*, both dyes showed no significant difference in the extent of their
discoloration by ZVI1, while the HCO;5™ system depicted a completely different behavior,
MB discoloration been much higher. The results seem counterintuitive as it is documented
that O-II has a larger affinity to FeCPs than MB (Miyajima 2012, Miyajima and Noubactep
2015, Phukan et al. 2015, Phukan et al. 2016). Similar results were obtained while
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comparing the discoloration of MB and methylorange in Fe?’H,O systems (Gatcha-
Bandjun et al. 2017, Tsamo et al. 2018, Alyoussef 2019, Cao et al. 2021b)
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Figure 5. 9 Extent of MB and Orange II discoloration after 45 days as a function of the
anion. Experimental conditions: Miron = 0.1 g; Msanda = 0.5 &; Visoution = 20 mL; (MB) =
10 mg L'; (Anion) corresponds to P =100 % (Table 3). The lines shown are not fitting

functions, they simply connect the points for ease of visualization.

The reason why MB discoloration is better than O-II removal in the investigated Fe%/sand
system (Figure 5.9) is given by considering the impact of contact time on processes
causing dye discoloration (Alyoussef 2019). The presence of HCOs™ is just an operational
parameter that has enabled this observation for an equilibration duration of 45 days under
given experimental conditions (chapter 4). As discussed in section 5.3.2, HCO;™ sustains
Fe® corrosion and produces FeCPs for MB discoloration by co-precipitation in the vicinity
of the Fe’ surface. This MB removal induces a diffusion of MB molecules from the bulk
solution to the bottom of the essay tube and justifies recorded MB discoloration. Note that
MB is already attracted to the bottom of the assay tube by sand (Mitchell et al. 1955,
Miyajima 2012). In other words, increased MB discoloration is justified by MB adsorptive
accumulation by sand and co-precipitation with native FeCPs. Under the same
experimental conditions, O-II with higher affinity to FeCPs could not be removed because
O-II has no adsorptive affinity to sand (Phukan et al. 2015, 2016).

The argument that the observed better MB discoloration relative to O-1I (Figure 5.9) is
just a "statistic snapshot" is supported by recent results by Tsamo et al. (2018). These
authors investigated the effects of Fe’ pre-corrosion by Cl-, HO, HCOs~, HPO.*, and
SO4* on methylene blue (MB) and methyl orange (MO) discoloration in assay tubes and

under quiescent conditions. The Fe® pre-corrosion time varied from 0 to 44 days and the
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equilibration time with dye solutions was 28 days. Their overall results showed that all
tested anions have low impact on MB discoloration but negative impact on MO removal.
In particular, in the HCO;™ system "severely affects MO discoloration". The extents of MO
discoloration (E value) for the Cl-, H,O, HCOs~, and SO4* systems were very similar and
closed to 80 % for tpre-corrosion = 3 days. For tpre-comrosion > 3, While the E value remained
almost constant for all other systems. E for the HCO3™ system decreased to values reaching
40 % for 44 days of pre-corrosion. Clearly, extending the equilibration time herein would
have enable the observation of the "natural trend" (validating the working hypothesis) of
enhanced MO discoloration in Fe’/H,O systems by virtue of increase availability of FeCPs
(Phukan et al. 2016).

5.4 Discussion

5.4.1 General aspects

Investigating the effects of common anions on the efficiency of Fe’/H,O systems has been
plagued by the same problems of the post-1990 Fe® literature and the view that Fe° is a
reducing agent for some dissolved contaminants (Lawrinenko et al. 2023a, Xiao et al.
2023, Xiao et al. 2024). In other words, some attempts were made to perform some
systematic investigations to better characterized the influence of individual anions (Sun et
al. 2016). However, the experimental designs were faulty (e.g. vigorously shaken batches)
and the results mistakenly interpreted (e.g. Fe as electron donor) (Hu et al. 2021, Xiao et
al. 2023, Xiao et al. 2024). Accordingly, there has been no guide to inform the discussion
of independent results, achieved under very different conditions. There is still no
standardized or unified experimental protocol, and no reference Fe’ material to ease
comparison of independent results. In addition, most of the observations reported in the
literature are static snap-shots and the choice of the time of their realization (e.g. end of
the experiment) is pragmatically fixed by individual investigators (Westerhoff 2003, Lim
and Zhu 2008). This is not the ideal starting point for the investigation of dynamic
processes within Fe®/H,O systems, especially as these dynamics processes occur over an
enormous range of time scales — from some hours in batch experiments to some years or
decades in the field (Alyoussef 2019, Cao et al 2021b, Singh et al. 2023). The present
work has introduced a guide which stipulates that a suitable experimental design should
reproduce the theory of the system (Chapter 3). This implies that any report on the lack of
effects on any salt on the efficiency of a Fe/H>O system is faulty. Such an observation
just means that the operational conditions used (e.g. too high Fe® loading or mixing
intensity) are not appropriate to reproduce the theory of the system. A common bias in
investigating the Fe®/H,O system is the application of non-relevant mixing procedures, e.g.
stirring at intensities higher than 75 rpm (Noubactep 2009a, Noubactep et al. 2009b)

The present study has used the MB method to invalidate some mixed findings on the

influence of common anions on the efficiency of Fe%/H,O systems, this corresponds to
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deconstruct views that have been pragmatically established using the observations from
very independent systems, without any guide. In particular, the inhibiting effects of HCO3~
ions could only be established by combining the observations of this work (enhanced MB
discoloration) and those made by Tsamo et al. (2018) (inhibited MB discoloration).
Another contribution of this work is to have considered fluoride ions that are rarely
considered although they are abundant in many regions of the world (Ali et al. 2016,
Patrick and Sahu 2023, Yadav et al. 2023). The results of the effects of F~ on the efficiency
of Fe’H,O systems confirm the non-suitability of Fe’-based systems for water
defluoridation as reported by Heimann et al. (2018) and Ndé-Tchoupé et al. (2019).

5.4.2 Revisiting the effects of chloride addition on the Fe’/H,O system

The results presented in section 5.2 and 5.3 clearly demonstrate that Cl~ addition
fundamentally hinders the process of contaminant removal in Fe’/H,O systems. The
rationale for this is that the formation of FeCl-complexes primarily hinders the availability
of FeCPs (the contaminant scavengers). This observation is in tune with the historical
work of whitney (1903) stating that aqueous Fe® corrosion produces oxides/hydroxides
(FeCPs) or salts (working hypothesis). The observation made herein clearly contradict
published findings over the past 20 years claiming that Cl~ addition typically enhances
water treatment with granular Fe’ (Kim et al. 2007, Hwang et al. 2015, Li et al. 2019,
Hernandez et al. 2004). For example, Kim et al. (2007) tested halide salts to sustain the
Fe® efficiency for explosive “degradation” and concluded that Fe® PRBs “installed in
aquifers with chloride-rich groundwater are likely to perform and maintain reactivity
better than those installed in aquifers with low chloride concentrations”. Many other
researchers have reached similar conclusions for chloride-rich wastewater (Sun et al. 2016,
Hernandez et al. 2004, Zhang et al. 2005, Ansaf et al. 2016) and even more confusing
conclusion with other anions (Table 5.4). The question is — how can both views be

reconciled?

The key point is to consider that Fe” would “passivate” earlier without CI~ addition. Due
to the high solubility of Fe(Il) and Fe(Ill) chlorides relative to iron hydroxides, CI-
addition sustains Fe® corrosion and produces more contaminant scavengers because Fe’ is
in large stoichiometric excess. All of these reactions are enhanced by mixing operations,
such as shaking and stirring (Table 5.4). A similar situation has been reported for the
addition of MnO to Fe’ and Fe’ amendment with sand (Burghardt and Kassahun 2003,
Ghauch et al. 2010, Ghauch et al. 2011, Gheju and Balcu 2019). Here, MnO- promotes the
Fe?* oxidation and increases the formation of contaminant scavengers (FeCPs) compared
to the pure Fe® system (Cao et al. 2021b, Alyoussef 2019). Obviously, there is no
contradiction between the retardation of contaminant removal in the presence of chloride
ions and the improved efficiency of the same systems compared to the operational
reference (Cl free Fe’/H,0).
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Table 5. 4 Representative batch studies on the influence of anions on the efficiency of

Fe’/H,0 system for water treatment using microscale Fe® materials from 2001 to 2020.

References are given in the chronological order of publication from the top. The

concentration ranges of anions (g L") is specified, together with the mixing/stirring

n.n

intensities. "p

negative, "u" for unaffected, and "n.c." for non-considered.

stands for positive effect, "n" for negative, "n/p" for both positive and

X Bicarbonate Chloride Nitrate  Phosphate Sulfate Mixing Reference
, 1.22-122 7.1 1.24 0.19-19 1920 Shaking: (Su and Puls
Arsenic
n p n p n 50 rpm 2001)
0.047 0.075 0.005 0.11 Rotating:  (Xie and Shang
Bromate n.c.
n p n p 47 rpm 2007)
0-10.0 0-10.0 0-10.0 0-0.004 0-10.0 Agitation:
p-CNB (Le etal. 2011)
n/p p p n p 120 rpm
0-1.0 0-1.0 0-0.5 0-008 0-1.0 Agitation: ,
NB (Yin et al. 2012)
n/p p p n p 50 rpm
Acid orange 30.5 17.75 31.0 48.0 48.0 Shaking: )
(Li et al. 2015)
7 n n n n n 180 rpm
) 6.1-61.0 8.9-88.8 1.0-9.6 Shaking: (Dominguez et al.
Lindane n.c. n.c.
p p u 100 rpm 2016)
0.04-0.1 0.004 -0.006 0.05-0.57 Stirring: (Velimirovic et al.
TCE n.c. n.c.
p u p 125 rpm 2017)
2.83 1.65 4.45 4.45 i (Tsamo et al.
MB n.c. Quiescent
p p p 2018)
2.83 1.65 4.45 4.45 ) (Tsamo et al.
MO n.c Quiescent
u n u 2018)
0.18-0.61 0.11-0.51 0.14 - 0.58 Shaking: (Zhu et al.
CCly n.c. n.c.
p n/p p 200 rpm 2020)
NB = Nitrobenzene, MB = Methylene blue, MO = Methyl orange, p-CNB = p-

chloronitrobenzene, TCE = Tetrachloroethylene.

Table 5.4 summarizes the experimental conditions of selected publications on the effects
of the five anions on the performance of Fe?/H,O systems. Studies presented in Table 5.4
recall that the nature (X) and concentrations (mg L") of anions in polluted waters may
significantly influence the remediation performance of Fe® (Klausen et al. 2003, Liu et al.
2007, Sun et al. 2023). Nitrate is redox-active in the Fe’/H,O system while the 4 other
anions are redox inert. In general, anions interact with Fe® reaction products (e.g. Fe**, Fe
hydroxides, H») and other dissolved species (e.g. cations, natural organic matter) to form
soluble complexes or mineral precipitates that influence the efficiency of the Fe?/H,O
system by many different mechanisms. Despite more than two decades of extensive
research controversies exist on the effects of all anions as recently reported by Sun et al.
(2016) in a critical review article. Table 5.4 illustrates the state of confusion based on 9

selected publications between 2001 and 2020 using microscale Fe® (mFe?). It is seen that
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practically each researcher employs a different experimental procedure for characterizing
the effects of anions on the remediation efficiency of Fe?/H,O systems. These procedures
typically differ in Fe® type and pre-treatment, Fe® particle size (mFe® versus nano-Fe?),
volume of the reaction vessels used, volume of the solution added, nature and
concentration of the contaminants, mixing type and intensities, and equilibration time
allowed. The net result is that, in Table 5.4, no trend is observed for any single anion (e.g.

n, p, n/p for each anion).

5.4.3 Revisiting the effects of F-, HCO;~, HPO4*, and SO4* addition on the Fe'/H,O

system

The results presented in section 5.3 show that F-, HCOs~, HPO4>", and SO4*" significantly

impact MB discoloration in Fe’/H,O systems when the concentration of the anions varied

widely. The general trend for all anions was an inhibition of MB discoloration. This

tangible observation seems to contradict literature reports on mixed effects (enhancement

and inhibition) of individual anions (Sun et al. 2016, Sun et al. 2023). The mechanism of
the observed inhibition of MB discoloration was proposed as follows, validating the

working hypothesis: anions form more or less stable complexes (e.g. FeFs*") with Fe!' and

Fe' ions delaying the formation of FeCPs (Fe oxides and hydroxides). Because FeCPs

remove MB from the aqueous phase by adsorption and co-precipitation, there is no

quantitative MB discoloration before enough FeCPs becomes available (Konadu-Amoah

et al. 2022). This explanation is valid whether there is a local acceleration of iron corrosion

(e.g. pitting by CI) or not. It also remains valid for redox active species (e.g. NO3") or

species with good adsorptive affinities to FeCPs (e.g. Orange II). In other words, the

fundamental mechanism by which the presence of anions influences the decontamination

process in Fe?/H,O systems is an inhibition or a delay (relative to the anion-free system).

Taking this as a premise, the actual impact of individual anions, or generally individual

co-solutes (including natural organic matter - NOM) can be better characterized. After the

establishment of the operating mode of hybrid systems (e.g. Fe/FeS,, Fe?/MnQ,, Fe’/sand)
(Miyajima and Noubactep 2015, Cao et al. 2021b, Cao et al. 202 1¢) for water remediation,

the MB method has established with this study a sound basis for the characterization of
the influence of co-solutes on the performance of remediation Fe’/H,O systems. This

section revisits the impacts of individual ions, mainly based on a recent review article by

Sun et al. (2016).

5.4.3.1 Bicarbonate (HCO3")

The influence of HCOs™ on the performance of Fe’-based systems has been found to be
typically dependent on its concentration and the equilibration time (Agrawal et al. 2002,
Bi et al. 2009a). As a rule of thumb, the performance is initially enhanced, but
subsequently deteriorated due to formation of passive iron carbonate precipitates (Bi et al.

2009a). Another common argument for the ambivalent behavior of Fe’/ HCO;™ systems is
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the concentration (and pH) dependent speciation of carbonate (e.g. H.COs, HCOs~, COs>)
(King 1998).

Under the experimental conditions of the present work, only enhanced MB discoloration
was observed although the HCO;™ concentration varied widely. This observation was
irritating as it was contradicting the working hypothesis. Fortunately, Tsamo et al. (2018),
working under similar conditions for a longer equilibration time (up to 74 days) could
observe inhibited MB discoloration in Fe’/HCO;  systems, confirming the crucial
importance of the equilibration time (Cao et al. 2021b). In other words, HCO;™ ions
basically deteriorate the performance of Fe’-based systems for water treatment. However,
selected operational parameters (including the initial HCO3™ concentration) may at least

temporarily enhance this performance.

5.4.3.2 Fluoride (F)

F~ has not typically investigated for its impact on the performance of Fe’-based systems
(Zhou et al. 2008). Zhou et al. (2008) reported on significant enhancement of Cr¥!' removal
in Fe’/H,0O systems as result of NaF addition with and increased Cr¥' removal with
increasing NaF concentration. This observation was justified by the formation of stable
FeF¢*™ (and Cr F¢*"), which diminishes the precipitation of Fe' and Cr'™" hydroxides.
However, NaF addition also leads to shifts of the electrode potentials of Fe''/Fe!' and
CrV/Cr'™ (Naka et al. 2008, Song et al. 2017), which also contribute to increased Cr"!
removal. In this constellation, it is difficult to segregate between the individual
contributions of complex formation and redox reactivity on the extend of Cr"' removal.
This is an issue that has been already elegantly addressed by the MB method (Tao et al.
2023).

The results presented herein support the working hypothesis that Fe-F complexes
delay/inhibit the availability of FeCPs and the decontamination process. Again, an
enhancement or inhibition of the decontamination depends on the individual operational
conditions (Table 5.4)). One key feature of the results presented herein, is that an
additional argument to justify the non-suitability of Fe’-based systems for water
defluoridation (Heimann et al. 2018, Ndé-Tchoupé et al. 2019a). In this context, it is
important to notice that Ndé-Tchoupé et al. (2015) have introduced as a concept to test
Fe%-based filters for decentralized water defluoridation. All reasons for the failure of such
filters (e.g. size of Fions, stability of FeFs’~ complexes) were already documented in the
scientific literature. Nevertheless, the concept was presented and carefully investigated.
The results that Fe® filters were not suitable for water defluoridation was the starting point
to investigate rainwater harvesting in the hills of the Kilimanjaro (Marwa et al. 2018, Ndé-
Tchoupé et al. 2019b, Qi et al. 2019, Huang et al. 2021, Nya et al. 2023, Siphambe et al.
2024). In retrospect, Ndé-Tchoupé et al. (2015) was a "good mistake" which has opened

the rainwater harvesting world to the research group of Dr. Noubactep (Goéttingen,
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Germany). In other words, in an era of multidisciplinary research, it can happen that wrong
concepts are introduced. However, systematic investigations always restore the scientific
truth.

5.4.3.3 Phosphate (HPO4>)

HPO4* has been constantly presented as depicting the largest inhibitory effect on the
performance of Fe’-based systems for water treatment (Su and Puls 2001, Xie and Shang
2007). HPO4>~ is mostly reported to form inner-sphere complexes with dissolved Fe and
co-precipitates on the Fe surface. The whole process inhibits electron transfer from Fe®
to the individual pollutants (Su and Puls 2004, Xie and Shang 2007, Jeong et al. 2014).
The precipitation of phosphate-bearing minerals also reportedly inhibits pollutants to
access to the active sites on the Fe® surface. The results presented herein confirm this
observation while questioning the importance of the access of the pollutants to the Fe®
surface because these effects have been observed while MB is not redox active, thus no

electron transfer is in play.

5.4.3.4 Sulfate (SO4>)

Like CI°, SO4>" is commonly associated with an enhancement of the performance of Fe’-
based systems (Johnson et al. 1998, Devlin and Allin 2005). However, the exact
mechanism of this process has not been conclusively established (Sun et al. 2016). SO4*
cannot be as aggressive as Cl~ toward destabilizing the oxide scale on Fe®. For this reason,
it has been postulated that SO4* promotes Fe oxide dissolution (Sun et al. 2016). The
deterioration effects of SO4* for Fe’-based systems is also reported in the literature and
justified by some competitive process for adsorption onto the oxide scale (Liu et al. 2007,
Yu et al. 2013).

The present work has established that SO4* basically delays the process of contaminant
removal in Fe?/H,O systems because the stability of FeSO. delays the availability of
FeCPs which are the effective contaminant scavengers (Tao et al. 2023). This
demonstration shows that confusing reports are rooted on experiments under different

operational conditions of which some are even non-relevant for natural systems.

5.5 Environmental significance

5.5.1  The suitability of quiescent batch experiments for investigating the Fe’/H,O
system
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This study has justified why under quiescent experimental conditions, MB discoloration
in Fe%/H,0 systems is inhibited by the presence of CI-, F-, HPOs*, and SO4*". The reason
for enhanced MB discoloration in the presence of HCOs™ is also justified while considering
a recent publication by Tsamo et al. (2018). The used MB method has enabled explanation
of reported discrepancies on the effects of common anions on the performance of Fe’-
based systems in the real world. The investigated anions and the concentrations tested are
relevant for natural waters and wastewaters. However, natural organic matter (NOM) (Rao
et al. 2009) has not been addressed, and polluted waters are invariably a mixed solution
of several anions. Therefore, additional investigations to study the effects of mixed anions
and NOM are needed for the rational design of more sustainable Fe’-based remediation
systems. Some few such studies already exist (Klausen et al. 2001, Holm 2002, Bi et al.
2009a). However, they have been performed and discussed while considering Fe® as a
reducing agent, and in-situ generated minerals physical barriers for electron transfer (Xie
and Shang 2007, Lawrinenko et al. 2023a, 2023b). The results presented herein recalled
that Fe®-based filtration systems should be regarded as local coagulation units in the
vicinity of Fe® particles. In other words, the discussion of processes causing contaminant
removal in Fe® filters are better addressed while considering the similitude between the
Fe?’H,O system and coagulation (Bojic et al. 2009, Noubactep and Schoner 2010,
Noubactep 2011a). In this context, it is essential to remember that Fe/particles were
anciently used in flocculation (Baker 1934, 1948).

5.5.2  Fe"H,O0 system as a myriad of coagulation cells

The most important finding of the research is that common anions should be considered
as standalone influencers of the Fe® corrosion process. This is because, just like a
contaminant to be removed, each anion is initially present in the polluted water and thus

acts concurrently either as:

1. A complexing agent for generated Fe ions, thus delaying the availability of
FeCPs;

2. An adsorbate for adsorption sites at the surface of in-situ generated FeCPs; and
3. A particle to be occluded by precipitating FeCPs (co-precipitation).

All these three processes occur simultaneously in all FeH,O systems and their respective
magnitudes depend on several inter-dependent operational parameters, including: (i) the
Fe intrinsic reactivity (Cui et al. 2023), (ii) the stability of the Fe-anion complexes (Zhou
et al. 2008), and (iii) the adsorptive affinity of the anions to FeCPs (Touomo-Wouafo et al.
2020). The redox reactivity of individual anions, the manner how they influence the redox
reactivity of the Fe'/Fe'' redox electrode, and the redox reactivity of contaminants are

three complicating factors justifying the need of holistic investigations under relevant
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experimental conditions for the design of more sustainable Fe%/H,O systems. In other
words, this work is just the starting point for a systematic investigation of the influences
of common co-solutes (anions, cations, NOM) on the performance of Fe’-based
remediation systems. The next step, using relevant contaminant for natural waters can be
guided by the seminal works of Crawford et al. (1993a, 1993b) clarifying the relationship
between adsorption and co-precipitation of heavy metal ions onto the hydrated oxides. In
fact, a Fe%H,0 system is the homestead of aged and nascent iron oxides and hydroxides,
depicting differential adsorptive affinity to various solutes, including common anions and
contaminants (Sikora and MacDonald 2000, Noubactep 2010, Noubactep 2011b).
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Chapter 6: Synthesis and Conclusions

Sustainable and effective remediation using metallic iron-based systems (Fe®/H,O systems)
have proven efficient in order to (i) improve environmental quality, and (ii) supply
decentralized safe drinking water. The further optimization of the performance of Fe"/H,O
systems is thus necessary. One main open issue is the lack of data on the long-term
behavior of Fe® materials under environmental conditions. That is the iron corrosion rate
and its changes over the time. This thesis focused on two selected aspects of the
sustainability of Fe’-based filtration systems: (i) the suitability of hybrid Fe%aggregates

systems, and (ii) the influences of common environmental anions on their performance.
6.1 Synthesis

6.1.1 The suitability of hybrid Fe’/aggregates systems

Mixing Fe’ with one or several non-expansive aggregates is the most suitable option to
warrant long-term hydraulically efficient Fe’-based filtration systems, including
subsurface Fe’ PRBs for groundwater remediation. Unfortunately, the hydraulic aspects
were not properly considered while designing the first-generation Fe® PRBs in the 1990s
and the early 2000s. Moreover, published results on long-term sustainable Fe® PRBs often
do not monitor the permeability loss in a before/after perspective of the operation of PRBs.
For this reason, the Fe’ remediation research community has yet to consider this
fundamental aspect in the procedure of designing laboratory experiments to investigate

the performance of Fe’-based filtration systems.

This thesis started about a decade after the practical importance of mixing granular Fe®
with (inert or reactive) non-expansive materials (e.g. gravel, pumice, pyrite, sand) was
established. Prior to 2011, several field projects have been implemented using such
mixtures (mostly Fe’/sand), with achieved results difficult to justify while considering Fe®
as a reducing agent. In fact, if Fe® was a reducing agent, systems with higher Fe’:sand
ratios would have exhibited better remediation performance because they have higher
amount of reactive material per unit volume. The second reason to expect a lower
performance from hybrid Fe/aggregates systems is that Fe® particles become separated
by additive aggregates, and thus diminished mass transport (longer diffusion path) of
contaminants to the Fe® surface occurs. The fact that the opposite was observed (hybrid
systems more efficient) validates the view that Fe is a generator of FeCPs which coat the
sand surface and offer more adsorptive sites to contaminants. Adsorbed contaminants can
still be reductively transformed by H» and other reducing species omnipresent within the
Fe%H,0 system (e.g. Fe" species, Fe;04). Unfortunately, research has continued while still
considering the reductive transformation concept. The net result is that it is difficult to
discern good from falsified results through the Fe® literature of the past decade (post 2010).
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This state of affairs was the motivation for the critical literature review on the suitability
of hybrid Fe’/aggregate filtration systems for water treatment (Tao et al. 2022).

Tao et al. (2022) showed that any enhanced contaminant removal efficiency in
FeYaggregate/H,O systems relative to the Fe®H,O system is related to the
avoidance/delay of particle cementation by virtue of the non-expansive nature of the
aggregates. The argument that aggregate addition sustains any reductive transformation of
contaminants mediated by electrons from Fe’ was disproved by the evidence that Fe%sand
systems are equally more efficient than pure Fe® systems. This demonstration corroborates
the concept that aqueous contaminant removal in iron/water systems is not a process
mediated by electrons from Fe. To sum up, Tao et al. (2022) has reiterated that only hybrid

Fe’/H,0 filtration systems are sustainable.

For future research, each Fe’/aggregates system should be characterized using the

following steps:

@) Grain size and grain size distribution of Fe’ and aggregates used;
(ii) Chemical reactivity of Fe’ and aggregates (e.g. sand is inert, while MnO, is
reactive);

(ili)  The optimum Fe’:aggregate ratio. Ideally, this ratio should be given in a vol: vol

percent basis;

(iv) Determine the optimum thickness of the reactive zone for long-term efficiency for

decontamination, and maintained hydraulic conductivity;

W) Because Fe’/H,O systems are ion-selective, the extent of removal of selected
model contaminants needs to be assessed in long-term experiments, for example

> 12 months.

(vi) Finally, because the Fe/sand system performs better that pure Fe®, investigating
any hybrid system involving reactive materials (e.g. Fe;O4, FeS,, MnO,) should

use a Fe%/sand system as reference.

The analysis in Tao et al. (2022) has established clearly that long-term column tests
(laboratory and pilot) should be carried out before reliable mathematical modelling and
numerical simulations can be performed. This is because a comprehensive assessment of
the remediation performance of Fe?/H,O systems is yet to be realized. Only such
assessments, grounded on systematic investigations would facilitate the further
development and optimization of this still innovative remediation technology. This
assessment should consider all environmental factors affecting the performance of the

systems. The presence of common anions is such an environmental factor.

6.1.2 The influences of common anions on the performance of Fe’/H,O systems
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The effects of common anions on the performance of Fe’H,O systems have been largely
discussed in the Fe’ remediation literature. However, a detailed comprehensive assessment
is still lacking. In this thesis, the methylene blue method (MB method), a method
fundamentally based on the law of conservation of mass, has for the first time been
systematically used to assess the influences of common anions on the performance of
Fe”’H,O systems. For the sake of clarity, the FeClI/MB/H,O system was first
systematically investigated (Tao et al. 2023). The optimized experimental procedure was
then exploited to investigate the Fe%anion/MB/H,0 system for F-, CI-, HCO;~, HPO4*,
and SO4> (Tao et al. 2024).

The MB method performed in this work enabled an indirect quantification of the amounts
of solid iron corrosion (FeCPs) generated in individual Fe?/H,O systems as response of
the nature and concentration of each anion. Each of the investigated anions (e.g. F-, CI',
HCOs, HPO4*, SO4%*) influences the Fe corrosion process as well as the availability of
FeCPs. This evidence was exploited to formulate the working hypothesis: "The presence
of each anion primarily inhibits the decontamination performance of Fe%H,O systems".
The detailed assessment revealed that the remediation Fe?/H,O system can be regarded as
amyriad of coagulation cells, each operating in the vicinity of a Fe® particle. In these cells,
all solutes (including contaminants and indicators) compete with each other to influence
the process of iron corrosion and FeCPs precipitation. This new perspective of the Fe’/H,O

system (coagulation cells) has elucidated all published discrepancies.

The results presented in this thesis furthermore confirmed the suitability of the MB method
as a tool for assessment of the extent of iron corrosion within a Fe’/H,O system. The
principle of the MB method can be applied on a routine basis, since it roughly allows
evaluation of the remediation effectiveness. By systematically monitoring Fe
concentration and pH value, the MB method also provides an overview of the processes
occurring in a Fe’ reactive zone during the time course of remediation. In particular, in the
presence of F, the formation of very stable FeFs®~ complexes has impaired the MB
discoloration and provided a further reason why Fe’/H>O systems are not suitable for water

defluoridation.

The results presented in this thesis elegantly confirm that Fe® is a generator of contaminant
scavengers. Fe® would “passivate” earlier without Cl~ addition. Due to the high solubility
of Fe" and Fe" chlorides relative to iron hydroxides, Cl™ addition sustains Fe° corrosion
and produces more contaminant scavengers because Fe' is in large stoichiometric excess.
The presence of NaCl delays the precipitation of iron oxides and hydroxides, thus delaying
the decontamination process. This was observed for all four dyes and at all NaCl
concentrations. These results clearly underscore the importance of pitting corrosion effects
(for CI") and the capacity to remove precipitation as the rationale for the positive role of
chloride and sulfate in improving the efficiency of Fe’/H,O systems respectively. The

results also present a better explanation of the ambivalent role of HCO3™ (e.g. inhibitory
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at high concentrations, and enhancing at lower ones). In fact, the impact of HCOj3™ is not
limited to a concentration-dependent buffering effect but reveals the kinetics of the
formation of a FeCOs scale on Fe’. Phosphate as an inhibitor of Fe® reactivity was

observed as expected.

6.2 Conclusion and Outlook

The research presented in this work has addressed some of the hydraulic issues associated
with the longevity of Fe® filtration systems and has provided evidence for the suitability
of hybrid Fe%aggregate systems from a hydraulic perspective. This research has shown
that the interplay between the Fe? intrinsic reactivity, the size of Fe? particles, the nature
and size of the aggregates used, and the Fe: aggregate ratio is responsible for the
sustainability of Fe® filters. It has been shown that the Fe:aggregate ratio is one of the key
players in hydraulic conductivity loss. More so, pure Fe® filters (100 % Fe° systems) are
definitively not sustainable due to loss of permeability/clogging, while research on hybrid
systems is yet to be systematically performed. Systems with 50 % Fe® (w/w) were widely
investigated and some few systems with less than 5 % Fe® (w/w or vol/vol) were presented.
Systems with lower Fe®:aggregate ratios have typically not presented any permeability
loss. Therefore, one of the most productive areas for future work would involve
investigating the suitability of lower than 10% (vol/vol). Related small-scale experiments
should last for several months or years. This is because the long-term corrosion kinetics is

not known and is expected to further change with decreased pore space (porosity loss).

As concerning the influence of commonly occurring anions on the performance of Fe’
filters, this study has established the science of the Fe®/anion/H,O system. This science-
based approach has enabled the elucidation of published controversies. However, this
achievement is only the first step in efforts to understand environmental systems as highly
artificial single-anion-systems were characterized, while multi-anion systems were not
addressed in the present study. More systematic research is needed to design efficient and
sustainable real-world Fe’-based systems characterized by multi-anion-compositions (e.g.
HCO;5 -CI'-SO4>" or HCO; -F-SO4%*). A beneficial next step can be to investigate the

influences of mixed anions systems.
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Chapter 7: Epilogue

The presented work corresponds to the original manuscript evaluated by two referees.
Minor revisions were performed, strictly limited to actualizing bibliographic references.
The major concern raised during the defense was the lack of diffusion coefficient to
support the mechanistic discussion. This concern was addressed during the preliminary
works based on the rule of thumb: "lower agitation speed requires longer contact time than
higher ones". Tao et al. (2023) established that, under the experimental conditions used
(no agitation at all), there was no difference in the extent of methylene blue discoloration
between pure sand and Fe%/sand systems during the 20 first days (3 weeks) of equilibration.

This was the rationale for using equilibration times larger than 21 days (Chapter 5).

Four steps are involved during the MB discoloration by Fe’ and sand: (i) bulk diffusion,
(i1) external mass transfer or film diffusion, (iii) intra-particle transport within the particle,
and (iv) MB discoloration at the liquid/solid interface. Film diffusion occurs between the
external surface of the adsorbent particles and the surrounding fluid phase (Hamdaoui and
Chiha 2007, Fernandes et al. 2007, Worch 2012, Elgarahy et al. 2023). Hamdaoui and
Chiha (2007) tested agitation speeds of 100, 250, 400, 600, and 1000 rpm, respectively
and reported that only external and internal diffusions significantly impact the kinetics of
MB discoloration. Several other authors came to a similar conclusion (Zeng et al. 2021a,
Manoko et al. 2022, Elgarahy et al. 2023, Zeghioud and Mouhamadou 2023, Dubey et al.
2024) which is highly qualitative and corresponds to the named rule of thumb ("lower
agitation requires longer contact time"). This is because experiments investigating the
impacts of the mixing speed on the efficiecy of MB discoloration in Fe’/H,O systems have
not considered any accompanying quiescent batch experiments (mixing speed: 0 rpm).
The considered mixing intensities were all larger than 100 rpm which corresponds to the
optimal mixing intensities for flocculation (Polasek 2007, Polasek 2011, Nurmawati et al.
2022). More so, the experiments were not designed to establish any reaction mechanism,
but rather to optimize the operational conditions in treatability tests (Zawaideh and Zhang
1998, Choe et al. 2000, Sun et al. 2006, Xie and Shang 2007, Hwang et al. 2011, Stieber
et al. 2011). In other words, the crucial influence of the agitation speed on the molecular
transport of cationic MB to the adsorption sites was not thoroughly investigated. However,
under experimental conditions limiting the manifestation of electrostatic interactions
between adsorbents and charged MB, no mechanistic investigations are possible
(Noubactep 2007, 2008, Makota et al. 2017, Noubactep et al. 2017, Ebelle et al. 2019).
Clearly, some few apparent diffusion coefficients have been published (Fernandes et al.
2007), but cannot be used to discuss the results achieved in this work. This is because no
other research group has used MB in test tubes. The diffusion coefficient depends certainly
on the size of the diffusing molecule but also on the geometry of the reaction vessels used

(Jacops et al. 2017, Asaad et al. 2021). The concern of the jury is absolutely justified: In
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order to compute reliable models for the description of processes occurring in Fe’-based
filters or Fe%H,0 remediation systems in general, correct estimates for contaminant (e.g.
RCI) diffusion coefficients are essential. Moreover, the diffusion coefficients of reaction
products (e.g. H,, RH) also need to be established (Zhou 2021).

With regard to the impact of anions on MB discoloration in Fe’/H,O systems, Leaist (1988)
characterized MB diffusion in water as influenced by the presence of Cl~ (NaCl). Their
results showed that as MB concentration increased from 0.0006 to 0.02 mol L7,
corresponding to 191 to 6397 mg L, aggregation of MB monomers and binding of the
CI" counterions cause the MB's binary diffusion coefficient to drop from 0.83 x 10? to
0.63 x 10° m? s’'. These results also show that adding 0.005 or 0.01 mol L™! of CI" ions
(292 or 584 mg L) sharply reduces the MB diffusivity, and that each mole of diffusing
MB cotransports 0.2-0.7 mol NaCl. Clearly, the apparent MB diffusion coefficient
decreases with the presence and amount of Cl™ ions. This corresponds to the decreased
MB discoloration as result of ligand addition as reported herein. The results of Leaist
(1988) also validate the concern of the jury and indicate that determining the apparent
diffusion coefficients would have eased the discussion of the results of the present work.
Since diffusion coefficients obtained under quiescent batch conditions are not available,
an optimization of the discussion in Chapter 5 is not possible at this time. On the other
hand, the results of Sedlagek et al. (2013, 2014) demonstrate that in Fe?/H,O systems,
structural parameters like effective porosity and tortuosity increase the diffusion

coefficients and delays MB discoloration.

A second concern of the jury was about the redox reactivity of the Fe® (E° = -0.44 V) for
MB (E° = —-0.02 V) and the mechanism of MB discoloration. It should be made clear why
the MB method stands despite repeated reports on MB electrochemical reduction by
electrons from Fe® (Frost et al. 2010, Sun et al. 2015, Elkady et al. 2019, Trinh et al. 2019,
Pujar 2022, Abd El-Monaem et al. 2024, Fan et al. 2024).

MB has been used as a redox indicator in chemistry and biochemistry for more than one
century (Clark et al. 1925). MB reversibly turns to colorless leucomethylene blue (LMB)
when the redox potential decreases (Pujar 2022). This implicitly means that the blue colour
alone indicates that MB reduction (Equation A.1) is not quantitative. Considering this
evidence, the presentation of the MB method has constantly segregated between "MB
discoloration" and "MB removal" (Miyajima 2012, Phukan 2016, Alyoussef 2019,
Tepong-Tsind é 2021). Despite this decade-old knowledge, largely published and
reviewed (Btatkeu-K et al. 2016, Konadu-Amoah et al. 2021) in the recent literature,
independent reports on MB reduction by Fe® (Equation A.2) are still published (Elkady et
al. 2019, Pujar 2022, Abd El-Monaem et al. 2024, Fan et al. 2024).
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MB +ne < LMB (A1)
Fe' © Fe* +2¢ (A.2)
MB + n Fex(OH),®*¥) = [MB[Fe(OH),®* Y]] (A.3)

The present works has reiterated that MB discoloration by Fe? is not possible while MB
discoloration by co-precipitation with solid iron corrosion products (Equation A.3) (Abd
El-Monaem et al. 2024) can be quantitative despite electrostatic repulsion between
cationic MB and positively charged FeCPs. From a pure thermodynamic perspective, Fe®
can exchange electron with MB because the elactrode potential of the Fe'/Fe® electrode
(E°=-0.44 V) is lower than that of MB (E° = —0.02 V). However, as discussed herein on
the basis of Whitney (1903), only H' can access the Fe° surface. In other words, reduction
of MB (Equation A.1), when it occurs, is mediated by other reducings agents, for example
structural Fe'' (White and Peterson 1996, Charlet et al. 1998, Liger et al. 1999, Mettler et
al. 2009). In fact, White and Peterson (1996) have reported that the elactrode potential of
adsorbed Fe"/Fe! ranges from —0.34 to —0.65 V, making structural Fe' a stronger reducing
agent than aqueous Fe?" (E° = 0.77 V). In some cases, (E <-0.44 V), structural Fe is even

a stronger reducing agent than Fe’.
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Appendix 2

Tables presenting all results used in the presentation

Experiment 1: Influence of CI- Concentration on MB Discoloration in Fe/H,O

Systems

NaCl = 0g/L
Run MB1 MB2 MB3 MB dMB MB1 MB2 MB3 MB dMB
() | (mglL) | (mgL) | (mgL) | (mg/L) | (mg/L) | (%) (%) (%) (%) (%)
1 4.7 2.4 4.6 3.9 1.3 51.0 75.0 52.1 59.4 13.5
2 4.2 6.1 4.5 4.9 1.0 56.3 36.5 53.1 48.6 10.6
3 3.6 2.8 3.7 34 0.5 62.5 70.8 61.5 64.9 5.1
4 6.2 53 4.9 5.5 0.7 354 44.8 49.0 43.1 6.9
5 5.3 6.1 4.7 5.4 0.7 44.8 36.5 51.0 44.1 7.3
6 7.1 6.8 7.7 7.2 0.5 26.0 29.2 19.8 25.0 4.8
7 7.7 7.8 6.7 7.4 0.6 19.8 18.8 30.2 22.9 6.3
8 83 8.4 8.7 8.5 0.2 13.5 12.5 9.4 11.8 2.2
9 8.6 8.9 8.1 8.5 0.4 10.4 7.3 15.6 11.1 4.2
10 9.6 9.4 9.4 9.5 0.1 0.0 2.1 2.1 1.4 1.2
NaCl = 8g/LL
Run MBI MB2 MB3 MB dMB MBI MB2 MB3 MB dMB
() | (mg/L) | (mg/L) | (mg/L) | (mgL) | (mgL) | (%) (%) (%) (%) (%)
1 7.0 7.0 7.2 7.1 0.1 27.1 27.1 25.0 26.4 1.2
2 8.1 8.1 7.9 8.0 0.1 15.6 15.6 17.7 16.3 1.2
3 8.4 8.2 8.1 8.2 0.2 12.5 14.6 15.6 14.2 1.6
4 7.6 7.8 7.4 7.6 0.2 20.8 18.8 22.9 20.8 2.1
5 8.6 8.3 8.4 8.4 0.2 10.4 13.5 12.5 12.2 1.6
6 9.0 8.9 9.0 9.0 0.1 6.3 7.3 6.3 6.6 0.6
7 9.0 9.1 9.2 9.1 0.1 6.3 5.2 4.2 52 1.0
8 9.0 9.3 9.2 9.2 0.2 6.3 3.1 4.2 4.5 1.6
9 9.4 9.4 9.1 9.3 0.2 2.1 2.1 5.2 3.1 1.8
10 9.4 9.6 9.5 9.5 0.1 2.1 0.0 1.0 1.0 1.0
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NaCl =40/L

Run MBI1 MB2 MB3 MB dMB MB1 MB2 MB3 MB dMB
() | (mgl) | (mgL) | (mgL) | (mg/L) | (mg/L) | (%) (%) (%) (%0) (%)
1 4.8 5.1 5.7 52 0.5 422 38.6 31.3 37.3 5.5
2 7.5 7.5 6.2 7.1 0.8 9.6 9.6 253 14.9 9.0
3 7.7 7.5 59 7.0 1.0 7.2 9.6 28.9 15.3 11.9
4 7.7 7.8 7.8 7.8 0.1 7.2 6.0 6.0 6.4 0.7
5 8.0 7.8 7.9 7.9 0.1 3.6 6.0 4.8 4.8 1.2
6 7.8 7.8 8.0 7.9 0.1 6.0 6.0 3.6 52 1.4
7 8.1 8.1 8.0 8.1 0.1 24 24 3.6 2.8 0.7
8 8.1 7.9 8.0 8.0 0.1 24 4.8 3.6 3.6 1.2
9 8.2 8.1 8.2 8.2 0.1 1.2 24 1.2 1.6 0.7
10 8.3 8.2 8.2 8.2 0.1 0.0 1.2 1.2 0.8 0.7
Experiment 2: Influence of CI- Concentration on Dye Discoloration in Fe'/H,O
Systems
MB
Run MB1 MB2 MB3 MB dMB MBI1 MB2 MB3 MB dMB
) | (mgl) | (mgL) | (mg) | (mgl) | (mgL) | %) | &) | &) | %) | (%)
1 5.5 32 5.0 4.6 1.2 42.7 66.7 47.9 524 12.6
2 6.8 6.7 6.4 6.6 0.2 29.2 30.2 333 30.9 22
3 6.6 7.1 6.9 6.9 0.3 31.3 26.0 28.1 28.5 2.6
4 7.1 7.2 7.1 7.1 0.1 26.0 25.0 26.0 25.7 0.6
5 7.0 7.2 6.5 6.9 0.4 27.1 25.0 323 28.1 3.8
6 7.1 7.0 6.8 7.0 0.2 26.0 27.1 29.2 27.4 1.6
7 7.2 6.5 7.0 6.9 0.4 25.0 323 27.1 28.1 3.8
8 7.2 7.6 7.2 7.3 0.2 25.0 20.8 25.0 23.6 24
9 6.9 7.2 7.1 7.1 0.2 28.1 25.0 26.0 26.4 1.6
10 7.1 5.8 52 6.0 1.0 26.0 39.6 45.8 37.2 10.1
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Run | MO1 | MO2 | MO3 | MO | dMO | MOl | MO2 | MO3 | MO | dMO
(-) | (mgl) | (mgL) | (mg/L) | (mg/L) | (mg/L) | (%) (%) (%) (%) (%)
1 49 2.4 22 32 1.5 490 | 750 | 771 | 670 | 157
2 6.1 6.3 6.4 6.3 0.2 36.5 | 344 | 333 | 347 1.6
3 7.6 6.9 7.2 7.2 0.4 208 | 28.1 | 250 | 247 3.7
4 6.6 7.5 7.1 7.1 0.5 313 | 219 | 260 | 264 4.7
5 7.5 7.3 7.3 7.4 0.1 219 | 240 | 240 | 233 1.2
6 8.2 7.1 7.3 7.5 0.6 146 | 260 | 240 | 215 6.1
7 8.0 7.6 7.4 7.7 0.3 16.7 | 208 | 229 | 20. 32
8 7.6 8.2 8.1 8.0 0.3 208 | 146 | 156 | 170 33
9 8.8 8.8 8.4 8.7 0.2 8.3 8.3 12.5 9.7 2.4
10 6.2 6.6 7.1 6.6 0.5 354 | 313 | 260 | 309 4.7

RR120

Run | RRI | RR2 | RR3 | RR | dRR | RR1 | RR2 | RR3 | RR | dRR
(-) | (mgL) | (mgL) | (mg/L) | (mg/L) | (mg/L) | (%) (%) (%) (%) (%)
1 5.2 4.1 3.5 43 09 | 458 | 573 | 635 | 556 9.0
2 3.7 5.6 5.8 5.0 1.2 61.5 | 417 | 396 | 476 | 12.1
3 5.8 6.3 6.4 6.2 0.3 396 | 344 | 333 | 358 33
4 5.9 6.2 6.3 6.1 0.2 385 | 354 | 344 | 36.1 2.2
5 6.6 6.6 6.7 6.6 0.1 313 | 313 | 302 | 309 0.6
6 6.6 6.4 6.5 6.5 0.1 313 | 333 | 323 | 323 1.0
7 7.1 6.7 6.7 6.8 0.2 260 | 302 | 302 | 288 2.4
8 7.3 7 6.9 7.1 0.2 240 | 27.1 | 281 | 264 | 22
9 8.3 8 8.9 8.4 0.5 135 | 16.7 7.3 12.5 4.8
10 7.9 5.8 6.6 6.8 1.1 17.7 | 396 | 313 | 295 | 11.0
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Run (0)101 Ol112 o113 (0)1} dOII Oll1 o112 o113 o1 dOII
() | (mglh) | (mg/l) | (mg/L) | (mg/L) | (mgL) | (%) (%) (%) (%) (%)
1 2.9 2.8 24 2.7 0.3 69.8 70.8 75.0 71.9 2.8
2 5.8 6.0 5.8 59 0.1 39.6 37.5 39.6 38.9 1.2
3 6.0 6.2 7.3 6.5 0.7 37.5 354 24.0 323 7.3
4 7.0 7.1 6.7 6.9 0.2 27.1 26.0 30.2 27.8 2.2
5 6.3 7.1 8.6 7.3 1.2 344 26.0 10.4 23.6 12.2
6 6.4 7.1 6.1 6.5 0.5 333 26.0 36.5 31.9 53
7 7.4 7.2 7.2 7.3 0.1 22.9 25.0 25.0 243 1.2
8 7.0 7.9 7.1 7.3 0.5 27.1 17.7 26.0 23.6 5.1
9 7.6 7.6 7.9 7.7 0.2 20.8 20.8 17.7 19.8 1.8
10 5.9 3.9 3.0 4.3 1.5 38.5 59.4 68.8 55.6 15.5
Experiment 3: Influence of Fe’ Dosage on Dye Discoloration in Fe’’H,O Systems
MB
Run System 7ZV1 Solution MB deltaMB MB deltaMB
©) (2) ) (mg/L) (mg/L) (%) (%)
1 None 0.00 ™ 9.60 0.10 0.00 1.04
2 Sand 0.00 ™ 5.63 1.44 41.32 14.96
3 ZVI1-Sand 0.05 ™ 430 0.79 55.21 8.27
4 ZVI1-Sand 0.10 ™ 3.43 0.31 64.24 3.18
5 ZVI1-Sand 0.20 ™ 4.33 0.32 54.86 3.35
6 ZVI1-Sand 0.40 ™ 2.77 0.40 71.18 4.21
7 ZVI1-Sand 0.60 ™ 2.27 0.21 76.39 2.17
8 ZVI1-Sand 0.80 ™ 1.57 0.47 83.68 4.92
9 ZVI1-Sand 1.00 ™ 1.67 0.50 82.64 5.24
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MB

Run System ZV1 Solution MB deltaMB MB deltaMB
“) (2 ) (mg/L) (mg/L) (%) (%)
1 None 0.00 SW 8.27 0.06 0.04 0.70
2 Sand 0.00 SW 6.77 0.67 18.18 8.05
3 ZVI1-Sand 0.05 SW 5.90 0.17 28.66 2.09
4 ZVI1-Sand 0.10 SW 6.03 0.51 27.05 6.21
5 ZVI1-Sand 0.20 SW 5.67 0.25 31.48 3.04
6 ZVI1-Sand 0.40 SW 4.53 0.65 45.18 7.87
7 ZVI1-Sand 0.60 SW 4.30 0.53 48.00 6.40
8 ZVI1-Sand 0.80 SW 3.97 1.05 52.04 12.70
9 ZVI1-Sand 1.00 SW 3.63 0.57 56.07 6.88
Run System ZV1 Solution MB deltaMB MB deltaMB
©) () ©) (mgl) | (mglL) (%) (%)
1 None 0.00 ™ 9.17 0.06 0.15 0.63
2 Sand 0.00 ™ 9.13 0.06 0.51 0.63
3 ZVI1-Sand 0.05 ™ 4.67 0.23 49.16 2.52
4 ZVI1-Sand 0.10 ™ 3.77 0.35 58.97 3.83
5 ZVI1-Sand 0.20 ™ 2.43 0.12 73.49 1.26
6 ZVI1-Sand 0.40 ™ 1.17 0.31 87.29 3.33
7 ZVI1-Sand 0.60 ™ 0.57 0.25 93.83 2.74
8 ZVI1-Sand 0.80 ™ 0.47 0.15 94.92 1.66
9 ZVI1-Sand 1.00 ™ 0.37 0.06 96.01 0.63
Run System 7ZV1 Solution MB deltaMB MB deltaMB
©) (2) ) (mgL) | (mgL) (%) (%)
1 None 0.00 SW 9.27 0.75 0.04 8.10
2 Sand 0.00 SW 9.60 0.10 3.56 1.08
3 ZVI1-Sand 0.05 SW 6.57 0.72 29.16 7.80
4 ZVI1-Sand 0.10 SW 7.00 0.62 24.49 6.74
5 ZVI1-Sand 0.20 SW 4.43 1.51 52.18 16.34
6 ZVI1-Sand 0.40 SW 2.73 0.40 70.51 4.36
7 ZVI1-Sand 0.60 SW 3.87 0.49 58.29 5.32
8 ZVI1-Sand 0.80 SW 3.50 0.26 62.24 2.85
9 ZVI1-Sand 1.00 SW 2.67 1.42 71.23 15.27
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Experiment 4: Influence of Fe’ Type on Dye Discoloration in Fe’/H,O Systems

MB
Run System Sand V1 Solution MB deltaMB MB deltaMB
) (2 () ) (mgL) | (mgl) | (%) (%)
1 None 0.00 0.00 ™ 9.37 0.15 0.14 1.63
2 Sand 0.50 0.00 ™ 6.10 1.21 34.97 12.93
3 ZVII1- 0.50 0.10 ™ 3.00 0.66 68.02 6.99
Sand
4 ZV12- 0.50 0.10 ™ 2.83 0.15 69.79 1.63
Sand
5 ZVI3- 0.50 0.10 ™ 3.53 0.42 62.33 4.44
Sand
6 ZV14- 0.50 0.10 ™ 5.47 1.00 41.72 10.68
Sand
MB
Run System Sand ZV1 Solution MB deltaMB MB deltaMB
“) (2 (€3] “) (mg/L) (mg/L) (%) (%)
1 None 0.00 0.00 SW 8.13 0.06 0.08 0.71
2 Sand 0.50 0.00 SW 6.30 0.26 22.60 3.25
3 ZVI1- 0.50 0.10 SW 5.67 0.32 30.38 3.95
Sand
4 ZVI12- 0.50 0.10 SW 3.87 0.71 52.50 8.72
Sand
5 ZV13- 0.50 0.10 SW 5.23 0.57 35.71 6.99
Sand
6 ZV14- 0.50 0.10 SW 6.30 0.61 22.60 7.47
Sand
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Run System Sand V1 Solution MB deltaMB MB deltaMB
Q) (2 (2 ¢) (mgL) | (mgl) (%) (%)
1 None 0.00 0.00 ™W 9.13 0.12 0.07 1.26
2 Sand 0.50 0.00 ™ 9.17 0.06 -0.29 0.63
3 ZVII1- 0.50 0.10 ™ 3.67 0.96 59.88 10.51
Sand

4 ZVI12- 0.50 0.10 ™ 1.03 0.42 88.69 4.56
Sand

5 ZV13- 0.50 0.10 ™ 1.27 0.57 86.14 6.22
Sand

6 ZVI14- 0.50 0.10 ™ 8.03 1.76 12.11 19.27
Sand
Run System Sand ZV1 Solution MB deltaMB MB deltaMB
©) () (2) ) (mgL) | (mgl) | (%) (%)
1 None 0.00 0.00 SW 9.77 0.06 0.03 0.59
2 Sand 0.50 0.00 SW 9.70 0.10 0.72 1.02
3 ZVII1- 0.50 0.10 SW 5.77 1.07 40.98 10.94
Sand

4 ZVI12- 0.50 0.10 SW 3.80 0.61 61.11 6.23
Sand

5 ZVI3- 0.50 0.10 SW 7.23 1.85 25.96 18.94
Sand

6 ZV14- 0.50 0.10 SW 7.90 1.25 19.14 12.78

Sand
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Experiment 5: The mechanism of MB discoloration in the presence of anions

Iron Carbonate Chloride Fluoride Phosphate Sulfate
Duration E delta E delta E delta E delta E delta

(day) (%) (%) (%) (%) (%) (%) (%) () | o | (%)
1 7.7 1.2 10.3 1.5 8.3 1.5 5.0 1.7 11.7 2.1
2 323 4.0 10.7 1.2 9.3 2.3 12.0 1.0 133 0.6
4 243 3.2 11.0 1.0 7.7 0.6 9.7 2.5 12.3 1.2
6 30.3 6.8 8.7 1.5 11.0 4.0 8.7 1.5 14.0 1.7
8 27.7 3.8 11.3 1.2 7.3 1.2 10.7 0.6 12.3 1.2
10 33.7 5.5 12.0 1.0 7.0 1.0 10.0 1.0 13.7 2.5
15 40.7 4.2 14.3 1.5 9.3 1.5 17.7 1.2 14.0 1.0
20 57.7 2.3 17.3 1.5 14.0 3.6 16.7 4.0 18.7 7.2
25 63.7 32 243 5.0 253 12.1 21.7 1.5 28.3 9.1
30 74.7 6.7 433 23 37.0 4.6 22.0 1.0 33.7 0.6

Carbonate Chloride Fluoride Phosphate Sulfate

Duration pH delta pH delta pH delta pH delta pH delta

(day) ) O 0 o] 6 [ o o] 6|6
1 9.1 0.0 8.0 0.0 8.2 0.0 8.6 0.0 8.1 0.0
2 9.1 0.0 7.9 0.0 8.3 0.0 8.6 0.0 8.2 0.1
4 9.1 0.0 8.0 0.0 8.3 0.0 8.6 0.0 8.3 0.0
6 9.1 0.0 8.0 0.0 8.3 0.0 8.6 0.0 8.3 0.1
8 9.1 0.0 8.1 0.0 8.2 0.0 8.6 0.0 8.3 0.1
10 9.1 0.0 8.1 0.0 8.3 0.0 8.6 0.0 8.4 0.0
15 9.1 0.0 8.1 0.0 8.4 0.1 8.6 0.0 8.5 0.0
20 9.1 0.0 8.3 0.0 8.5 0.1 8.6 0.0 8.5 0.1
25 9.2 0.0 8.3 0.0 8.5 0.0 8.6 0.0 8.4 0.1
30 9.2 0.0 8.2 0.0 8.5 0.0 8.6 0.0 8.3 0.0
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Experiment 6: Effects of common anions on the reactivity of Fe’/H,O systems

Iron | NaCl NaF NaHCOs3 Na,S04 Na;HPO,

Run Fe Delta Fe Delta Fe Delta Fe Delta Fe Delta
(-) | (mg/l) | (mgl) | (mg/L) | (mg/L) | (mg/L) | (mg/L)| (mgL) | (mgL) | (mgL) | (mgL)
1 0.26 0.02 0.28 0.02 0.07 0.01 0.25 0.09 0.13 0.01
2 0.26 0.01 0.25 0.02 0.07 0.01 0.18 0.03 0.14 0.01
4 0.26 0.02 0.29 0.03 0.10 0.03 0.20 0.08 0.15 0.02
6 0.28 0.05 0.33 0.04 0.09 0.01 0.14 0.02 0.14 0.01
8 0.32 0.02 0.52 0.03 0.12 0.01 0.14 0.02 0.13 0.01
10 0.32 0.02 0.59 0.02 0.14 0.03 0.17 0.03 0.14 0.01
15 0.48 0.14 0.84 0.02 0.16 0.06 0.15 0.01 0.14 0.01
20 0.26 0.04 1.01 0.02 0.18 0.01 0.13 0.01 0.15 0.00
25 0.28 0.03 0.98 0.09 0.24 0.02 0.13 0.01 0.14 0.01
30 0.30 0.06 0.85 0.03 0.32 0.05 0.14 0.02 0.19 0.07

E NaCl NaF NaHCOs3 Na,S04 Na;HPO4
Run Fe Delta Fe Delta Fe Delta Fe Delta Fe Delta
) (%0) (%) (%0) (%) (%) (%) (%) (%) (%) (%)
1 58.7 8.6 72.0 9.9 72.0 7.2 73.7 20.8 55.7 6.7
2 49.0 8.2 47.7 5.8 62.7 4.7 45.0 2.7 49.7 3.1
4 46.0 6.9 54.3 3.8 61.7 6.4 39.3 14.2 41.3 5.1
6 57.0 10.8 56.0 19.1 61.0 6.6 35.7 8.3 46.7 1.5
8 58.3 4.2 51.7 9.9 60.7 9.1 39.0 5.6 44.7 3.1
10 52.7 7.4 53.0 3.0 59.7 7.1 43.7 8.5 60.0 10.6
15 59.0 7.2 52.7 4.7 66.0 7.6 45.0 5.0 65.7 3.8
20 51.0 3.0 54.3 5.5 76.7 3.8 41.7 9.5 51.3 10.0
25 58.0 7.0 60.3 9.3 90.3 2.1 473 10.1 543 9.2
30 65.7 12.9 60.7 5.5 94.3 2.1 57.7 6.5 49.3 5.7
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NaCl NaF NaHCO:; Na,S04 Na;HPOy4
Run Fe Delta Fe Delta Fe Delta Fe Delta Fe Delta
() () () () () ) () ) () () ()
1 8.32 0.04 8.37 0.02 8.27 0.01 8.25 0.02 8.20 0.01
2 8.21 0.02 8.51 0.05 8.99 0.02 8.48 0.16 8.33 0.05
4 8.21 0.01 8.47 0.02 9.01 0.01 8.50 0.03 8.43 0.00
6 8.19 0.01 8.46 0.04 9.09 0.07 8.47 0.09 8.45 0.01
8 8.19 0.04 8.44 0.02 9.16 0.04 8.51 0.04 8.45 0.02
10 8.18 0.02 8.42 0.02 9.09 0.05 8.47 0.16 8.47 0.02
15 8.16 0.01 8.37 0.03 8.99 0.03 8.45 0.09 8.46 0.04
20 8.14 0.01 8.36 0.02 9.05 0.03 8.45 0.07 8.51 0.05
25 8.09 0.01 8.32 0.03 9.07 0.04 8.32 0.05 8.54 0.05
30 8.05 0.01 8.32 0.03 9.08 0.02 8.56 0.18 8.59 0.01
Experiment 7: Effects of the Fe® intrinsic reactivity
VAU ! ZVI12 ZVI13 7ZV14

E AE E AE E AE E AE

| | | | e | | o [ )

T™W 62.7 23.7 66.0 6.6 63.0 11.3 59.0 8.5

ClI 47.7 3.2 59.3 11.7 443 5.9 413 4.9

F- 43.3 8.1 52.3 4.0 31.0 5.0 45.0 6.6
HCOs 89.0 4.4 89.0 2.0 88.7 23 76.7 10.4
SO 56.7 6.8 55.7 12.7 60.7 14.5 43.0 11.3

HPO,~ 35.0 14.0 233 1.5 28.0 9.5 23.3 1.5
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Experiment 8: Effects of the nature of contaminants

MB Fe Delta E Delta pH Delta
(mg/L) (%) (%)

T™W 0.14 0.01 71.33 7.51 8.37 0.06
Cr 0.22 0.07 59.33 7.37 7.96 0.02
F 0.84 0.07 66 2.65 8.31 0.04

HCOs 0.32 0.07 95.33 0.58 9.14 0.06
SO4* 0.21 0.02 68.67 11.68 8.32 0.08
HPO4* 0.19 0.03 60 10.15 8.58 0.03
Fe Delta E Delta pH Delta
(mg/L) (%) (%)

W 0.15 0.01 83.67 3.21 8.25 0.02
Cr 0.18 0.01 78.33 4.16 7.94 0.01
F 0.83 0.08 80.33 8.33 8.26 0.06

HCOy 0.33 0.04 59 3.61 9.11 0.06
SO+ 0.26 0.11 72.33 5.51 8.25 0.09
HPO* 0.2 0.01 50.67 4.73 8.65 0.06
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