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Abstract

Elemental iron (Fe”) has been successfully tested and used for water treatment for decades
due to its worldwide availability and inexpensiveness. Fe'-based filtration technology has
been used for (i) environmental remediation (e.g. subsurface permeable reactive barriers) (ii)
wastewater treatment and (iii) safe drinking provision. The evidence that Fe’ oxidative
dissolution and subsequent precipitation at pH > 4.0 is a volumetric expansive process (Voxide
> Viron) implies that Fe” should be amended with non-expansive aggregates such as activated
carbon, manganese oxides, pumice or sand. Only such hybrid systems are likely to be
sustainable.

The present work focuses on the characterization of the ion selective nature of Fe’-based
filters using three azo dyes: methylene blue (cationic), Orange II and Reactive Red 120
(anionic). The dyes are used as indicators for the reactivity of Fe"/H,O system in both batch
and column experiments. The idea is to demonstrate that downwards from a Fe”/sand system;
available aggregates are in-situ coated with iron oxide, such that in the medium to long term,
the whole system is ion-selective. The selectivity being fixed by positively charged iron
oxides.

The characterization of the Fe’/H,O system is realized herein by amending (i) Fe” with sand
and MnO, in batch experiments and (ii) Fe’ with sand in column experiments. Sand is a pure
adsorbent with a negatively charged surface while MnO, is reactive in nature. MnO, addition
enables the control of the availability of in-situ generated iron corrosion products and thus the
role of corrosion product in the process of contaminant removal. The investigated systems in
batch mode are (i) pure sand, (ii) pure MnO,, (iii) pure Fe’, (iv) Fe’/sand mixture, (v)
Fe’’MnO, mixture and (vi) Fe’/sand/MnO, mixtures with various amounts of sand and MnO,
loadings. Column experiments were performed with the following systems: (i) pure sand (0 %
Fe"), (ii) pure Fe" (100 % Fe), and (iii) Fe’/sand (50 % Fe’- vol/vol).

Results of batch experiment showed that sand is a good adsorbent for MB and has negligible
effect on anionic dyes. MnO, also favors MB discoloration. Pure Fe’ favors discoloration of
both cationic and anionic dyes but shows best discoloration efficiency for Orange II. Among
the Fe” amended systems, the Fe"/sand system is most efficient for dye discoloration. The
discoloration efficiency in Fe’-based systems is 75 % for MB and > 95 % for Orange II and
RR120. Results confirmed quantitative adsorptive MB discoloration and negligible adsorption
of anionic dyes on negatively charged sand. Quantitative discoloration of the anionic dyes
(Orange II and RR120) in Fe’-based systems was attributed to high affinities of both species
to positively charged iron corrosion products. The ion selective nature of the Fe"/H,O system
is elegantly demonstrated.

Keywords: Dye discoloration, Fe’-based filters, Iron corrosion, Iron metal, Water treatment.
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1. Introduction

1.1 Motivation

Safe clean water is essential for the live but contamination of water sources is currently
observed in several regions of the world. Global intensified water contamination is due to
urbanization and industrialization. The source of water pollution is mainly due to increase use
of chemicals in many sectors including agriculture, domestic, health care, education, housing,
industry, research, textile and transport (Noubactep 2010a, Ali 2012, Chiu 2013, Ali 2014).

According to the WHO/UNICEF 2014 updates, since 1990 drinking water coverage in
developing nations have increased by 17 % which means that 89 % of the world population
had access to safe drinking water in 2012. About 56 % (4 billion) of the global population
have the privilege to enjoy piped drinking water connection. Despite of this significant
progress on safe drinking water, 748 million people still lack access to safe drinking water
and 173 million out of the huge number rely on untreated surface water particularly in small
communities in the rural areas where centralized drinking water systems are not available
(Shannon et al. 2008, Noubactep 2010a, Nitzsche et al. 2015, Noubactep 2011a, Ali 2014,
Tepong-Tsindé et al. 2015a). The world has achieved the Millennium Development Goal for
drinking water in 2010, but still 45 countries mostly in the Sub-Saharan Africa will fail to
meet this target by 2015.

Around the world, there is availability of different efficient methods of treating drinking water
such as adsorptive filtration, coagulation, electrocoagulation, membrane filtration, reverse
osmosis. However, most of these methods are expensive and consume a great amount of
energy. Adsorptive filtration using activated carbon, alumina, titania, porous titania aerogels
(Abramian et al. 2009) are proven sustainable water treatment technologies but its drawbacks
are (i) requires extensive pretreatment (ii) it attracts not only contaminant but also dissolved
organic matter which may be harmless (iii) constant monitoring is required to ensure the
reactive doses are high enough to adsorb all contaminants and (iv) can be used for short-
termed treatment responses of poor water condition such as taste and colour deficiencies.

There is urgency for an affordable but efficient approach to treat water for safe drinking
purpose (Bhaumik et al. 2015). Sand filters amended with up to 50 % (vol/vol) metallic iron
(Fe’) have been discussed in the literature as a powerful tool for water treatment at
decentralized level (Noubactep et al. 2009a, Noubactep et al. 2009a, Noubactep 2014a,
Noubactep 2014b, Noubactep 2015a, Noubactep 2015b, Tepong-Tsindé et al. 2015a). Such a
technology would be ideal for rural areas of the developing world. Fe’/sand filters have the
ability to quantitatively remove (i) wide range of chemical contaminants (organic and
inorganic in nature) (Henderson and Demond 2007, Noubactep 2009a, Guan et al.2015) and
(i1) pathogens (bacteria and viruses) (Bojic et al. 2001, Bojic et al. 2004, You et al. 2005,
Noubactep 2011b). Additionally, the Fe"/sand filter system is (i) cost effective, (ii) easy to
maintain, (iii) could de designed to be gravity driven (no power requirement) and (iv) F e’ and
sand are potentially abundantly available and affordable. Fe%/sand filters can be easily



designed to deserve household and small communities with safe drinking water (Noubactep et
al. 2012, Rahman et al. 2013, Nitzsche et al. 2015, Tepong-Tsind¢ et al. 2015a).

1.2 Fe'-based filtration systems

Fe'/sand filters (e.g. amended with sand) have been successfully used in the permeable
reactive barriers (PRBs) for groundwater remediation (O’Hannesin and Gilham 1998
Henderson and Demond 2007, Comba et al. 2011, Gheju 2011). Here, Fe’ is mainly regarded
as reducing agent for contaminant degradation or reductive immobilization. However,
documented results disproved the view that contaminant reductive transformation is the
cathodic reaction accompanying Fe” oxidative dissolution. (Noubactep 2007, Jiao et al. 2009,
Noubactep 2008, Ghauch et al. 2010, Noubactep 2010a, Ghauch et al. 2011, Gheju and Balcu
2011, Noubactep 2011b, Noubactep et al. 2011, Scott et al. 2011, Crane and Noubactep 2012,
Noubactep 2012a, Noubactep 2012b, Togue-Kamga et al. 2012, Btatkeu-K et al. 2013,
Gatcha-Bandjun and Noubactep 2013, Kobbe-Dama et al. 2013, Noubactep 2013b,
Noubactep 2013b, Noubactep 2013c, Noubactep 2013d, Gatcha-Bandjun et al. 2014,
Noubactep 2015a, Noubactep 2015b, Noubactep 2015¢). Fe%/sand filters are also used for on-
site water treatment and household filters (Hussam and Munir 2007, Ngai et al. 2007, Aviles
et al. 2013, Kowalski and Sogard 2014, Wenk et al. 2014). In this context Fe’ is used both as
reducing agent and generator of iron oxides to improve contaminant removal in sand filters.
But more systematic research is required to optimize the technology as a whole.

1.2.1 Sustainable Fe’-based filters

Recent works (Caré et al. 2013, Domga et al. 2015 and ref. cited therein) have
established/recalled that Fe” undergoes volumetric expansion (Pilling and Bedworth 1923),
making pure Fe’ systems non-sustainable. Fe” requires free space to quantitatively undergo
corrosion. In the absence of space, clogging occurs and corrosion stops (Caré et al. 2013).
When corrosion stops, the filter is no longer useful. In order to render a Fe” filter more
sustainable, the Fe” amount is minimized by admixture with non-expansive materials
(Noubactep 2013d, Noubactep 2015c¢). An alternative approach is to manufacture porous Fe’
materials (Hussam and Munir 2007, Rahman et al. 2013, Allred and Trost 2014). Sand has
been tested and used as the most suitable admixture (Kaplan and Gilmore 2003, Westerhoff
and James 2003). Sand is comparatively cheap, non-reactive and porous. The volumetric
proportion of Fe” should not exceed 50 to 60 % according to calculation by Caré et al.
(2013). Theoretical and experimental works have demonstrated that the optimal volumetric
Fe’: sand ratio is 25:75 (Miyajima 2012, Bilardi et al. 2013, Noubactep 2012a, Noubactep
2013a, Noubactep 2013b, Noubactep 2013c, Noubactep 2013d, Btatkeu-K et al 2014a,
Btatkeu-K et al 2014b, Tepong-Tsindé et al. 2015a).

1.2.2 The selectivity of Fe'-based filters

The evidence that there is no Fe"/H,O stability domain in natural water (Pourbaix diagram)
recalls that there are at least two interfaces in a Fe"/H,O system: (i) the Fe’/Fe oxide and (ii)



the Fe oxide/H,O interfaces (Sato 2001). This implies that a dissolve contaminant must first
adsorb onto Fe oxides (corrosion products) before it migrates to the Fe’ surface. Theoretically
this is possible but practically it has been observed that even oxygen reduction under
environmental conditions is not the cathodic reaction coupled to Fe’ dissolution (Stratmann
and Miiller 1994). In other words, Fe' is oxidized by water (producing Fe** and H/H,) and O,
is reduced by Fe?". Thus reductive transformations in Fe’’H,O systems mainly occur in the
oxide scale on Fe’ (Fe oxide). This observation is well-documented in the corrosion literature
(Sato 2001) but has been mostly overseen in the Fe' remediation community. Since the
seminal work of Matheson and Tratnyek (1994), the selectivity is considered to be governed
by the redox reactivity of dissolved species (including contaminants).

1.3 Objective of the thesis

The aim of the current study is to characterize the ion selective nature of Fe’-based systems
for water treatment and environmental remediation. Three dyes are used in batch and column
experiments: methylene blue (MB), Orange II and reactive red 120 (RR 120). MB is cationic
in nature whereas Orange II and RR 120 are anionic. Orange II and RR 120 largely differ in
size, thus beside the ion selectivity (anionic vs. cationic) this study aims at characterizing
steric effects as well.

1.4 Methodology

The extent of dye discoloration was used to assess the impact of sand and manganese oxide
(MnO,) addition on the reactivity of Fe” in quiescent and shaken in batch experiments. Sand
is an inert additive. MnQ; is a reactive additive controlling the availability of ‘free’ corrosion
products. Observations from batch experiments are fine-tuned in column experiments, limited
at investigating the impact of sand addition on the efficiency of Fe’. The efficiency of
individual columns was characterized by the time-dependent evolution of: (i) the pH value,
(i1) the iron breakthrough, (iii) the dye breakthrough and (iv) the hydraulic conductivity
(permeability). The results are comparatively discussed.

1.5 Outline of the thesis

The present work is a part of on-going research activities on designing sustainable Fe’-based
filters. The preliminary part of the work was reviewing of the theoretical background of the
process of contaminant removal by Fe’/H,O systems including the mechanisms of iron
corrosion which are presented in Chapter 2. Chapter 3 presents used materials and
rationalized their use. Chapter 4 elaborates the experimental procedure for batch and column
experiments. The results are discussed in the Chapter 5. Finally, Chapter 6 gives an overview
on achieved results and their significance of the scientific community. Here some tools for the
continuation of the work presented herein are given. Finally, Chapter 7 ends the work with a
short epilogue.



2. Theory

2.1 Aqueous iron corrosion

Iron corrosion under environmental conditions is the process of oxidative iron dissolution (Fe’
to Fe*") followed by the formation of layers of mixed iron oxides (iron corrosion products)
around the parent material (Fe”). Involved chemical processes include: (i) partial or total
oxidation of Fe''to Fe'", (ii) formation of Fe"/Fe™ hydroxides, (iii) polymerization of Fe'/Fe"
hydroxides and precipitation and crystallization of Fe"/Fe' hydroxides/oxides. In this chain
Fe” is first transformed to nebulous hydroxides and then to more or less crystalline oxides
(Nesic 2007). The volume of each oxide is at least 2.02 times larger than that of the parent Fe’
(Noubactep 2010a, Noubactep 2011a, Rahman et al. 2013, Domga et al. 2015). In another
phrase, a volumetric expansion of the iron metal in aqueous solutions occurs, leading to the
development of an oxide scale around the parent material.

Fe® —» Fe?t JFe3* (H,0)4 - Fe?*/ Fe3*(OH),, » FeOOH — Fe,0; — Fe;0, [2.1]
Or in case of insoluble species (Noubactep 2010a, Noubactep 2011b)
Fe® - Fe(OH),/Fe(OH); - FeOOH - Fe,0; — Fe;0, [2.2]

Table 1: Some relevant chemical reactions characterizing aqueous iron corrosion.

Reactions Eq.

Fe® & Fe?t + 2e~ [2.3]

Fe?* + 2H,0 & Fe(OH), + 2H* [2.4]
4Fe*™ + 0, + 4H' > 4Fe3t + 2H,0 [2.5]
Fe® + 2HY & Fe?* + H, [2.6]

In essence, iron oxidative dissolution is an anodic reaction (donation of electrons). Fe*' is
release into the solution (Eq. 2.3, Table. 1), the electrons left behind migrate to cathodic sites,
where a coupled or simultaneous reduction occurs. The science of aqueous iron corrosion
teaches that the cathodic reaction coupled to iron oxidative dissolution Eq. (2.3) is water
reduction Eq. (2.4) (Stratmann and Miiller 1994). In particular, even dissolved oxygen (O,) is
reduced by Fe' in (Eq. 2.5) within the oxide scale on iron (Togue-Kamga et al. 2012, Gatcha-
Bandjun et al. 2014). Another reducing agent resulting from iron oxidative dissolution is
hydrogen (atomic H, or molecular, Hy) (Gould 1982, Gheju and Balcu 2011) (Eq. 4). In
another phrase, Fe' is a reducing agent in which aqueous oxidative dissolution generates two
other reducing agents (Fe", H,) in Eq. (2.6). Since 2006, some scientists are arguing, in tune
with the mainstream corrosion science, that the well-documented reduction of selected species
in the presence of Fe’ (Fe’/H,0 system) (Matheson and Tratnyek 1994, Weber 1996, Roberts
et al. 1996, O’Hannessin and Gillham 1998) has been confounded with reduction by Fe’
(Noubactep 2006, Noubactep 2007 Jiao et al. 2009, Ghauch et al. 2010, Ghauch et al. 2011,
Gheju and Balcu 2011, Togue-Kamga et al. 2012, Ghauch 2013, Noubactep 2014a,




Noubactep 2015b, Noubactep 2015¢). This assertion is valid for nm, pm and mm Fe’
materials.

2.2 The electrochemical cell

The zone at which corrosion occurs have four important components (i) an anodic site where
metal is dissolved (Eq. 2.3) in Tab. (1), (ii) an electrolytic solution where metal ions are
released and transported from the anode to the cathode in order to maintain electro neutrality,
(iii) a cathodic site where electrons left behind by metal dissolution are consumed, and (iv) a
path for electron conduction: the non-corroded metal. During corrosion process the corroding
material does not bear or accumulate any charge and hence neutrality is maintained. In the
absence of any of the component (anode, cathode, electrolyte or metal) corrosion fails to
occur. In particular, the formation of the oxide scale might hinders electron transfer from the
anodic to the cathodic sites if it is not (electronic) conductive. Electronic conductive corrosion
layers, under environmental conditions should be made up of Fe;O4 only. Such a pure Fe;04-
layer has not been reported in the literature. In essence the oxide scale is multi-layered with an
outer layer of non-conductive Fe'" oxides, and a Fe;Oy4-layer adjacent to the metal (Cohen
1959, Sato 1989, Noubactep 2008a, Noubactep 2012a, 2012b, Noubactep et al. 2012a, 2012b,
2012¢) As a matter of fact; the scale growth decreases the rate of iron corrosion. In presence
of oxidants in the bulk water the released iron (Fe’") is oxidized to Fe'-species which form
suspended particles due to their low solubility (Liu and Millero 1999).

2.3 Oxide scale and mass transport

Based on historical reports (Larson 1957, Herro and Port 1993, Sarin et al., 2001) scale
structure around the Fe’ surface due to iron corrosion have significant four characteristic
layers of oxide films as (i) corroded floor, (ii) porous core where both fluid and solid coexist,
(ii1) shell-like structure, relatively denser covering the porous core serving as structural
integrity of the shell and (iv) top surface layer, located at the shell-water interface and loosely
attached to the shell surface shown in Fig. 1. The corroded floor is the source of iron
corrosion products. After the formation of the typical scale the further corrosion of the
corrosion floor proceeds at a slow and constant rate (approximately 0.5mm y™') causing
continuous growth of the scale (Herro and Port 1993). The porous core consists of
agglomerate of small particles of different morphologies According to Sarin et al. (2001,
2004a, 2004b), the composition of the porous core are a-FeOOH, Fe;04, a-Fe,O3 and FeCOs3
and high concentration of Fe** in the form of solid or dissolved iron (Sarin et al., 2004b). The
presence of green rust, ferrihydrite and ferric hydroxides might be expected inside the core.
The shell like structure is comparatively thicker than core and top layer and the thickness was
found to vary from fractions of millimeters to a few millimeters (Clement et al. 2002). The
composition of the shell structure is Fe;O4 and a-FeOOH (Sarin et al. 2001) and this layer
separates the bulk water from readily oxidizable Fe** ions and solid matter present in the
tubercle. There is a possibility of occurrence of multiple shell layers due to successive
fractures in the single shell layer. These fractures are results of expansions and contractions
caused due to change in the temperature (Herro and Port 1993). The top layer exists in the



scale water interface and it is influenced by the water quality. This layer might comprise of
lepidocrocite and amorphous Fe(OH); in addition to precipitates of the unwanted ions.

Typically there is a tendency of the solution to migrate towards the surface of the Fe’ in an
aqueous solution. This phenomenon is known as “mass transport”.

Core metal

Fig 1: Schematic diagram showing migration of (i) contaminants-X, (ii) dissolved oxygen
(DO) (iii) electron(e’) (iv) ferrous iron(Fe2+) (v) hydrogen in the vicinity of immersed metallic
iron (adapted and modified after Sarin et al. 2004b).

2.4 Diffusion and advection

Mass transport occurs in two distinctive modes under environmental conditions namely
diffusion and advection. Diffusion is the mass transport due to random fluctuations of
molecules or in other words it is the movement of molecules due to concentration gradients
(Karmanova et al. 2002). On the contrary advection is caused by mean velocity field or due to
fluid flow (Honrath et al. 1995). In the present experiment diffusion is caused in the non-
shaken batch experiment in which the contaminant molecules are fluctuating randomly and
being transported towards the surface of the reactive material from the bulk solution. The
contaminant molecules are treated in the vicinity of the reactive material and hence it builds a
concentration gradient driving the remaining contaminant molecules to plunge on to the
surface of the reactive system. The availability of the contaminants in the system after the
reactive period depends on its concentration amount or the saturation of the reactive material.



Advection acts a major role in the shaken batch experiment and the contaminant molecules
move towards the reactive substance in a faster mode than by diffusion (Kurth 2008).

Under groundwater flow condition, advection is dominant near the oxide film layer but large
flow scale is restricted near the Fe’ surface due to presence of tubercle. Tubercle are mounds
of rust formation due to corrosion (Sarin et al. 2004a) and thereby turbulence is absent in the
vicinity of Fe’ surface (Noubactep 2009b, Noubactep et al 2009b, Noubactep et al 2009c,
Noubactep 2010b, Noubactep 2012b). The migration of the contaminants across the oxide
film is mainly due to molecular diffusion and electro-migration depending on the pore
structure and tortuosity (film permeability) (van der Kamp et al. 1996, Nordsveen et al. 2003).
The electrochemical reactions in aqueous iron corrosion process produces Fe** ions and
simultaneously deplete O,, H' ions and contaminants in the purlieu of Fe’. This process
develops concentration gradients of the species and contaminants across the oxide film and
hence they tend to move towards or away from the surface of the Fe’, in other words there is
occurrence of molecular diffusion (Noubactep 2008b, Gunawardana et al. 2011). The
molecular diffusion separates the charges by short range but there is a presence of strong
attractive forces between oppositely charged species and hence this separation cause
movement of electrons, i.e. there is transfer of electrons from Fe” surface to the bulk solution
and contaminants across the oxide film. Hence, the oxide film is potentially an electron
conductor, but only if it is conductive (e.g. made of Fe;Oy).

2.5 Contaminant removal in Fe’/H,0 system

According to historical studies a broad array of species of contaminants such as organic,
inorganic, ionic, non-ionic, and neutral and even living species (microorganisms) can be
efficiently reduced or removed in Fe’/H,O systems. So this draws to a sensible conclusion
that mechanism of contaminant removal depends on the iron corrosion process rather than
specific properties of the contaminant itself (Noubactep 2007, Noubactep 2008a, Miyajima
2012, Noubactep 2012a, Noubactep 2012b, Noubactep 2013a, 2013b, 2013c). As stated
earlier (§ 2.1), the cycles of volumetric expansion/contraction characterizing aqueous iron
corrosion lead to the entrapment of contaminants in the matrix of corrosion products. There
are two paths for ending the cycles of volumetric expansion/contraction: (i) Fe’ is exhausted,
and (ii) the pore space is filled (clogging) (Noubactep et al. 2010b).

Adsorption, co-precipitation and adsorptive size exclusion are the three mechanisms that
explain the removal of contaminants by aid of iron corrosion in the Fe’/H,O system
(Noubactep 2007, Noubactep 2008a, Ghauch et al. 2011, Gheju and Balcu 2011).

Fe is oxidized to Fe" species when it is immersed into solution when pH > 4.5 releasing part
of it into the bulk solution and the remaining gets converted to Fe (III) and hence precipitates
as it reacts with the contaminants present in the solution. Along with precipitation, occurrence
of co-precipitation is viable as the contaminant might get adsorbed in the oxide film and
entrapped in the emergent matrix of the corrosion products or even on the mature corrosion
product surface bearing high adsorption capacity. So it is observed that adsorption,
precipitation and co-precipitation are tough to distinguish since it is related to each other



(Miyajima 2012). But then again these mechanisms have been argued over the differences of
their geometry of the adsorbents surface, where co-precipitation is believed to be three-
dimensional process and more effective than plain adsorption (Crawford et al. 1993). Further
the adsorbed or co-precipitated contaminants are directly reduced by (Fe”) or indirectly
reduced by Fe''. However, reduction by indirect process is more favorable than direct process.
In history, reduction was considered the excellent method or way of removing contaminants
from the solution but recent researches support adsorption and co-precipitation over
reduction. The cause for accepting adsorption and co-precipitation as fundamental process for
the contaminant removal is due to the requirement of sheer chemical reductions for the class
of quantitatively removed contaminants without redox properties. So the removal of
contaminants can be well explained by the adsorption and co-precipitation process by their
dynamic mechanism (Noubactep 2011a) and hence these two mechanisms are considered the

primary processes in the removal of contaminants in the company of adsorptive size exclusion
(Table 2).

Table 2: The possible reaction pathways in the removal of contaminants from the aqueous
solution is shown in table (cited from Noubactep, 2009a)

Mechanism Reaction Eq.

Precipitation 0x(aq) + nOH™ © Ox(OH)p s [2.7]

Adsorption S(sorption sitey T 0x © S — Ox [2.8]

Co-precipitation Ox + nFe, (OH), ™ & 0x — [Fe, (OH), ] [2.9]
n

2.5.1 Adsorption

The role of adsorption is stated earlier in this thesis in which an adsorbate and adsorbent plays
the fundamental role at an interface between two phases such as liquid-liquid, gas-liquid, gas-
solid, liquid solid interfaces. But in the Fe’/H,0 system interface between liquid and solid is
of prime importance. The mechanism of adsorption helps the contaminants to adhere to the
surface of the oxide film due to chemisorption or physical sorption. Chemical sorption occurs
due to the reaction between the adsorbate and adsorbent which forms a covalent bond and
requires high energy to break the bond. Physical sorption is due to electrostatic forces or
weaker Van der Waal forces and hence low energy is sufficient to break the bonds (Miyajima
2012). In functional barriers both adsorption into aged corrosion products and co-precipitation
with nascent iron oxides occur (Noubactep 2007) controlling the concentration of
contaminants in the aqueous solution.

The adsorption capacity depends on the structural, physical and chemical properties of the
adsorbent and adsorbate and the liquid phase conditions (Ghosemi et al. 2007) and one of the
important structural characteristics of the adsorbent is its specific area (Smith et al. 1983).

The specific surface area is given by

S=YN.A[m’g"] [2.10]




S= specific surface area (m*g™)

Y= adsorbed dye ( mol g™

N= Avogadro’s number (6.023* 10* molecules mol™)
A= area covered by each molecule (m’molecule )

Depending on the adsorption process, kinetics of adsorption might be described based on
Langmuir or Freundlich isotherms which are valid only in equilibrium. Adsorbate might form
a monolayer on adsorbent e.g. MB on granular activated carbon or might form aggregated on
the surface of the adsorbent depending on the physical properties of the adsorbent (Richards
et al. 1996). In some of the adsorbents depending on the nature of the adsorbate, desorption
might occurs (Imamura et al. 2002). Desorption of MB occurs from a pure sand system
(Phukan et al. 2015)

2.5.2 Co-precipitation

There is yet no clear distinction between co-precipitation and adsorption. According to
Crawford et al. (1993) co-precipitation ameliorates the removal process of the contaminants
from the solutions than direct adsorption. It can only be effective until the availability of free
corrosion products during the aging of Fe’ (Noubactep 2008a). Co-precipitation is a
mechanism in which soluble species or impurities (which include living bacteria, viruses) are
removed from the solution leading to settling of the impurities. Moreover, these impurities
gets deposited or entrapped in the matrix of the continuously formed corrosion products
(Crawford et al. 1993). The precipitation of the corrosion products continues by nucleation,
growth, aggregation or stabilization and ageing of the corrosion products. The nucleation
process is heterogeneous and incorporation of the contaminants leads to its growth (Kurth
2008). In Fe"/H,O systems, the foreign bodies lead to co-precipitation in presence of iron
oxide film and the contaminants undergone co-precipitation and are released when iron oxide
gets dissolved but the new layer formation of iron oxide again entraps the impurities and
hence refrains it from getting mixed with the solution (Miyajima 2012).

2.5.3 Adsorptive size-exclusion

This mechanism in simple words is known as ‘straining’ and is relevant to the particle size of
the impurities and the pore of the filter. When the particle size is bigger than the filter pore
than it gets strained in the outer layer of the filtration system and cleaner water or solution is
passed through. When the particles get accumulated continuously than there is a development
of a cake layer whose void size is smaller than the void size of the filter itself and hence it
aids in straining even more infinitesimal particles (Miyajima 2012).

In Fe’/H,0 systems, the targeted contaminant is continuously adsorbed onto the in-situ
generated adsorptive corrosion product and it is observed as a trickledown effect (Keeney-
Kennicutt and Morse 1985) and layer of oxide formation in the Fe” surface is of prime
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importance. The working of the system of Fe’/H,O has also been investigated by mixing
process to facilitate the contaminant from the bulk to the Fe’ surface. But the mixing process
inevitably transports the corrosion products (including Fe' species) away from the Fe’ surface
which either delays the formation of oxide layer or in some cases avoidance of oxide layer
formation is observed (Noubactep et al. 2009a, Noubactep 2015¢).

2.6 Packed bed design (Fe’ amended sand filter)

As it was discussed in the earlier section the corrosion process in Fe’’/H,O system was
dependent on number of factors (DO, pH) of the solution. Water treatment using Fe’-amended
filtration system might be not sustainable (durable) due to porosity loss (clogging). Clogging
is caused due to (i) adsorption of fouling material, (ii) bio-corrosion, (iii) particle cementation
or cake formation, and (iv) volumetric expansion of iron corrosion (Noubactep 2010d).

The volumetric expansion of the iron corrosion has been a major factor which leads to
clogging of the system within a short duration. In order to resolve this problem Fe' filter can
be amended with a porous and chemically inert material like sand. Sand increases the void
volume and allows the iron corrosion species to reside on its intra particles space and thus
increasing the life of the filter system. But the main positive aspect of sand admixture is that it
does not contribute to porosity loss as it is inert and not expansive.

Contaminant removal mechanisms are adsorption, co-precipitation and size exclusion.
Removal of relevant contaminants occurs mainly in the reactive zone (Fe/sand layer). In the
Fe’ containing zone adsorptive size exclusion is a major removal mechanism due to expansion
and contraction of the iron corrosion cycle and entraps the contaminants in the relatively less
porous matrix of the iron corrosion mainly termed as ultrafiltration (Noubactep 2010d).
Therefore it is necessary to keep the void space in Fe” amended system wide enough for the
expansion and contraction process.

The design of the column has been proposed as to be sandwich like structure in which the
reactive mixture is located in between two layers of pure sand material. In order to have a
homogeneous mixture of Fe and sand in the column experiment the height of the sand have to
be at least 5 cm (i.e hgz> 5 cm) (Noubactep and Caré 2011). The volumes and masses of the
iron material were already calculated (Miyajima and Noubactep 2013). The necessity of the
pure sand layers is to (i) characterize the interaction between sand and dyes and (ii) as an
inexpensive filling material for the column.
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3. Materials and Methods

3.1 Solutions

The aqueous solutions used in the present work are (i) three dyes solutions (ii) an iron
standard solution (1000 mg L™).

3.1.1 Dyes

The dyes used are methylene blue (MB), Orange II and reactive red 120 (RR 120) purchased
from Merk Acros Organics and Sigma Aldrich respectively. These dyes are used as received.
The molar concentration of the working solution is 31.5 um corresponding to initial weight
concentrations of 10 mg L', 11 mg L™ and 46.3 mg L™ of MB, Orange II and RR 120
respectively. The selected dyes are of analytical grade, are dissimilar in sizes and have
different affinity to iron oxides (Table 3). RR 120 is larger in size, whereas other two are of
comparable sizes (Fig 2).

The working solution was prepared by diluting a 100 fold concentrated solution with tap
water of Gottingen whose pH is 8.2 and its average composition was in mg L™ (CI": 12.9;
NOs: 7.5; SO, : 35.5; Na": 9.7; K": 0.9; Mg2+: 8.2; Ca”": 37.3). The concentration of dye
used here is selected to approach the concentration range of micro-pollutants in natural waters
(dyes as model micro pollutants, concentrations non representative for industrial wastewater).

Table 3: Some relevant physico-chemical characteristics of tested dyes. The dye molar
concentration was 31.5 M. The corresponding weight concentrations (mg L) of individual
dyes are specified.

Dye Symbol Nature M Mmax [Dye]
(pH82) | (gmol) | (nm) (mg L)

Methylene blue MB cationic 319.85 664.50 10.10
Orange 11 - anionic 350.32 485.00 11.00
Reactive Red 120 | RR 120 anionic 1469.98 | 515.00 46.30
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Fig 2: Chemical Structure and molecular weights of the used azo dyes (a) methylene blue
(MB) (b) Orange II (c) reactive Red 120(RR 120).

3.1.1.1 Methylene Blue (MB) - C16H13CINS

Methylene Blue is a heterocyclic aromatic compound and is a cationic dye. In its original state
at room temperature it is solid, odorless, dark green powder. The molecular dimension of MB
is 16.0 A length, 8.4 A breath and minimum thickness of 4.7 A (Kipling and Wilson 1960). It
has a pKa value of 3.8. MB has a high adsorption affinity for solid surface (Imamura et al.
2002) especially for oppositely charged surfaces (Janos et al. 2005). In its oxidized form the
colour changes from dark green to deep blue colour and in its reduced form it changes to
colorless also called as leukomethylene blue LMB. The wavelength of MB is 664.5 nm
bearing molar mass of 319.85 g mol™.

3.1.1.2 Orange I1- C16H11N2N304S

Orange II is a one of the form of Orange 7 which is an acid dye and it also comes under azo-
group (mono-azo). Its length, breath and thickness is 15 A, 10 A and 5 A. Orange II has two
pKa values (10.6 and 1.0) and thus three different form of azo dye could exist in the aqueous
solution depending on the pH of the medium(Abramian et al. 2009). It is water soluble mostly
in the form of sodium salts of carboxylic and sulfonic acids. Solubility in water is 116 g L™ at
30° C. Its wavelength is approximately 485 nm. It is an anionic dye and strongly gets attach to
the cationic groups of solid surfaces. The molar mass of Orange II is 350.32 g mol
(Ramavandi et al. 2013).
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3.1.1.3 Reactive Red 120 - C44H24C12N1402086N216

RR 120 is a form of azo-group chromophores which when combined with different classes of
reactive groups form covalent bonds with textiles like cotton. The pKa value of this dye is
12.5. Tt generally exists in hydrazine form due to the intra-molecular H-bonding (Jhimli et al.
2011). It is bright colored and consumes low energy. These dyes are stable to light, heat and
oxidizing agent. They are non-degradable by biological activity. RR 120 is majorly used in
textile industries (Dafale et al. 2008).

Figure 2 summarizes the chemical structures and the molecular weight of the dyes is
presented and it is observed that the size of RR 120 is comparatively larger than the other two
dyes.

3.1.2 Iron solution

In the column experiment, additional Fe concentration is measured which is dissolved in the
outflow solutions. The iron determination followed the 1,10 Orthophenanthroline method
(Fortune and Mellon 1938) commonly used for colorimetric analysis of Fe in solution. The
Fe(IIl) species in the solution is reduced to Fe(Il) by ascorbic acid and further Fe(IT) under
goes complexation process with the aid of Orthophenanthroline. The Fe solution to measure
dissolved Fe concentration in the effluent dye solution is prepared as follows

10 mL probe/sample +1 mL Ascorbic acid + 2*4 mL H,O + 1 mL Orthophenanthroline

Fe (1) Fe (Il

(Reduction) (Complexation)

Fig 3: Preparation process for measurement of Fe concentration in solution

After vigorous shaking the samples are allowed to react in an undisturbed condition for 15
minutes before the spectrophotometric concentration measurement.

3.1.1.4 Other Solutions

In order to measure pore volume in the pure sand column in the column experiment, a
concentrated solution of NaCl (278 uS cm™) solution was passed through the pure sand
column. The electrical conductivity of the effluent solution was measured for each collected
volume of the effluent. The electrical conductivity of the effluent solution is initially that of
tap water and increases as water is progressively replaced from the pore volume (inter-
granular porosity). The electrical conductivity of the effluent remains constant when all water
is flushed from the column. The point for NaCl breakthrough corresponds to the pore volume
(PV) of the column. It is considered herein, that the Fe’-containing columns depict the same
value of PV.
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3.2 Solid Materials

The investigated systems include single aggregates (Fe’, MnO,, sand) or selected mixtures
thereof (F eO/sand, FeO/MnOz, and F eO/sand/MnOz).

3.2.1 Metallic Iron (Fe)

Fe’ is the main material to be characterized in this study. The used commercial sample is
obtained from iPutechGmbh (Rheinfelden, Germany). The size of the Fe” particles varies
from 0.30 mm and 2.0 mm in the form of fillings and was used without any further
pretreatment. The composition of the elemental iron was C: 3.52%, Si: 2.21%, Mn: 0.93%,
Cr: 0.66% and Fe: 92.68%. The discoloring effect for MB by Fe is proven by Noubactep
(2009b). A second type of Fe’ is used in the batch experiment which is referred as “ZVI2”.
The composition of ZVI2 was C: 3.13%. Si: 2.17%. Mn: 0.36%. Cr: 0.077% Ni: 0.056% and
Fe: 96.7%.

3.2.2 Sand

Sand used in the experiment is commercial aviculture product known also as “Papageiensand”
(RUT — Lehrte/Germany). The size of the sand particle varies from 0.5 mm to 2.0 mm.
“Papageiensand” is used as a pure adsorbent without any pretreatment. Due to its natural
abundance, sand is commonly used in the Fe’/H,O system as an admixture (O’Hannesin and
Gilham et al. 1988).

3.2.3 MnO,

Manganite is a natural MnO,-bearing mineral. The sample used herein was obtained from
I[lfeld/Harz (Thiiringen, Germany). The minerals were crushed and fractioned by sieving.
MnO, is a known adsorbent for MB; it is also reductively dissolved by Fe*" which inhibits
MB discoloration by co-precipitation, due to accumulation of iron corrosion products on
MnO, surface. MnO, is used in this study as admixing agent to Fe’ to control the availability
of insitu ‘free’ corrosion products. MnO, draws the corrosion products that are generated in
situ with Fe’ and layers on its surface whereas the surface of the Fe’ gets free from
‘passivating’ iron oxides (Noubactep et al. 2005, Noubactep 2009a, Ghauch et al. 2011, and
Noubactep 2011a, Noubactep 2011b). The corrosion product is main sole for adsorption and
co-precipitation of the dyes. In some past experimental works use of MnO, did not improve
the discoloration of MB due to delay in the availability of free corrosion products (Noubactep
et al. 2005, Miyajima and Noubactep 2015). The discoloration of MB has failed (or was
delayed) due to the reductive dissolution of MnO,. The MB discoloration can only be
quantitative when the oxidation capacity for Fe" of the present MnO, is exhausted. Thus
“excess” corrosion products are available to entrap MB (Noubactep 2008a, 2009a, 2009b).
Orange II and RR 120 are anionic in nature and have more adsorption affinity for iron
corrosion products (Kosmulski 2009). But in the presence of MnO,, there is lack of corrosion
products for the anionic dyes to be adsorbed and co-precipitate.
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3.3 Analytical methods

Methods used in this present study are (i) UV-Vis Spectra Method (ii) pH measurement (iii)
EC measurement

3.3.1 UV-Vis Spectra method

The Cary 50 Varian spectrophotometer was calibrated initially by using standard solutions
(diluted and original working dye solutions) < 31.5uM. Then the concentration of the samples
of batch experiment and column experiment was determined using a Cary 50 Varian -UV-Vis
spectrophotometer in which cuvettes of 1cm light path was used. The wavelength set for MB,
Orange II and RR120 were 664.5 nm, 485 nm and 515 nm respectively (Table 3).
Additionally, dissolved iron concentration of the effluent solution was measured for (column
experiment). The wavelength for Fe concentration measurement was set to 510 nm.

3.3.2 Further analytical methods

The pH value of the solution was measured using combined glass electrode (WTW Co.
Germany). During the pH measurements, a magnetic stirrer was used to homogenize the
solution and to avoid statistical errors. In batch experiments, 3 consecutive samples (each
triplicate) were mixed and the pH value measured for at least 3 min. (A2.2-A2.10)

The electrical conductivity was measured using a calibrated WTW instrument. The aim was
to measure the pore volume of the columns. (A2.II)
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4. Experimental Procedure

4.1 Performed experiments

In order to investigate the dye discoloration by the tested granular materials and thus to
characterize the impact of the ionic nature of the dye on its discoloration in Fe"/H,O systems,
batch and column experiment were designed. The reactive system in the batch experiment
comprises of Feo, sand and MnO, and mixtures thereof. The reactive systems in the column
experiment are pure sand, pure Fe’ and Fe/sand (50 % of Fe’-vol/vol).

For batch experiments, accurately weighted amounts of granular materials (Fe’, MnO,, sand
and related combinations) are introduced in graduated test tubes of 20 mL. In total 30 samples
were assigned for each dye per batch (10 samples, each in triplicates). 22 mL of each dye
working solution was filled in the tubes and sealed with caps. Filling with 22 mL of the
working solution aimed at reducing the free space above the solution and also to reduce the
availability of molecular oxygen (Vidic et al. 1991). The sealed test tubes were allowed to
equilibrate under quiescent or shaken conditions for 2 to 6 weeks.

For column experiments, glass columns with 26 mm internal diameter and 400 mm height
were used. Columns were mostly filled with sand and 100 g Fe’. For each dye, three columns
were tested: (i) pure sand (0 % Fe®), (ii) a 1:1 (vol/vol) Fe’: sand layer sandwiched between
two layers of sand, and (iii) a pure Fe' layer (100 % Fe”) sandwiched between two layers of
sand. For MB an additional column with a pure Fe’ layer, but 200 g of Fe was investigated.
For each column, dye effluent was collected periodically (twice a week) and the volume is
recorded as a function of elapsed time for the assessment of flow velocity or hydraulic
conductivity. Additionally, the pH value, the iron breakthrough and the dye concentration
were monitored for 93 days.

The initial concentration of MB, Orange II and RR 120 are 10, 11, 46.3 mg L™ respectively.
The pH of the initial solution is 8.2. The concentration of dyes is selected as 31.5 uM to
compare the concentration range of natural water in which all three dyes acts as micro-
pollutants

4.2 Dye discoloration

4.2.1 Batch experiments

The investigation systems for the batch experiment were single pure sand, MnO,, Fe and
segregates of its mixtures. The single pure systems consist of only 4.55 g L™' mass loadings of
individual material. In total 3 triplicates were assigned for each material for each dye.
Additionally another Fe” is used referred as “ZVI2” in Fig. 9. The pure systems were
monitored in order to observe its individual capability to adsorb different ions under same
experimental condition (temperature, pH and time). The mixture batch experiments consist of
30 samples (3 triplicates) which make 10 samples in total and of that 1 sample are blank (only
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supernatant solution). Only mixture Fe’/sand/MnO> consists of 1 sample for each material for
each dye. Here, the Fe’ mass loading is constant of 4.55 g L™ and only sand and MnO,
loadings vary from 4.55 ¢ L™ to 22.0 g L. But Fe is the main scope of discussion in this
study and thereby it is mixed with other material to characterize the behavior of the reactive
system when subjected to different kinds of ions under same or different experimental
conditions. The investigation were carried out under same experimental conditions but only
difference is that mixtures FeO/sand/MnOz and FeO/MnOz were carried under 6 weeks non
shaken period whereas mixtures of Feo/sand, FeO/MnOz and pure MnO, under shaken
conditions for 2 weeks. Fig.4 represents the dye sample preparation for each reactive material
and its mixtures.

(b) Orange Il

Fig 4: Preparation of the dye sample with reactive material in the batch experiment (a)
methylene blue (MB); (b) Orange II and (¢) reactive red 120 (RR 120). The experiment was
performed at room temperature (22 + 3°C) and the initial pH was 8.2.

The amount of sand and MnO, loadings varies from 0.05 to 0.5 g (4.55 g L™ to 22 g L") with
fixed amount of 0.1 g (4.55 g L") of Fe’ and combination of mixtures. The experimental
duration of the batch experiments were 6 weeks under quiescent condition and 2 weeks under

shaken conditions at a rate of 75 rpm. The investigation systems were (i) pure sand (ii) pure
MnO; (iii) pure Fe’ (iv) Fe/sand (v) Fe"/MnO, and (vi) Fe"/sand/MnO, mixtures.

Hence all the measured samples are loaded into test tubes and filled with the working
solutions (MB, Orange II and RR120) up to full volume of 22.0 mL and then sealed with
caps. Therefore the test-tubes are made ready with the reactive material and working solutions
to place into a shaker for 2 weeks at a moderate speed (75 rpm) and 6 weeks in a non-shaken
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condition. After the equilibrium time, 3.0 mL of the supernatant solution are retrieved and its
concentration is measured. Each experiment was performed in triplicates from measured
samples to measured concentration and its averaged values are exhibited.

4.2.1.1 Shaking

Rotational shaking has been a major aiding factor for adsorption and co-precipitation (Kurth
2008). Therefore shaking helps in transporting contaminant from the aqueous solution to the
Fe’ surface much faster and equilibrium is attained at an early stage. Shaking certainly
accelerates processes leading to dye discoloration by adsorption and co-precipitation. In
earlier experimental works the critical shaking intensity enabling an undisturbed formation of
an oxide-scale on Fe’ was found to be 50 rpm (Kurth 2008, Noubactep 2008a, 2008b,
Noubactep et al. 2009b, Noubactep et al. 2009¢). Herein a shaking intensity of 75 rpm is used
as it was demonstrated to yield reproducible results (Miyajima 2012).

4.2.1.2 Discoloration effect of the dyes due change in sand loadings

Two different batch experiments with fixed amount of Fe and varying sand loadings were
carried out under (i) Fe”/sand under shaken conditions for 2 weeks at 75 rpm and (i)
Fe”/sand/MnO, under quiescent conditions (non-shaken) for 6 weeks. For shaken condition,
10 different samples for each dye can be presented as sand (0.0 to 0.5) g + Fe” (0.0%2, 0.1*8)
g (A1.2). For quiescent conditions, 10 batch samples are presented for each dye as sand (0.0
to 0.5) g + MnO, (0.0 to 0.5) g + Fe” (0.0%4, 0.1%6) g (Al.1) in order to determine the effect
of the adsorption of the dyes by the sand in presence of MnO,.

In each set 30 samples were measured for each dyes with different configuration of the
reactive materials. Every three consecutive sample configuration were same making in total
10 samples with different configuration of the reactive material including the first blank
samples (consecutive 3 samples) used as a reference system. In both the cases amount of Fe’
remains unchanged.

4.2.1.3 Discoloration effect of the dyes due change in MnQO; loadings

Three different batch experiments with MnO, loadings were carried out under (i) Fe’/MnO,
under quiescent conditions for 6 weeks (non-shaken) and (i) Fe’/MnO, and MnO, under
shaken conditions at 75 rpm for 2 weeks.

For shaken condition, 10 different samples for each dyes were presented as MnO; (0.0 to 0.5)
g + Fe’ (0.0%2, 0.1%8) g. (A1.3). In order to investigate the behavior of the Fe’-based system,
and to understand the correspondence of the system with the different ions, reaction was
carried out only with MnO; loadings (A1.5) and the trend of the dye discoloration was
studied. This particular shaken batch was only used for MB and Orange II. The amount of
MnO, loading as 10 different samples was (0.0 to 0.50 g). In order to figure out the
discoloration efficiency of the dyes kept under longer time period and to compare with the
efficiency of the shaken batch system, quiescent batch was studied for Fe’’MnO,. The
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configuration of 10 different samples for each dyes are as MnO, (0.0 to 0.5) g + Fe” (0.0%2,
0.1*%8) g (A1.4).

4.2.2 Column experiments

Outlet

it

Reservoir

Fig 5: Schematic diagram of the column experiment

The experiment was carried out in saturated, continuous upflow mode with a constant flow
rate of 0.1 mL™"'/min regulated by a peristaltic pump (Ismatec, ICP 24) at a temperature of (22
+ 3°C). The experimental set-up of column experiments consists of 10 columns with cross-
section area of 5.31 cm?. The empty bed contact time (EBCT) in Fe’-based systems is shown
in (Table 4). EBCT is the amount of time the dyes were in contact with the reactive media in
the respective columns. In Tab. 4, Hgnai represents sand layer before reactive zone (Fe”/sand
mixture) and Hgnao represents sand layer after the reactive zone. Tygon tubes were used for
connecting inlet reservoir, pump, column and outlet. The samples in the outlet are collected in
PE bottles. The materials in the 10 columns are packed in dual manner. Sand (Hgangi and
Hsand2) and pure Fe’ layers (column 3, 6, 9, 10) were wet packed. Dry homogenized Fe'/sand
mixture were introduced in the columns in small lofts (about 2 cm each), later wet packed
with manual tapping for all other reactive zones (0 < Fe” (%) < 100) (Table A2.1). The
experimental set-up is presented in Fig. 6. Each column was gently tapped with PET flacon
containing water in order to warrant optimal compaction. The reactive zone was built while
using the volume occupied by 100 g Fe’ (32 mL - apparent volume) as unity. The same
volume of sand was took (mass: 48 g - weight ratio 32.5 %) and homogeneously mixed to Fe’
(32 mL). The concentration of the dye solutions pumped into the columns is 32.5 uM. The
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effluent is collected periodically and the volume is recorded as a function of elapsed time for
the assessment of flow velocity or hydraulic conductivity.

Reactive Red

Fig 6: Experimental set-up of column experiment on day 1

Table 4: Empty Bed Contact Time in the Fe’-based systems of the column experiment. The

columns were made up from the bottom to the top of: bottom sand layer (Hsand.1), the reactive
zone (Hgrz) and top sand layer (Hsand.2)-

Fe' (%) Hgana1(cm) | Hgz (cm) Hgana2 (cm) | Virz(em®) | EBCT (hrs.)
50 20.0 14.0 6.0 74.3 6.46

100 20.0 6.0 14.0 28.2 2.45
100(200g) 20.0 10.0 10.0 53.1 4.61

MB
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4.3 Analytical Methods

The analytical methods include (i) calibrating the standard solution of dyes and Fe, (ii)
determining the residual dye concentration and (iii) determining the iron concentration in the

effluents (column experiments).

4.3.1 Calibration of the Spectrophotometer

The spectrophotometer was initially calibrated by 5 standards solutions of each dye (Table 5)
in order to determine the unknown concentration of the sample dyes (Fig. 7). The standard
solutions are prepared by diluting by parts with tap water of Gottingen with 1000 mg L™ dye
stock solution. The calibration standard solutions are measured at the beginning of the

experiment at the respective wavelength of the dyes. (Table 2)

Table 5: Standard solutions used for the calibration of the Cary 50 UV-VIS —
Spectrophotometer for the determination of dye concentrations.

Std Vo RR120 Orange 11 MB
(mL) (mgL") | (mgL") | (mgL™
1 0 0.0 0.0 0.0
2 1 11.6 2.8 2.5
3 2 23.2 5.5 5.0
4 3 34.7 8.3 7.5
5 4 46.3 11.0 10.0
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Fig 7: Calibration graphs of light absorbance at various concentration of dyes and its linear
regression (a) MB (b) Orange II (c) RR 120

The calibration of the spectrophotometer (Fig. 8) was done also for iron concentrations < 10.0
mg L. For the concentration of the dissolved iron, calibration was performed using ten
variable concentrations (0.0, 0.25, 0.50, 0.75, 1.0, 2.0, 4.0, 6.0, 8.0, and 10.0) mg L. The
standards were prepared from a commercial stock solution (1000 mg L) and tap water with
total volume of 10 mL each (Table. 6). The calibration procedure were same as the dyes, but
at a wavelength of 510 nm.

4.3.2 Determination of dye concentration

The initial dye concentrations are 10 mg L', 11 mg L™ and 46.3 mg L for MB, Orange II
and RR 120 respectively. The dye concentrations at the end of the batch experiments or in the
effluents from columns are measured using the calibrated UV-Vis Spectrophotometer. For the
batch experiments, the concentration of each sample was determined by the average value of
each triplicate used. For column experiment, effluents were sampled in test tubes twice a
week and the dye concentration determined once a month.

Table 6: Standard solutions used for the calibration of the Cary 50 UV-VIS -
Spectrophotometer for iron determination.

Standard [Fe] V() VH20 V1H20 V2H20

(mL) | (mL) | (mL) | (mD)
1 0.00 0.00 | 10.00 | 10.00 0.00
2 0.25 0.25 9.75 7.50 2.25
3 0.50 0.50 9.50 7.50 2.00
4 0.75 0.75 9.25 7.50 1.75
5 1.00 1.00 9.00 7.50 1.50
6 2.00 2.00 8.00 7.50 0.50
7 4.00 4.00 6.00 6.00 0.00
8 6.00 6.00 4.00 4.00 0.00
9 8.00 8.00 2.00 2.00 0.00
10 10.00 | 10.00 | 0.00 0.00 0.00
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Fig 8: Calibration graph of light absorbance at various concentration of Fe'.

4.3.3 Determination of Fe concentration

The iron concentrations in the effluents from columns are determined using the calibrated
UV-Vis Spectrophotometer. 10 mL of the effluent from each column were sampled in test
tubes twice a week. The iron concentration was determined one time every two months (twice
for the whole thesis) at a wavelength of 510 nm.
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4.4 Characterizing the compaction of the column material

After the end of the desorption experiments (Phukan et al. 2015), the columns were
characterized by visual observations and the extent of the compaction of material within the
reactive zone (Westerhoff and James 2003). As the columns had been operated in an upflow
mode with a completely blue in colored Hgng1, the challenge was reduced to observe the
reactive zone and Hgnao. In particular, the ease with which the reactive zone was removed
from the column was described.

4.5 Pore volume determination

Conductivity of Nacl solution
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Fig 9: Volume dependent electrical conductivity of NaCl solution.

Fig. 9 depicts the variation of the electrical conductivity of a NaCl (table salt) solution as tap
water is progressively fed into the pure sand column. The electrical conductivity increases as
the NaCl volume reaches 80 mL and from 120 mL it becomes more or less stable. This
indicated that increase in NaCl volume from 120 mL and beyond shows the same result as the
system is saturated with only NaCl solution. Based on this result, the pore volume of the
column was determined as 95 mL.

4.6 Presentation of the experimental results

The change in magnitude of the tested system for dye discoloration was presented in the form
of discoloration efficiency of each dye for each sample containing different configuration of
the reactive material. The residual or final concentrations of the dyes are determined and the
corresponding dyes discoloration percentage is calculated by the following expression [Eq.
4.1]:
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E= [1 - (%)] «100% [4.1]

In case of column experiment the dye breakthrough curves in terms of normalized
concentration similar to batch experiment which is defined as the ratio of the effluent dye
concentration to inlet dye concentration as a function of time. The extent of discoloration for
individual column set up at each time is calculated according to the following expression:

YWixCy—DVix Ci]
= 1009 4.2
SVi*Cy * 100% [42]
BT (%) = 100-E [4.3]

Where,

Cy = initial concentration of the dye

C;= final concentration of each dye after the reactive period.
E = discoloration efficiency in percentage

Vi= Volume of individual collected sample

BT = dye breakthrough

In order to confront experimental errors during dilution of stock solutions, corrections were
made due to adsorption of dyes on PE bottles and possible biodegradation. Mainly adsorption
of MB by the glass test tubes and glass column which is a product of sand and negatively
charged. Corrections were made through the assimilation of the operational initial
concentration in triplicates under controlled experiment in the absence of any reactive
material (blank system) or reference systems. In case of batch experiment blank systems are
filled only with dyes but in column experiment the reference system is filled with sand.

In case of column experiment the dye concentration of the reference system (100 % sand) was
set to 100 % and the correction of the effluent from other systems was corrected accordingly.
The extent of MB discoloration (my in mg) within the reactive zone of column 8 to 10 was
calculated from Hgang; using rule of proportion. In this circumstance, column 7 was used as
reference (40 cm of sand for 44.8 mg MB). The breakthrough value in this work was
calculated in the following order:

Below only the calculation for column 7 for MB is described in detailed and for Orange II and
RR 120 directly the results are presented.

BT value 44.8 mg = > V;Cy (difference in the cumulative influent and the cumulative effluent
of the dyes)

Cumulative influent = Amount of volume in X concentration
=216.42 mg

Cumulative effluent= Amount of volume out X concentration
=261.25 mg

Hence the difference = (261.25-216.25)
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=44.8 mg
Therefore 44.83 mg of dye (mass) is retained in the reference system containing 100 % sand.
Now, in other systems F ¢”/sand (50 % and 100 %),
Height of Hgangr = 20 cm

Therefore (myg),

H
mMB = 54(18(11 * 448 [44]

=224 mg

Subtracting 22.4 mg from the total mass of discolored MB gives the MB mass which is
discolored by Hgang; in F e’-based system is 22.4 mg or 70.2 pmol.

Similarly in the reference systems in column 4 and column 1 for Orange II and RR120
respectively, the BT values are 7.5 mg and 21.68 mg. Therefore in Fe’- based system the
amount of the anionic dyes retained in the Hg,ng) layer are 10.7 umol for Orange I and 7.4
pumol for RR 120.
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5. Results and Discussion

5.1 Batch Experiment

The investigation systems for the batch experiment were: (i) pure sand, (ii) pure MnQO; (iii)
pure Fe, (iv) Fe/sand, (v) Fe’/MnO,, (vi) Fe’/sand/MnO, mixtures.

5.1.1 Reproducibility of the experimental results

30 50
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Fig 10: Discoloration extent in pure Fe” (a) under non-shaken conditions for 6 weeks and (b)
under shaken conditions for 2 weeks. The lines are not fitting functions; they simply connect
points to facilitate visualization.

*C,: initial concentration; C;: final concentration of the dyes

In Fig. 10 the experimental results are presented in the form of residual dye concentration in
the pure Fe’ systems. The amount of Fe’ loading is constant which is 4.55 g L', and volume
of the filled solution is 22 mL. The initial concentration of MB, Orange II and reactive red
120 are 10, 11 and 46.3 mg L "'respectively and the initial pH of the solutions are 8.3.

It is observed that the pure Fe’ system shows a quantitative discoloration of all tested dyes,
irrespective from the shaking conditions. Under non shaken conditions, the discoloration for
MB is 25 % and for Orange II and RR 120 is almost below 5 %. In other words, the amount of
dye retained in the filter system for MB is 75 % and for the anionic dyes around 95 %. Under
shaken conditions for 2 weeks the discoloration are 40, 20 and 38 % for MB, Orange II and
RR 120 respectively. In spite of both RR 120 and Orange II being anionic in nature, the
discoloration effect was less for RR 120 compared to Orange II might be due to higher
molecular weight of RR 120 and thus steric effects. Similar results (Tab. 7) were obtained for
pure sand and pure MnO, systems under same experimental conditions. The discoloration %
for MB in the sand system is 65 % and 75 % under non-shaken and shaken conditions
respectively i.e. dye retained % in the system are 35 % and 25 % respectively whereas for the
anionic dyes the discoloration % values approaches 100 % under both experimental
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circumstances. In other words, anionic dyes retained by the pure sand system are 0 % and has
shown no effect. Dye discoloration % for MB, Orange II and RR 120 are around 5 %, 100 %
and 85 % respectively under both experimental conditions.

Table 7: Summary of the results of dye discoloration (%) in individual Fe’, sand and MnO,
systems under 6 weeks quiescent and 2 weeks shaken condition.

Dyes Experimental Extent of dye Discoloration (E) (%)

conditions(weeks) Fe Sand MnO,
MB 6-quiescent 75+5 35+£5 100+ 5
2-shaken 60+5 25+5 95+5

Orange II 6 quiescent 100+ 0 5+£2 0£5

2-shaken 80+ 5 5+2 0+0

Reactive Red 6—quiescent 90 +5 4+2 442

120 2-shaken 65+5 4+2 5£5

Results clearly demonstrated better reproducibility under non-shaken conditions compared to
shaken conditions. This trend is justified by the fact that the non-shaken system was more
likely near to a steady state than the shaken system. However, while considering both the
ionic nature (charge) and the size (steric effects) of the dyes, shaken batch experiments still
give satisfactory results and will be favorably used in this study. The main reason for this is
the duration of the Master thesis and the number of opportunities to investigate. It should be
delineated that the large majority of batch experiments reported in the literature are performed
under more vigorous shaking speeds and for experimental durations rarely exceeding two
days (Noubactep 2009a, Noubactep et al. 2009b, Noubactep et al. 2009¢, Tepong-Tsindé et al.
2015a, Noubactep 2015¢). For the used shaking intensity, 75 rpm, the process of oxide scale
formation on Fe’ is not significantly disturbed (conditions in nature are nearly reproduced)
(Miyajima 2012).

5.1.2 Single material systems

In Fig. 11 results of the single material systems are presented under non-shaken conditions for
6 weeks for three systems namely (i) sand (ii) MnO, and (iii) Fe'.

5.1.2.1 Sand system

It is observed in Fig. 11 that the MB discoloration efficiency by sand is around 30 % and that
for anionic dyes the discoloration efficiency is negligible despite prolonged experimental
duration (6 weeks). The used sand mass loading is 22.0 g L™'. Sand has negatively charged
surface and shows affinity for positively charged MB.
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Fig 11: Dye discoloration by single material systems under non shaken conditions for 6
weeks. Experimental conditions: temperature 20 + 3 °C; volume of solution was 22.0 mL, dye
concentration was 32 uM and initial pH of the solution is 8.3.

5.1.2.2 MnO; system

Fig 11 shows that MnQO; is superior to sand in its capability to remove all tested dyes. About
50 % of MB, 15 % of Orange II and 5 % of RR120 could be discolored. The order of
decreasing discoloration efficiency (MB >> Orange II > RR120) suggests that the surface of
MnO; is equally negatively charged. Again, the significance of (i) the ionic nature and (ii) the
steric effects for the efficiency of Fe’/H,O systems for environmental remediation is
delineated. Whether dye discoloration by MnO, is mediated by surface precipitation or
chemical reduction of pure adsorption, the first step of the discoloration is adsorption which
depends on electrostatic attractions/repulsions.

5.1.2.3 Fe'-based systems

Fe' is the most reactive discoloring agent in the whole experiment. In order to ascertain the
efficient reactivity of Fe’ for discoloration of Orange II and RR 120, two types of materials
(ZVI = Fe") are studied under 6 weeks non shaken experimental condition in order to compare
the discoloration efficiency by both ZVI1 and ZVI2.

Fig. 11 shows that ZVI1 is a more efficient material than ZVI2. The discoloration efficiency
by ZVI1 is higher for both cationic and the anionic dyes. The discoloration efficiency is
shown highest for Orange II, about 96 % and 90 % respectively.

This evidence supports the premise that Fe’ produces in-situ positively charged Fe oxides and
hydroxides. Hence it preferentially adsorbs negatively charged species (anions) and thus
Orange II and RR 120 are strongly adsorbed and quantitatively removed. Discoloration can be
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observed for MB as well because adsorption is not only the sole mechanism. MB (cation) is
weakly adsorbed onto positively charged iron-oxides and co-precipitated.

5.1.3 Fe” amended systems

Figure 12 shows the extent of dye discoloration by the following admixtures (i) Fe/sand (ii)
Fe’/MnO; (iii) Fe’/sand/MnO, as reactive systems.

Mixed sytems
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Fig 12: Dye discoloration by mixed system under non- shaken conditions for 6 weeks. The
used mass loadings are: Fe”is 4.55 g L', sand and MnO, is 22 g L™".

It is remarked that the Fe%/sand system has shown higher discoloration efficiency for all three
dyes. The discoloration efficiencies are about 60 %, 75 % and 45 % for MB, Orange II and
RR 120 respectively. The highest discoloration efficiency for Orange II testifies that sand
could sustain the in-situ generation of iron oxides. This assertion is supported by the higher
extent of MB discoloration comparatively to the Fe’/MnO, and Fe’/sand/MnO, systems.
There was no significant difference between the F eO/MnOz and F eo/sand/MnOz systems. This
behavior is attributed to the presence of MnO, which consumes F el at its surface and delays
the availability of free corrosion products for dye co-precipitation (Noubactep 2009Db,
Miyajima 2012, Miyajima and Noubactep 2015, Tepong-Tsindé et al. 2015b). Again the
lowest discoloration extent observed for RR 120 is rationalized by steric effects.

Dye discoloration in the Fe’/sand system results from the following processes: (i) adsorption
onto sand, (ii) adsorption onto iron oxide (from Fe” corrosion) and (iii) co-precipitation with
iron corrosion products. Because of differences in density between Fe’ and sand (and the fact
that sand is larger in size), Fe” tends to be shielded by sand. Accordingly, dye co-precipitation
is inhibited to a certain extent by the presence of sand (Miyajima and Noubactep 2015). On
the other hand, as F e’ corrosion proceeds, there is a concurrence between dyes, F el and Fe!
for adsorption at the surface of sand. At this time sand is completely coated with iron oxide
and from this moment on, adsorption occurs on iron oxides, coated on sand or ‘free’ in the
vicinity of Fe’.
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The presence of MnO, increases the complexity of the system as MnO, reductive dissolution
by Fe" ions (Koch, 1957) destroys adsorption site at the surface of MnO, and favors Fe!
oxide precipitation at the same site. The net result is a delay of the availability of ‘free’ iron
corrosion products for contaminant co-precipitation. With this overview of fundamental
processes in mind, the results of the three systems will be shortly discussed in the following
section.

5.1.3.1 Fe'/sand system

MB gets adsorbed on sand and co-precipitates on iron oxides. On the other hand Orange II
and RR 120 get adsorbed on the positively charged corrosion products. In Fe’/sand system,
the amount of used sand is not enough to shield the Fe” particles; thereby it is not able to
inhibit the adsorption and co-precipitation process between dyes and the Fe oxides. In other
words there is availability of free iron corrosion products. An alternative justification might
be that the available iron oxides do not precipitate; it rather gets adsorbed onto sand to form
iron-oxide coated sand bearing weak adsorption capacity than pure sand for the cationic dye
(Mitchell et al. 1955). Hence it shows more discoloration of the anionic dyes specially Orange
IT since it gets adsorbed on the oxide layer above pure sand. Similarly anionic RR120 has
more affinity towards iron coated sand. The effect on sand amended with Fe’ has shown great
effect on dye discoloration and hence another experiment was conducted under 2 weeks
shaken condition (Fig. 13).

5.1.3.2 FeO/Mn02 system

In Fe"/MnO, system the discoloration efficiency was observed to be 50, 21 and 13 % for MB,
Orange II and RR 120 respectively. MnO, is reductively dissolved by Fe*" and inhibits dye
discoloration in Fe’/H,O systems. The corrosion products of Fe” are accumulated on the
surface of MnO, which thereby hinders the iron surface from passivation and induce the
generation corrosion products for the dye adsorption and co-precipitation in the long term
(Noubactep et al. 2003). Additionally there is formation of new reactive adsorbents MnOOH
and FeOOH. Even with the generation of iron corrosion products the efficiency of
discoloration is slow due to the delay in-situ formation Fe-oxides (Noubactep et al. 2005).
This is caused due to the accumulation of corrosion products on MnO; surface. The oxidation
capacity for Fe" for MnO, has to be exhausted to avail the free corrosion products for greater
adsorption and precipitation process of the dyes. The behavior of the identical system was
also observed in an experiment performed under shaken conditions for 2 weeks. In the shaken
Fe’/MnO, system highest discoloration efficiency is observed that is 98 % and 82 % for MB
and Orange II respectively. This shows a vast increment as compared to non-shaken batch
experiment. The trend for discoloration is increasing for MB while for Orange II it is the
opposite. This can be explained again by the rate of accumulation of in-situ generated
corrosion products on the MnO, surface which makes more favorable for MB to co-
precipitate than the anionic dyes.
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5.1.3.3 Feo/sand/Mnoz system

In case of the F eO/sand/MnOz system, addition of MnO, sustains the reactive system. There is
occurrence of chemical reactivity in the internal surface of the porous MnO, pores instead in
the free pores of the whole system. In this manner MnO, sustains the systems permeability
and retains the efficiency of the free pores (Ghauch et at. 2011). A competition arises between
positively charges iron corrosion products and cationic MB to get adsorbed onto the sand but
the presence of MnO, helps this phenomenon by shielding itself by corrosion products and
leases MB dye to get adsorbed onto sand but for Orange II and RR 120 this is unfavorable
condition (Btatkeu-K et al. 2014).

In order to compare the discoloration efficiency of the individual reactive materials and
mixtures systems, experiments were carried out under different experimental conditions kept
in shaker at rate of 75 rpm for 2 weeks and 6 week under non shaken using fixed amount of
Fe’ and various sand and MnO; loadings.

5.1.4 Discoloration efficiency of dyes by sand loadings

In the below Fig. 13, discoloration efficiency by different amount of sand loading with fixed
amount of Fe is presented under shaken conditions for 2 weeks.
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Fig 13: Dye discoloration by Fe’/sand system under shaken conditions for 2 weeks.
Experimental conditions: shaking intensity 75 rpm, temperature 20 + 3 °C and initial pH value
8.3. The lines are not fitting functions; they simply connect points to facilitate visualization.

The highest discoloration efficiency for MB is 60 % and for Orange II is 82 %. The
discoloration efficiency for both cationic and anionic dyes shows decreasing trend as the sand
loading increases. In the initial section of the curves at 0 g L™ sand loading (Fe’ = 4.55 g L™)
the discoloration efficiency is the highest for all the three dyes. The discoloration efficiency is
lowest for MB and Orange II when the sand loading is 9.1 g L' which is double amount the
weight of used Fe’ which is 4.55 g L. The sand works as inhibitor for discoloration of MB
and Orange II at approximately 9-13 g L™ and reduces the contact of dye with Fe” or iron
oxides. The increase in sand loading beyond that shows random increases in discoloration of
the dyes due to increase in surface area. But strangely the discoloration efficiency of Orange
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IT still remain high compared the MB. This result strongly suggests that amount of sand used
is not enough to shield the corrosion product instead the corrosion products precipitated on
sand and forms a covering in which MB is mildly adsorbed and co-precipitated and Orange 11
has the higher affinity to get adsorbed on the oxide coated sand. The lowest discoloration of
RR 120 is due to its higher molecular weight.

It is extraordinary that the discoloration efficiency in shaken experiments for 2 weeks was
lower for the identical sand (22 g L") and Fe’ (4.55 g L") mixture system as the 6 weeks non
shaken experiment. In the 2 weeks shaken experiment, the discoloration efficiencies are 38,
54 and 28 % for MB, Orange II and RR 120 respectively. This might be due to no attainment
of equilibrium state under shaken conditions for 2 weeks compared to long term non- shaken
conditions.

This observation justifies that as the amount of sand used with fixed Fe’ amount has the
nature to deal with both cationic and anionic contaminants in a solution. Sand here act as
porous admixture dealing with cation and allows the generation of iron oxides to deal with
anions in a contaminant solution.

5.1.5 Discoloration Efficiency of dyes by MnO; loadings

In the below Fig. 14, discoloration efficiency by different amount of MnO, loading with fixed
amount of Fe is presented under (a) non-shaken conditions for 6 weeks and (b) shaken
conditions for 2 weeks.
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Fig 14: Dye discoloration by Fe’/MnO, system (a) under non shaken conditions for 6 weeks
(b) shaken conditions for 2 weeks. The lines are not fitting functions; they simply connect
points to facilitate visualization.

It is observed that in both Figs. 14a and 14b the discoloration efficiency for MB increases in
the initial part while Orange II shows a gradual decreasing trend. It is observed in Fig. 14a
that the highest discoloration efficiency by MB is 100 % and by Orange II is also nearly 100
% while in Fig. 14b. The discoloration efficiency for MB is 98 % and Orange II is 82 %. In
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both the figures, discoloration of anionic dyes decreases with increase in MnO, loadings and
entirely contrasting trend for cationic dye.

The observation of this trend of discoloration proves that cationic dyes have more affinity
towards MnO, while anionic dyes strongly repel. This can be explained by the in situ
generated nascent MnOOH and FeOOH which are adsorbing agents for MB eq. [5.1, 5.2, and
5.3]. The rate of heterogeneous reactions depends on the crystal structure, porosity and
chemical composition of MnO, including its surface area and composition of the solution (pH
value) and the temperatures (Miyajima 2012). The reactions below consume Fe?* and
reductive dissolution of MnO, by Fe** either consumes (Egs. (5.2) and (5.3) - pH increases)
or produce H' (Eq. (5.1) - pH decreases). Consumption of Fe*" reduces the availability of free
corrosion products for MB to co-precipitate and Orange II to get adsorbed (Btatkeu et al.
2014a). Therefore, in this case according to the observation the Egs. (5.2 and 5.3) seems more
favorable due to increase in pH. Increase in pH leads to increment of pzc (point of zero
charge) of the system where the surface is negatively charged and hence can attract cation.

MnO, +2 Fe** + 2H" — MnOOH + 2 Fe** [5.1]
MnO, +2Fe** + 2H,0 — Mn** + 2 FeOOH +2 H" [5.2]
MnO, +Fe** + 2H,0 — MnOOH + FeOOH +2 H" [5.3]

5.1.6 pH values of discolored dyes
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Fig 15: pH values of the discolored dyes by sand and MnO, loadings under shaken conditions
for 2 weeks. The Fe” mass is fixed. The lines are not fitting functions; they simply connect
points to facilitate visualization

In Fig. 15, the evolution of pH values of the discolored dyes in the batch experiments
performed for 2 weeks under shaken conditions are presented. The pH values are presented
for sand and MnO, loading with fixed amount of Fe” and it is observed that the variation is not
significant. But if observed in very detail, the pH values of dyes with MnO, loadings are
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higher compared to sand loadings. This justifies the reason for affinity of cationic dyes
towards higher MnO, loadings favoring discoloration than anionic dyes (Egs. (5.2 and 5.3)).

5.2 Column Experiment

The column experiments were carried out for 93 days in which a total of 10 columns were
used with different ratios of the reactive media. The tested systems for each dye are (i) pure
sand (0 % Fe"), (ii) pure Fe” (100 % Fe) and (iii) Fe’/sand (50 % Fe"-vol/vol).

The columns 1, 4, and 7 are the reference systems and contains only sand. Columns 2, 5, and
8 contain 50 % Fe and 50 % sand by volume in the reactive zone whereas columns 3, 6 and 9
contains pure 100 % Fe’ (100 g) in the reactive zone whereas column 10 also contains 100 %
Fe’ but 200 g weight of Fe’. In the experimental set up, columns 1, 2, 3 are subjected to
Reactive Red 120 dye, columns 4, 5, 6 are subjected to Orange II dyes and columns 7, 8, 9, 10
to MB as shown in the Fig. 16.

5.2.1 Visual observation

Fig. 16 depicts the photograph of the experimental design at day 21 (Fig.16a) and day 93 (Fig.
16b). It is observed that at day 21, column 10 is the sole system that has not experienced dye
breakthrough.

Crange |l Methylene Blue

Fig 16a: Photograph of the experimental set—up of Column Experiment on 21st day
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Fig 16b: Photograph of the experimental set—up of Column Experiment on 93rd day.

5.2.2 Pure sand systems

The dye breakthrough has been represented with respect to time for the whole experiment.
The breakthrough curves are related to the cummulative volume of solution treated. Fig 17a
represents the dye breakthrough curves of the reference systems which contains only sand. In
this system the anionic dyes (Orange II and RR 120) shows breakthrough within short
duration at the start of the experiment, while for the cationic dye MB breakthrough occurs
only after 15 days which was about 2 %. The dye breakthrough for RR 120 and Orange II
occurs on 3" day (approximately 65 hours corresponding to less than 8 pore volumes). The
breakthrough was 49 and 55 % for RR 120 and Orange II respectively. These observations
can be explained by the negatively charged sand surface and the attractive electrostatic
interaction towards positively charged MB which is quantitatively adsorbed on sand. The
rapid breakthrough in case of anionic dyes is due to electrostatic repulsions between the
negatively charged sand surface and the anionic dyes. In other words, observations have
confirmed/proven sand as a non reactive material for Orange Il and RR 120 (Phukan et al.
2015).

5.2.3 Fe'-based systems

Figs. 17b and 17c¢ represents the dye breakthrough curve for Fe’-based system with 50 % and
100 % Fe’. It is observed that MB was least discoloured with only 25 % of breakthrough
inspite of the delayed breakthrough due to discoloration within Hgng layer. Whereas for
Orange the breakthrough was upto 15 % at day 15 and decreases gradually to 4 % (at day 93).
This observation has been supported by the fact that Orange II is adsorbed onto iron-oxides
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and the these oxides are generated in-situ. In the first few 20 days there was no availibilty of
enough iron oxides for the dye removal. The initial quantitative breakthrough corresponds to
the time lag between the commencement of the experiment and of quantitative generation of
removing agents (iron oxides) (Schreier and Reinhard 1994, Hao et al. 2005, Ghauch et al.
2010, Ghauch et al. 2011, Ghauch 2013). RR 120 dyes shows the similar trend as Orange II.
The most important observation is delayed breakthrough in Fe’-based filters containing 200 g
of Fe” represented in Fig 17c. The higher amount of Fe’ in column 10 delays the MB
breakthrough and increases the efficeincy with 21 % breakthrough compared to that of 25 %
in 100 g of Fe’-based system over the whole experimental period (93 days). MB breakthrough
is observed after 14 days for 100 g of Fe” but only after 21 days for the 200 g of Fe” system.
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Fig 17: Time dependent evolution of the cummulative dye breakthrough: (a) pure sand system
(b) 50 % Fe’ system (c) pure Fe’ system. The lines are not fitting functions; they simply
connect points to facilitate visualization.

This observation confirms that the process reponsible for MB discoloration in Fe’-based
system is stochastic in nature (Miyajima 2012, Miyajima and Noubactep 2013). In fact, pure
reduction is linearly correlated to the mass of the reducing agent. This consequence is also
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rationalised by the fact that MB gets adsorbed on sand and co-precipites on the iron oxide
coated sand. As the in-situ iron oxides are generated (t > 14) MB breakthrough was observed
immedeately after the exhaustion of the adsorption capacity of Hgung1 (columns 8, 9 and 10).
The delayed breakthrough in column 10 is attributed to the larger amount of Fe (200 g).

5.2.4 Evidence of dye retention

In Fig. 18 the time dependency of C/Cy is discussed for sand and Fe’-based systems. In Fig.
18a the discoloration is negligible for Orange Il and RR 120, while discoloration for MB was
quantitative till initial 15 days corresponding to the retention amount of only 5 % and then
shows a steep decline following no dye removal process. After 15 days, no dye dye removal
was observed. This observation confirms the high stability of azo dyes with regard to
biodegradibility as the experimental duration largely exceeded the maturation time of sand
filters of 6-8 weeks (Bray and Olanczuk-Neyman 2001, Calvo-Bado et al. 2003).
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Fig 18: Time evolution of dye breakthrough: (a) pure sand system (b) 50 % Fe' system (c)
pure Fe’ system. The lines are not fitting functions; they simply connect points to facilitate
visualization.
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Therefore, the observation in the pure sand column depicts that the cationic MB gets adsorbed
onto the negative sand surface effeciently until the adsorption of sand capacity is exhaused
and thereby sand filters can be used in an effective manner for cationic dye removal (Varlikli
et al. 2009), whereas sand shows no affinity for adsorption for anionic dyes corresponding to
78 and 68 % retention amount for Orange II and RR 120 respectively and then gradually
showing no dye removal.

Similarly the time dependency of C/C, shows that there is no significant difference between
the sytems with 50 and 100 % Fe’. As it is observed in Figs. 18b and 18c that for RR 120 dye
the discoloration effeciency was quantitative and stable during the whole experimental period
(93 d) and the amount of dye retained was less than 4 % throughout. Orange II discoloration
was quantitaive after a lag of about 15 d showing gradual increase in the amount of
discoloration. This is due to the fact that the adsorbing agents for Orange II dyes or anionic
dyes are the iron corrosion products (iron oxides) which are generated in-situ after a
substantial amount of time after the commencement of the experiment. The initial quantitative
discoloration of MB corresponds to adsorption onto Hgng. However, the extent of
breakthrough was leveled to about 25 % after some 45 d and remained constant towards the
end of the experiment.

Table 8. Comparison of the extent of dye discoloration in the Hgang; layer (180 g of sand) of
Fe’-based systems (§ 4.5). ‘mgye’ 1S the mass of discolored dye, ‘ngy.’ is the corresponding
number of moles and ‘E’ (ug g™') derived specific adsorption capacity. The Fe-free system
(40.0 cm) contained 360 g of sand. It is evident that cationic MB is significantly discoloured
by sand.

Dye M Mgye Ndye Ndye Ey’
(g mol™) (mg) (mmol) (umol) (uggh
MB 319 22.4 0.07 70.2 0.10
Orange 1 350 3.8 0.01 10.7 0.01
RR 120 1469 10.9 0.01 7.4 0.01

A substantial difference was observed in the previous experiments in MB discolouration in
particular E and Es values (Table 8) with the same experimental design consisting 100 % Fe’
but varying heights of Hgngi and Hgang 2 (Miyajima and Noubactep 2013). The absence of
difference might be due to the experimental period (93 d), thereby for long runs the difference
in discoloration could be anticipated. This assertion is supported by the differences observed
herein for the 100 % Fe’ system when the used Fe’ mass were 100 and 200 g respectively. By
fixing Hgang1 herein (20.0 cm), results clearly suggest that future works could be performed
without the 100 % Fe’ system, which is tested as a negative reference (Miyajima and
Noubactep 2013, Btatkeu-K et al. 2014a). The values of Es for each Fe” based system is
important to measure the extent of discoloration of each dye. The Es value for Orange II and
RR 120 is about 8 pM g which are quantitaive whereas for MB it is only 4.7 uM g™
However the reported values cannot be assumed to be standard universal data for comparison
with other reported values without carefully considering the experimental conditions
(Zafarani et al. 2014). The first proof of this statement is the Es value of 200 g Fe” system is
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2.6 uM g which is not even the half of the value with system with 100 g Fe'. It has already
been stated that specific adsorption capacity (Es value) is only valid when Fe' is exhausted or
with the whole adsorbent is available for contaminant removal. In the case of F eO, it is certain
that no material exhaustion occurs and that the nature of the adsorbing agent is not known.

Table 9: Summary of the results of the column experiments after 93 days. A total of 26.12 L
of each dye solution flowed through the corresponding columns (Tab. 1). “Fegsiyent” and “Dye
offluent . are the cumulative mass of Fe and Dye in the effluent. “Dyejnfuent” 1S the total mass of
MB which has flowed through the columns. “Fectayent” (%) is the ratio of dissolved Fe which
has escaped from the column relative to the used mass of Fe’. E (%) and E, (mg ¢’ and pM g~
' are the MB discoloration efficiencies (see text). For comparison E; value for MB on sand is
0.1mgg’ or0.41uMg’.

Column | Fegauent | Feetuent | DY€infiuent | DYeetuent | BT | E E Es Desorption
(mg) (“o) (mg) (mg) | (%) | (%) | (mg/g) | (LM/g) (“o)

1 0.0 _ 1248.3 1226.6 983 | 1.7 | _ _ 23.3

2 11.2 0.01 1248.3 32.7 26 974|119 8.1 0.0

3 17.8 0.02 1248.3 26.5 2.1 1979 12.0 82 0.0

4 0.0 _ 297.7 290.3 979 125 | _ _ 18.6

5 11.4 0.01 297.7 12.5 42 1958|238 7.9 0.0

6 12.5 0.01 297.7 13.0 44 1956|238 7.9 0.0

7 0.0 _ 261.2 216.4 829 | 17.1 | _ _ 27.7

8 9.6 0.01 261.2 66.4 254 1746 | 1.5 4.7 6.3

9 10.6 0.01 261.2 66.0 253|747 | 1.5 4.7 5.5

10 9.1 0.01 261.2 52.9 203 | 79.7 0.8 2.6 5.2

*Desorption values are known from Phukan et al(2015).
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5.2.5 Evidence of chemical reactions
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Fig 19: UV-Vis Spectra of (initial) working dye solutions (31 u M) and their dilution by a
factor 2 and 20. It is observed that the maximum are maintained despite dilution.

The working solution of MB, Orange II and RR 120 (31uM) were diluted by a factor 2 and 20
in order to observe the nature of maximum diluted contaminants that could be analysed
succesfully. It is observed in Fig. 19 that inspite of dilution upto a factor of 20, the
characteristic peaks in the UV-VIS spectrum are observed in all the three dyes within the
desired respective wavelengths. On the contrary the UV-Vis spectra of all the three dyes in
the reference (0 % Fe®), 50 % Fe” and 100 % Fe’ systems after 93 d shows different behaviour
of the peaks. The spectra for Fe’-based systems are similar regardless of the Fe’ ratio, but in
Figs. 19b and 19c it is obseved that for Orange II and RR 120, the characteristic peaks
dissapears.
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Fig 20: UV-Vis Spectra of dyes after 90 days . For RR 120 and Orange II , the peak of the
sand system corresponds to that of the working solution . For MB the peak of lower intensity
was obtained due adsorption onto glass vessel.

In Fig. 16b, the discoloration of RR 120 in the Fe’-based system was quantitaive towards the
end of the experiment (93 d) but it yields a weak yellow color in the collecting sample shown
from the intial stage and the yellow colour solution exhibits no single adsorption peak within
the UV-Vis domain. The treated solution of RR 120 by the Fe’-based sytem was not clean and
potable and could be toxic (Guaratini et al. 2001, Tanaka et al. 2000, Wang et al. 2010).
Former research on dye discoloration in Fe’’H,O systems have resulted in the formation of
various toxic products (Monson et al. 1998, Cao et al. 1999, Nam and Tratnyek 2000,
Mielczarski et al. 2005, Bokare et al. 2008, Lin et al. 2008, Fan et al. 2009). Thereby,
characterizing the nature of RR 120 reaction products is over the scope of the present work.

Therefore, the results of the spectrum changes can be summarized as follows (i) MB, Orange
Il and RR 120 are quantitatively discolored in the Fe’-based system, (ii) MB and Orange II
have no visibile generation of new reaction products, (iii) the discoloration of RR 120 is
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quantative but the resulting solution is yellow coloured. It is important to mention that the
discoloration is related to the parent dye not the effluent solution. Since it is observed that the
effluents of RR 120 in the Fig. 20c shows no single characteristic peak of the parent dye, this
leads to the conclusion that RR 120 is very reactive in the Fe’-based system. This behaviour is
also reported for the first time and the system could be observed for longer duration (> 93 d)
to characterize the system “ passivation” or in other words to reduce the chemical reactivity of
the sytem by addition of acids. But again yet this is beyond the focus of the thesis work. RR
120 breakthrough (0 % Fe” system) is certainly coupled with advanced inhibition of the tested
Fe’ or low intrinsic reactivity. Thereby clearly RR 120 is a candidate for long term
characterization of the reactivity of Fe” materials in column.

5.2.6 pH values of the column effluent
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Fig 21: Time dependent evolution of pH of the column experiment. The lines are not fitting
functions; they simply connect points to facilitate visualization.

The pH values show no significant change (Fig. 21) in all the columns including the reference
systems (sand columns). This result is rationalized by the relative low mass of Fe” used (100
g) and the low solubility of Fe for the concerned pH range (8.0 — 8.3). The exact values of the
pure sand systems is 8.3 while the pH value of the Fe systems ranges from 7.9 to 8.1.
However these minor variations of the pH value have practically no impact on the
geochemistry of the system. This observation is in tune with geochemistry of iron as the slight
pH decreased is attributed to the buffer characteristics of iron hydroxides (Phukan et al.,
2015).
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5.2.7 Total iron concentration of the effluent
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Fig 22: (a) Preparation of samples from the effuent of the columns for measurement of Fe’
concentration (b) Concentration of dissolved Fe in the effleunt of columns with Fe' loading.
The lines are not fitting functions; they simply connect points to facilitate visualization.

There is no significant variation of the iron concentration (< 1.0 mg L™). The mobility of the
dissolved iron is low due to low solubilty at pH > 5.0. The dissolved Fe is adsorbed and
precipitated on sand particle (in situ coating) and tubing materials is visually observed. A
cautious observation of Fig. 22b suggests that the iron concentration of the 100 % Fe’ column
fed with RR 120 was slightly higher. This observation may be rationalized by the fact that RR
120 quantitative discoloration yield reaction products of relatively high affinity for sand.
These reaction products lower adsorption of Fe' and Fe'' species onto sand and accelerate
iron breakthrough. Although the nature of reactions products is not known, their quantitative
breakthrough supports their low affinity for iron oxides as well. However, the subject of this
thesis is the differential behavior of parent compounds: cationic and anionic dyes.

Another detailed noticeable feature is the variation of the iron concentration from 400 pg L™
to 100 ug L™ for a short time period and back again to constant value of 400 pg L. Orange II
and RR 120 exhibits an exceptional trend. This observation is acknowledged here in order to
conviniently interpret in future only when the the trend is repeated and the reaction products
are known. But the analysis of this behaviour is over the scope of this research work.
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5.2.8 Hydraulic Conductivity or permeability loss
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Fig 23: Time dependent evolution of the flow velocity in the 10 test columns. The lines are
not fitting functions; they simply connect points to facilitate visualization.

The variation in the hydraulic conductivity of all the 10 columns shows a constant value of
11.5 mL h™ through the entire experimental duration of 93 days (Fig. 23). This indicates the
absence of permeability loss which might be misinterpreted as lack of loss in porosity. After
dismanteling the columns, material compaction was documented in all Fe’-based column
except the ones flushed with RR 120. Moreover observation of the brown colouration and the
measure of the iron concentration certifies oxidative dissolution and precipitation of iron
hydroxides. But permeability loss can only be observed when the sum of forces generated in
the system (filter resistance) are superior to the pressure supplied by the peristaltic pump
(initial driving force) Miyajima and Noubactep (2013). The present work has used the
experimental design of Miyajima (2012). Accordingly, the pump rate 0.1 mL min” was
sufficient for transportation generated in-situ iron oxides out of the reactive zone to avoid
clogging of the system within the experimental period. The results obtained herein can be
further fine-tuned in gravity driven experiments (Btatkeu et al. 2014a).

5.2.9 Cementation of the column materials

A brown coloration was observed in the entrance zone of all columns. This coloration is
characteristic for Fe" oxides commonly termed as rust. Usually solid materials (Fe’ and sand)
are cemented to a compact mass. This cementation corresponds to the progressive loss of
interconnectivity of the initial inter-particular porosity. In other words, unlike for field
experiments, no influent sediment is deposited. Thus, the permeability loss is due to
cementation and not to deposition. Given the intrinsic nature of cementation under anoxic
conditions (O, available), porosity loss is always due to a large extent to iron corrosion, even
under anoxic conditions, less voluminous oxides (not brown in color) are formed and
contributed to porosity/permeability loss because iron oxides are less dense than metal iron. In
other words, iron corrosion is volumetric expansive.
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The fact that permeability loss was not observed herein is due to the used pumping rate that
was sufficient to transport enough iron oxides away from the reactive zone. In this process,
preferential flow patterns are created in the entrance zone and propagated upwards. This
preferential flow is the rational for the absence of blue coloration in the Hgng2 layer, despite
MB breakthrough (columns 8,9 and 10) (Miyajima 2012, Miyajima and Noubactep 2013,
Tepong-Tsindé et al. 2015b).

The visual observation of column material revealed a visible brown compacted solid in the
lower 2 cm of columns containing only Fe’ in the reactive zone and up to 4 cm in the pure Fe’
columns. An exception was observed for the column when flushed with the RR 120 solution.
Here, no compaction was observed. Remember that iron release was higher for the RR 120
systems. The rest of the reactive zone was black in color and appeared visually similar to the
original Fe” material. This corresponds to the observation made in previous works (Mckenzie
et al. 1999, Westerhoff and James 2003, Miyajima 2012, Miyajima and Noubactep 2013). The
absence of compaction in the RR 120 experiment is rationalized by the large molecular size of
RR 120. This suggests that large organic molecules can inhibit particle cementation in
Fe"/H,O systems. Further research is needed to understand this preliminary observation and
possibly exploit it in the design of Fe filters, for example for the treatment of industrial
wastewater etc.

5.3 Summary of the results

The results of batch experiment can be summarized as (i) the order of discoloration of the
dyes by pure systems Fe’ > MnO, > sand, (ii) the order of dye discoloration by Fe’ amended
systems are Fe%/sand > FeO/MnOz > FeO/sand/MnOz. The clearest trend was obtained for
Orange II discoloration. MnO, and sand have confirmed their suitability to optimize the
characterization of the ion-selective nature of Fe"/H,O systems. In-situ generated corrosion
products cover the sand surface and hence favors electrostatic attraction (and thus adsorptive
discoloration) of negatively charged Orange II and RR 120 (anions). Even positively charged
MB is weakly adsorbed and co-precipitated onto iron oxides generated in-situ and freely
precipitating in the bulk solution.

The results of column experiment are summarized in Table 9 and can be read as:

(1) Cationic MB is strongly adsorbed onto negatively charged sand layer, but depicts
only weak affinity to the surface of iron oxides. Co-precipitation and adsorptive
size exclusion are responsible of MB removal after the sand layer (Hgang.1). MB is
the least discolored dye in Fe’-based systems with the extent of breakthrough of 25
% after 93 days. In case of 100 % Fe’-based system with 200 g of iron, the
breakthrough was leveled at 20 % for the same period and the initial breakthrough
was delayed by 7 days compared to the pure Fe” system with 100 g of the reactive
material.

(ii))  Anionic Orange II shows the highest affinity for adsorption on the positively
charged corrosion products. Quantitative discoloration was observed after a lag of
15 days. This period is described as the time needed to generate enough corrosion
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products for quantitative discoloration in the system. After this lag period Orange
IT discoloration was quantitative through the end of the experiment (day 23).

(iii)  Anionic RR120 showed quantitative discoloration for whole 93 days, without any
lag period. This behavior is attributed to steric effects as RR 120 is significantly
larger in size than Orange II. RR 120 has chemically reacted but the reaction
products are not identified. The two Fe’-based columns fed with RR 120 have not
experienced any compaction.

(iv)  The couple MB/Orange II has unambiguously documented the ion-selective nature
of Fe"/H,O systems while the couple Orange II/RR 120 has demonstrates the
impact of steric effects.

The UV-Vis spectrum change of MB, Orange II and RR 120 showed characteristic peak even
after 20-fold dilution of the working solution (31uM) and hence it can be summarized as:

(1) MB, orange II and RR 120 are discolored in Fe”/H,0 systems,

(i1) MB and Orange II discoloration is not visibly coupled with the appearance of
any new species; and

(iii))  RR 120 discoloration is quantitative but the resulting solution is yellow colored
which is not in the range of the UV-spectrum and might be toxic.

There is no significant change in the pH value in both batch and column experiments. The
slight pH decrease is due to the buffer characteristics of the iron hydroxides. RR 120 and
Orange II exhibited significant variations of iron concentrations. There was no significant
change in the hydraulic conductivity (11.5 mL h™ through the end of the experiments).
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6. Concluding Remarks

The present work has characterized the ion-selective nature of Fe”/H,O systems for the first
time in the remediation research. A commercial Fe’ is amended with a reactive MnO,-bearing
mineral and commercial sand. The discoloration behavior of three different organic dyes are
investigated in the (MnO, and sand) amended Fe”/H,O systems. While negatively charged
sand is an excellent adsorbent for positively charged methylene blue (MB), its adsorptive
affinity for negatively charged Orange II and reactive red 120 (RR 120) is less pronounced.
MB and Orange II are comparable in size, while RR 120 is significantly larger. Testing two
anionic dyes of different molecular size has clearly demonstrated the significance of steric
effects on the processes yielding contaminant removal in Fe’/H,0 systems.

Fe® and Fe%sand systems were characterized both in batch and column experiments, while
Fe”/MnO, and Fe’/sand/MnO, systems were solely characterized in batch experiments. The
results of batch experiment were essentially qualitative in nature, while column experiments
clearly demonstrated the differential kinetics in the efficiency of pure adsorbent (e.g. sand)
and in situ-generated adsorbent which also act as ‘local flocculants’ for dye co-precipitation.
Sand exhibited a typical S-shape breakthrough curve after 15 days, while Fe’-based systems
were more efficient in the long-term (still discoloring at the end of the experiment, 93 days).
Additionally, where sand could solely quantitatively discolor MB, Fe’-based systems could
discolor all three dye solutions, with the discoloration being quantitative for the anionic dyes
(Orange II and RR 120). Under the experimental conditions tested herein, the effect of sand
admixture on the system’s sustainability in terms of increase permeability could not be
evidenced. In fact the pumping rate was sufficient to avoid the accumulation of iron corrosion
products so as to reduce the flow velocity (for the tested experimental duration). However,
differential compaction of the Fe%/sand mixture was observed with no compaction in the
columns treating RR 120. This result suggests that large molecules organic species may avoid
particle cementation and loss of interconnectivity. However more research is needed as this
behavior is documented for the very first time.

The present thesis has confirmed that available discrepancies in the literature are mostly due
to the initial premise regarding Fe’ as a reducing agent. Herein, it is demonstrated that Fe’
induced sand coating with iron oxides and contaminant co-precipitation with the same.
Accordingly all species with high affinity to iron oxides are preferentially removed by
adsorption onto iron oxides coating sand surfaces. Such species include arsenic and chromium
but as also organics as Orange II. For all other species, removal by co-precipitation and size-
exclusion will occur to different extent. This makes Fe’ a universal material for water
treatment. In a treatment chain Fe’-units should come after units removing cationic species. In
a stand-alone treatment plant, proper dimensioning should account for the lower affinity, e.g.
through thicker Fe” beds.

The other major input of the thesis is that contaminants, to be treated by Fe”/H,O systems,
should be primordially classified according to their affinity to iron oxides and not to the
chemical nature (organic/inorganic) or their origin (e.g natural/anthropogenic, industrial or
agricultural effluents, pharmaceutical). The charge and the size should be primordial. It is
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certain that the redox properties could play an important role, but the redox reactivity of
Fe’/H,0 systems is not governed by the potential of the couple Fe'/Fe” (-0.44 V). It should be
kept in mind that Fe"/H,O systems for contaminant removal are efficient at pH >4.5. Such
system is necessarily ion selective because the surface of iron oxides are positively charged

The last major feature of the thesis is that it has confirmed the suitability of properly design
experiments with small amount of Fe’ (here 100 g) to achieve reliable results under realistic
conditions (no exaggerated acceleration). In column experiment, despite of low affinity for
iron corrosion products, MB was removed at a constant rate of 75 % (25 % breakthrough)
through the end of the experiment. This reiterates that well-dimensioned Fe' filters could even
satisfactorily remove species with less affinity to iron oxides. The low affinity of MB in
Fe/H,O system makes it a reactive indicator for characterizing the system within reasonable
duration. For example, the results reported herein, suggest that conclusive experiments with
MB could be performed for 45 days, while 93 days were still insufficient to document
changes with both tested anionic dyes. This observation recalls that intelligent tools are
required to shorten the experimental duration without any artificial modifications that are not
relevant for field situations.

This work provides useful guidance for subsequent laboratory investigations focused on (i)
identifying relevant operational factors affecting Fe' filter efficiency (e.g. water chemistry,
Fe® characteristics), and (ii) designing long-term efficient Fe’ filters. More collaborative
research is needed with several groups of contaminants. A way to continue the work initiated
herein could consist in (i) seeking the breakthrough for Orange IT and RR 120, (ii) seeking the
point at which the expected differences between the 50 % and 100 % Fe' ratio are observable,
(iii) identifying the reaction products of RR 120 and (iv) further characterizing the material
compaction in the presence of RR 120. All these aspects would contribute to progress in
designing Fe’-based filters.
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7. Epilogue

The presented work corresponds to the original manuscript submitted in January 2015 and
available in the Geoscience library of the Georg-August-University of Géttingen (Germany).
Minor revisions were performed, mostly limited at actualizing bibliographic references and
slightly ameliorating the readability.

This work determines a 20 years-lasting discussion on the relevance of adsorption of organic
species as a relevant removal mechanism in Fe’/H,O systems. It is still mostly considered that
Fe’/H,0 systems are a reductive one in which adsorption might be important for some
inorganic species like arsenic, chromium or selenium while organic species are mostly
reductively transformed (Vodyanitskii 2014a, 2014b, Naidu and Birke 2015, Colombo et al.
2015). In using three charged organic species (azo dyes — one cationic and two anionic) and
documenting differential quantitative discoloration extents, this study has definitely proven
that the chemical affinity of contaminants to iron oxides is the most important factor
governing the selectivity of Fe’/H,O systems. Accordingly, redox processes (if applicable) are
of secondary relevance. In particular for water treatment even reduced species must be
removed from the aqueous phase. For environmental remediation, it might be enough that
reduced species are better biodegradable.

In essence the ‘establishment’ of the ion-selective nature of Fe"/H,O systems is by no means a
discovery as Kyzas et al. (2013) reported on initial knowledge on dye adsorption by metal
oxides (for wastewater treatment) gained during 1951-1970. The ion-selective nature of metal
oxides for dyes was established during these years. A particular work was performed by
Mitchell et al. (1955) and published in Nature. These authors clearly showed that methylene
blue (MB) adsorbed differently onto natural sand samples and that in each case, coating sand
by iron oxides considerably lessened the adsorption capacity for MB. The findings of Mitchell
et al. (1955) were already exploited to elucidate the importance of admixing non-expansive
materials to Fe” to warrant systems’s sustainability (Miyajima 2012, Btatkeu-K et al. 2014a,
2014b, Tepong-Tsindé et al. 2015b). The present study has purposefully tested anionic dyes in
the same systems to confirm results available from the 1950s, but not yet properly considered
within the ‘Fe’ remediation’ research community.

Properly considering the affinity of aqueous species to iron oxides within Fe’/H,O systems is
crucial for further research for at least two reasons (Noubactep 2015c¢):

(1) contaminants should be mainly classified due to their affinity to iron oxides (at
relevant pH values), whether they are organic or inorganic in nature;

(i1) Beside the affinity to iron oxides, the steric hindrance (molecular size) should be
considered.

Parallel experiments with organic and inorganic species having various affinities to Fe oxides
and molecular sized are necessary to gain overview information capable at facilitating a non-
site specific system design. Clearly, a scientific discussion (Noubactep 2015a, 2015b) and
ground level research with multi-contaminant systems is needed (Tepong-Tsindé et al. 2015a)
before some rules of thumb for the design of Fe’-based filtration systems can be formulated.
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Appendix

This segment presents experimental data which includes
The weight of each reactive system in batch and column experiments,

The measured concentration of each dye in the individual test-tubes or each column
experiment,

Mean dye concentration with statistical data.
Appendix 1: Chemicals and Experimental Devices used
Chemicals

Dyes- Methylene Blue (MB), Orange II, Reactive Red (RR 120)

Ascorbic Acid to remove adsorbed dyes and to reduce Fe®* species to more stable Fe** species
in all the test-tubes and columns containing Fe'.

HCI solutions were used for washing in order to remove persistent species on the test tubes in
batch experiment.

Experimental devices

Sartorius digital weighing machine (0.001)

Dispenser

Test tubes with 20 mL graduated capacity

Racks for test tubes

Precision pipettes with volumes either 10-1000 pL.

Shaker HS 501D by “Janke and Kunkel”, DCM Laborservice, with shaking intensity 75 rpm
UV-VIS Spectrophotometer Cary 50 by Varian

Peristaltic Pump (Ismatec , ICP 24)

10 columns (H =40cm, B = 2.6 cm inner diameter)

Tygon tubes connecting inlet reservoir, pump, column and outlet.
Samples bottles with 1 L capacity
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APPENDIX 1: Batch Experiment

Experiment 1: Performed experiment for pure sand, ZVI, and MnO, and
mixtures under 6 weeks non shaken condition for MB

Table Al.1a: Experimental Condition

Sand MnO, 7V1

Sample | Initial | Actual Mean | Deviation | Initial | Actual Mean | Deviation | Initial | Actual Mean | Deviation
no wt.(g) | measured | Std wt(g) measured | Std wt(g) | measured | Std

wt.(2) wt.(2) wt.(g)
1 0.0 |0.0 0.0 [0.0 0.0 0.0
2 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 | 0.0
3 0.0 |0 0.0 [0.0 0.0 0.0
4 0.5 |0.55 0.0 0.0 0.0 0.0
5 0.5 |0.51 0.5 |0.02 0.0 0.0 0.0 | 0.0 0.0 0.0 0 0.0
6 0.5 |0.50 0.0 [0.0 0.0 0.0
7 0.0 0.0 0.5 |0.53 0.0 0.0
8 0.0 |0.0 0.0 | 0.0 0.5 10.51 0.5 |0.03 0.0 0.0 0 0.0
9 0.0 0.0 0.5 |0.56 0.0 0.0
10 0.0 |0.0 0.0 [0.0 0.1 |0.10
11 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 | 0.0 0.1 |0.11 0.1 |0.01
12 0.0 0.0 0.0 0.0 0.1 |0.13
13 0.0 |0.0 0.0 [0.0 0.1 |0.10
14 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 | 0.0 0.1 |0.10 0.1 0.0
15 0.0 |0.0 0.0 [0.0 0.1 |0.10
16 0.5 |0.50 0.0 0.0 0.1 |0.13
17 0.5 |0.52 0.5 [0.01 0.0 [0.0 0.0 | 0.0 0.1 |0.11 0.1 |0.02
18 0.5 |0.53 0.0 [0.0 0.1 |0.13
19 0.5 |0.50 0.0 0.0 0.1 |0.11
20 0.5 |0.54 0.5 |0.03 0.0 [0.0 0.0 | 0.0 0.1 |0.10 0.1 |0.0
21 0.5 |0.56 0.0 0.0 0.1 |0.10
22 0.0 0.5 |0.50 0.1 |0.13
23 0.0 0.0 | 0.0 0.5 |0.52 0.5 [0.01 0.1 |0.16 0.1 |0.02
24 0.0 0.5 |0.53 0.1 |0.12
25 0.0 0.5 |0.50 0.1 |0.10
26 0.0 0.0 | 0.0 0.5 |0.50 0.5 0.0 0.1 |0.11 0.1 |0.02
27 0.0 0.5 |0.50 0.1 |0.14
28 0.5 |0.51 0.5 |0.50 0.1 |0.13
29 0.5 |0.50 0.5 [ 0.0 0.5 10.51 0.5 0.0 0.1 |0.13 0.1 |0.02
30 0.5 |0.51 0.5 | 0.50 0.1 |0.11
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Experiment 1: Performed experiment for pure sand, ZVI, and MnO, and
mixtures under 6 weeks non shaken condition for Orange I1

Table Al.1b: Experimental Condition

Sand MnO, ZV1
Sampl | Initial | Actual Mea | Deviatio | Initia | Actual Mea | Deviatio | Initia | Actual Mea | Deviatio
e no wt.(g | measure nStd | n 1 measure nStd | n 1 measure nStd | n

) dwt.(g) wi(g) | dwt(g) wi(g) | dwt(g)
1 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
2 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
3 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
4 0.5 |0.50 0.0 | 0.0 0.0 | 0.0
5 0.5 {050 |0.5 |[0.02 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
6 0.5 |0.54 0.0 | 0.0 0.0 | 0.0
7 0.0 | 0.0 0.5 | 0.52 0.0 | 0.0
8 0.0 | 0.0 0.0 | 0.0 0.5 |0.54 |05 |0.03 0.0 | 0.0 0.0 | 0.0
9 0.0 | 0.0 0.5 [0.50 0.0 | 0.0
10 0.0 | 0.0 0.0 | 0.0 0.1 | 0.12
11 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.1 1013 [0.1 |[0.01
12 0.0 | 0.0 0.0 | 0.0 0.1 | 0.10
13 0.0 | 0.0 0.0 | 0.0 0.1 | 0.10
14 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.1 /010 [0.1 |0.0
15 0.0 | 0.0 0.0 | 0.0 0.1 | 0.12
16 0.5 | 0.51 0.0 | 0.0 0.1 | 0.13
17 0.5 (052 |05 [0.01 0.0 | 0.0 0.0 | 0.0 0.1 /011 [0.1 |0.02
18 0.5 |0.50 0.0 | 0.0 0.1 | 0.10
19 0.5 | 0.54 0.0 | 0.0 0.1 | 0.10
20 0.5 {050 |05 |[0.03 0.0 | 0.0 0.0 | 0.0 0.1 /013 (0.1 |0.0
21 0.5 |0.50 0.0 | 0.0 0.1 | 0.11
22 0.0 0.5 |0.50 0.1 | 0.11
23 0.0 0.0 | 0.0 0.5 1050 |05 0.0 0.1 10.14 [0.1 |0.01
24 0.0 0.5 | 0.51 0.1 | 0.10
25 0.0 0.5 | 0.52 0.1 | 0.13
26 0.0 0.0 | 0.0 0.5 [050 |0.5 |0.01 0.1 1 0.10 [0.1 |0.01
27 0.0 0.5 |0.50 0.1 |0.12
28 0.5 | 0.51 0.5 | 0.52 0.1 | 0.11
29 0.5 [051 |05 [0.01 0.5 |0.50 |05 |0.01 0.1 /013 |0.1 |0.01
30 0.5 |0.50 0.5 | 0.52 0.1 | 0.10
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Experiment 1: Performed experiment for pure sand, ZVI, and MnO, and
mixtures under 6 weeks non shaken condition for RR 120

Table Al.1c: Experimental Condition

Sand MnO, YAY |
Sampl | Initial | Actual Mea | Deviatio | Initia | Actual Mea | Deviatio | Initia | Actual Mea | Deviatio
e no wt.(g | measure | nStd | n 1 measure | nStd | n 1 measure | nStd | n

dwt.(g) wi(g) | dwt(g) wi(g) | dwt(g)

1 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
2 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
3 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
4 0.5 |0.52 0.0 | 0.0 0.0 | 0.0
5 0.5 {050 |0.5 |0.01 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0
6 0.5 [0.50 0.0 | 0.0 0.0 | 0.0
7 0.0 | 0.0 0.5 |0.50 0.0 | 0.0
8 0.0 | 0.0 0.0 | 0.0 0.5 /053 |05 |0.03 0.0 | 0.0 0.0 | 0.0
9 0.0 | 0.0 0.5 |0.51 0.0 | 0.0
10 0.0 | 0.0 0.0 | 0.0 0.1 | 0.10
11 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.1 /012 |0.1 |0.01
12 0.0 | 0.0 0.0 | 0.0 0.1 | 0.10
13 0.0 | 0.0 0.0 | 0.0 0.1 | 0.14
14 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.0 | 0.0 0.1 /1 0.10 |0.0 |0.02
15 0.0 | 0.0 0.0 | 0.0 0.1 | 0.11
16 0.5 |0.51 0.0 | 0.0 0.1 | 0.11
17 0.5 {050 |0.5 |0.00 0.0 | 0.0 0.0 | 0.0 0.1 /010 (0.1 |0.0
18 0.5 [0.50 0.0 | 0.0 0.1 |0.10
19 0.5 |0.52 0.0 | 0.0 0.1 | 0.10
20 0.5 1050 |0.5 |0.01 0.0 | 0.0 0.0 | 0.0 0.1 /1010 [0.1 |0.0
21 0.5 |0.52 0.0 | 0.0 0.1 | 0.10
22 0.0 0.5 |0.51 0.1 | 0.10
23 0.0 0.0 | 0.0 0.5 |0.51 0.5 |0.01 0.1 /0.14 |0.1 |0.02
24 0.0 0.5 |0.53 0.1 | 0.10
25 0.0 0.5 |0.54 0.1 | 0.10
26 0.0 0.0 | 0.0 0.5 |0.51 |05 |0.02 0.1 /010 |0.1 |0.01
27 0.0 0.5 |0.50 0.1 | 0.13
28 0.5 |0.51 0.5 |0.54 0.1 | 0.10
29 0.5 {051 |05 |0.01 0.5 1050 |05 |0.02 0.1 /013 [0.1 |0.02
30 0.5 |0.52 0.5 |0.50 0.1 | 0.11
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Experiment 1: Performed experiment for pure sand, ZVI, and MnO, and
mixtures under 6 weeks non shaken condition for MB, Orange II and RR 120

Table Al.1d: Results for MB, Orange Il and RR 120.

[MB]; | [MB], | [MB]; | [MB]mea Ajmg D1 D2 D3 D oD
n mean

(mg/L | (mgL | (mg/L |(mgL) |mgL |(%) |0 (0 [() |(%)
) ) ) )

9.5 9.6 9.6 9.6 0.1 1.0 0.0 0.0 0.3 0.6
7.6 7.2 7.2 7.3 0.2 20.8 25.0 25,0 23.6 24
3.7 3.7 3.9 3.8 0.1 61.5 61.5 59.4 60.8 1.2
4.4 4.6 5.1 4.7 0.4 54.2 52.1 46.9 51.0 3.8
5.2 54 6.0 5.5 0.4 45.8 43.8 37.5 42.4 4.3
5.9 5.2 5.0 54 0.5 38.5 45.8 47.9 44.1 4.9
6.2 6.7 6.6 6.5 0.3 354 30.2 31.3 323 2.8
5.1 5.1 5.8 53 0.4 46.9 46.9 39.6 44.4 4.2
6.1 6.2 53 5.9 0.5 36.5 354 44.8 38.9 5.1
5.7 6.6 5.5 5.9 0.6 40.6 31.3 42.7 38.2 6.1
[Orange | [Orange | [Orange | [Orange II] 7\[0rang D1 D2 D3 D mean cD

1], 1], 1115 mean el

(mg/L | (mg/L | (mg/L | (mg/L) | (mg/L | (%) | (%) | () | (%) | (%)

) ) ) )

11.3 11.3 11.3 11.3 0.0 0.0 0.0 0,0 0.0 0.0
11.1 11.1 11.2 11.1 0.1 0.0 0.0 -0,9 -0.3 0.5
9.7 10.0 9.8 9.8 0.2 14.2 11.5 13,3 13.0 1.4
0.4 0.4 0.5 0.4 0.1 96.5 96.5 95,6 96.2 0.5
1.5 1.7 1.3 1.5 0.2 86.7 85.0 88.5 86.7 1.8
1.6 4.0 2.9 2.8 1.2 85.8 64.6 74,3 74.9 10.6
3.8 7.2 5.8 5.6 1.7 66.4 36.3 48,7 50.4 15.1
9.1 7.8 9.9 8.9 1.1 19.5 31.0 12,4 209 9.4
10.0 9.5 10.0 9.8 0.3 11.5 15.9 11,5 13.0 2.6
9.2 8.8 9.2 9.1 0.2 18.6 22.1 18,6 19.8 2.0

[RR |[RR |[RR | [RR 120] | Aggiz | D1 D2 D3 Down | GD
120], |120], | 1205 |™ |

(mg/L | (mg/L | (mg/L | (mgL) |(mgL | (%) (%) |(0) (%) | (%)

) ) ) )

47.4 47.7 47.8 47.6 0.2 0.42 -0.21 |-0.42 0.0 0.4
47.5 47.6 47.5 47.5 0.1 0.21 0.00 0,21 0.1 0.1
45.1 45.1 45.4 45.2 0.2 5.25 5.25 4,62 5.0 0.4
8.5 8.0 9.2 8.6 0.6 82.14 |83.19 |80,67 |82.0 1.3
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14.3 19.3 18.1 17.2 2.6 69.96 |5945 |6197 |63.8 5.5
26.9 26.5 27.7 27.0 0.6 43.49 | 4433 | 41,81 |43.2 1.3
27.0 33.7 333 313 3.8 43.28 |29.20 |30,04 |34.2 7.9
42.2 40.7 40.7 41.2 0.9 11.34 | 1450 | 14,50 | 134 1.8
42.2 41.1 41.6 41.6 0.6 11.34 | 13.66 |12,61 |12.5 1.2
39.2 41.3 414 40.6 1.2 17.65 |13.24 | 13,03 | 14.6 2.6

Experiment 2: Performed experiment for pure ZVI/sand mixtures under 2weeks
shaken condition for MB.

Table Al.2a: Experimental Conditions

Sand ZV1

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(g) Std wt.(2) wt.(2)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.50 0.00 0.00

5 0.50 0.50 0.50 | 0.00 0.00 0.00 0.00 0.00
6 0.50 0.50 0.00 0.00

7 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.10 0.00
9 0.00 0.00 0.10 0.11

10 0.05 0.05 0.10 0.11

11 0.05 0.05 0.05 | 0.00 0.10 0.11 0.11 0.01
12 0.05 0.05 0.10 0.10

13 0.10 0.10 0.10 0.10

14 0.10 0.10 0.10 | 0.00 0.10 0.10 0.10 0.00
15 0.10 0.10 0.10 0.11

16 0.15 0.15 0.10 0.10

17 0.15 0.15 0.15 | 0.00 0.10 0.11 0.11 0.01
18 0.15 0.15 0.10 0.11

19 0.20 0.21 0.10 0.10

20 0.20 0.20 0.20 | 0.00 0.10 0.11 0.11 0.01
21 0.20 0.20 0.10 0.11

22 0.30 0.30 0.10 0.11

23 0.30 0.30 0.31 | 0.01 0.10 0.10 0.10 0.00
24 0.30 0.32 0.10 0.10

25 0.40 0.41 0.10 0.10

26 0.40 0.40 0.40 | 0.00 0.10 0.10 0.11 0.01
27 0.40 0.40 0.10 0.12

28 0.50 0.50 0.10 0.11

29 0.50 0.50 0.50 | 0.00 0.10 0.10 0.10 0.00
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Experiment 2: Performed experiment for pure ZVI/sand mixtures under 2weeks
shaken condition for Orange II.

Table A1.2b: Experimental Conditions

Sand VA%

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(2) Std wt.(g) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.51 0.00 0.00

5 0.50 0.50 0.50 | 0.00 0.00 0.00 0.00 0.00
6 0.50 0.50 0.00 0.00

7 0.00 0.00 0.10 0.11

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.10 0.00
9 0.00 0.00 0.10 0.10

10 0.05 0.05 0.10 0.10

11 0.05 0.05 0.05 | 0.00 0.10 0.11 0.11 0.01
12 0.05 0.05 0.10 0.12

13 0.10 0.10 0.10 0.12

14 0.10 0.10 0.10 | 0.00 0.10 0.10 0.11 0.01
15 0.10 0.10 0.10 0.10

16 0.15 0.15 0.10 0.11

17 0.15 0.15 0.15 | 0.00 0.10 0.11 0.11 0.01
18 0.15 0.15 0.10 0.11

19 0.20 0.20 0.10 0.11

20 0.20 0.20 0.20 | 0.00 0.10 0.12 0.11 0.01
21 0.20 0.20 0.10 0.11

22 0.30 0.32 0.10 0.10

23 0.30 0.30 0.32 | 0.02 0.10 0.12 0.12 0.02
24 0.30 0.32 0.10 0.10

25 0.40 0.40 0.10 0.10

26 0.40 0.40 0.40 | 0.00 0.10 0.13 0.12 0.02
27 0.40 0.41 0.10 0.12

28 0.50 0.51 0.10 0.10

29 0.50 0.50 0.51 | 0.01 0.10 0.13 0.12 0.02
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Experiment 2: Performed experiment for pure ZVI/sand mixtures under 2weeks
shaken condition for RR 120.

Table Al.2c: Experimental Conditions

Sand VA%

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(2) Std wt.(g) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.50 0.00 0.00

5 0.50 0.50 0.50 | 0.00 0.00 0.00 0.00 0.00
6 0.50 0.50 0.00 0.00

7 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.11 0.01
9 0.00 0.00 0.10 0.12

10 0.05 0.05 0.10 0.11

11 0.05 0.05 0.05 | 0.00 0.10 0.10 0.11 0.01
12 0.05 0.05 0.10 0.11

13 0.10 0.13 0.10 0.11

14 0.10 0.10 0.11 | 0.01 0.10 0.11 0.11 0.01
15 0.10 0.10 0.10 0.12

16 0.15 0.15 0.10 0.13

17 0.15 0.15 0.15 | 0.00 0.10 0.11 0.11 0.01
18 0.15 0.15 0.10 0.11

19 0.20 0.21 0.10 0.11

20 0.20 0.20 0.20 | 0.00 0.10 0.11 0.11 0.01
21 0.20 0.20 0.10 0.10

22 0.30 0.30 0.10 0.11

23 0.30 0.30 0.30 | 0.02 0.10 0.11 0.11 0.01
24 0.30 0.31 0.10 0.10

25 0.40 0.40 0.10 0.10

26 0.40 0.43 0.42 | 0.02 0.10 0.10 0.10 0.00
27 0.40 0.41 0.10 0.10

28 0.50 0.50 0.10 0.10

29 0.50 0.50 0.50 | 0.00 0.10 0.10 0.10 0.00
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Experiment 2: Performed experiment for pure ZVI/Sand mixtures under
2weeks shaken condition for MB, Orange II and RR120.

Table A1.2d: Results for MB, Orange Il and RR120

[MB]; | [MB], | [MB]s | [MB] | Ogmp | D1 D2 D3 D mean cD
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (7o) (7o) (%) | (%)
9.5 9.6 9.6 9.6 0.1 1.0 0.0 0.0 0.3 0.6
7.6 7.2 7.2 7.3 0.2 20.8 25.0 25.0 23.6 2.4
3.7 3.7 3.9 3.8 0.1 61.5 61.5 59.4 60.8 1.2
4.4 4.6 5.1 4.7 0.4 54.2 52.1 46.9 51.0 3.8
5.2 5.4 6.0 5.5 0.4 45.8 43.8 37.5 42.4 4.3
5.9 5.2 5.0 5.4 0.5 38.5 45.8 47.9 44.1 4.9
6.2 6.7 6.6 6.5 0.3 35.4 30.2 31.3 323 2.8
5.1 5.1 5.8 53 0.4 46.9 46.9 39.6 44.4 4.2
6.1 6.2 5.3 5.9 0.5 36.5 35.4 44.8 38.9 5.1
5.7 6.6 5.5 5.9 0.6 40.6 31.3 42.7 38.2 6.1
[Orang | [Orang | [Orang | [Oran | S|iorange | D1 D2 D3 D mean cD
e Il e ], ell]; ge II] | m

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (%0) (%) (o) | (%)
11.3 11.3 11.3 11.3 0.0 0.0 0.0 0.0 0.0 0.0
11.3 11.4 11.4 114 0.1 0.9 0.0 0.0 0.3 0.5
1.5 2.0 2.2 1.9 0.4 86.8 82.5 80.7 83.3 3.2
3.4 2.6 2.4 2.8 0.5 70.2 77.2 78.9 75.4 4.6
2.9 4.6 4.0 3.8 0.9 74.6 59.6 64.9 66.4 7.6
3.7 3.9 4.7 4.1 0.5 67.5 65.8 58.8 64.0 4.6
7.3 5.9 4.9 6.0 1.2 36.0 48.2 57.0 47.1 10.6
6.0 3.8 4.9 4.9 1.1 47.4 66.7 57.0 57.0 9.6
5.0 4.1 4.2 4.4 0.5 56.1 64.0 63.2 61.1 4.3
6.3 4.9 4.5 5.2 0.9 44.7 57.0 60.5 54.1 83
[RR [RR [RR [RR SRR 120] | D1 D2 D3 D mean cD
120]; | 120, | 120]5 | 120]

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (o) (%) (o) | (%)
47.3 473 473 47.3 0.0 0.0 0.0 0.0 0.0 0.0
47.2 473 473 47.3 0.1 0.2 0.0 0.0 0.1 0.1
20.0 18.9 15.7 18.2 2.2 57.7 60.0 66.8 61.5 4.7
21.4 21.6 25.0 22.7 2.0 54.8 54.3 471 52.1 4.3

70




33.0 29.1 25.2 29.1 3.9 30.2 38.5 46.7 38.5 8.2
29.6 27.9 26.7 28.1 1.5 37.4 41.0 43.6 40.7 31
32.5 27.2 36.4 32.0 4.6 31.3 42.5 23.0 323 9.8
344 30.2 373 34.0 3.6 27.3 36.2 21.1 28.2 7.5
33.4 34.8 34.2 34.1 0.7 294 26.4 27.7 27.8 1.5
31.6 36.8 33.9 34.1 2.6 33.2 22.2 28.3 27.9 5.5

Experiment 3: Performed experiment for pure ZVI/MnO, mixtures under
2weeks shaken condition for MB.

Table Al.3a: Experimental Conditions

MnO, ZV1

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(g) Std wt.(g2) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.50 0.00 0.00

5 0.50 0.57 0.52 | 0.02 0.00 0.00 0.00 0.00
6 0.50 0.51 0.00 0.00

7 0.00 0.00 0.10 0.12

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.12 0.02
9 0.00 0.00 0.10 0.12

10 0.05 0.05 0.10 0.10

11 0.05 0.05 0.05 | 0.00 0.10 0.11 0.11 0.01
12 0.05 0.05 0.10 0.11

13 0.10 0.10 0.10 0.12

14 0.10 0.10 0.10 | 0.00 0.10 0.11 0.11 0.01
15 0.10 0.10 0.10 0.11

16 0.15 0.15 0.10 0.12

17 0.15 0.15 0.15 | 0.00 0.10 0.11 0.11 0.01
18 0.15 0.15 0.10 0.11

19 0.20 0.20 0.10 0.12

20 0.20 0.22 0.21 | 0.01 0.10 0.10 0.12 0.02
21 0.20 0.20 0.10 0.14

22 0.30 0.30 0.10 0.11

23 0.30 0.30 0.31 | 0.01 0.10 0.12 0.12 0.02
24 0.30 0.32 0.10 0.13

25 0.40 0.41 0.10 0.13

26 0.40 0.44 0.42 | 0.02 0.10 0.16 0.13 0.03
27 0.40 0.40 0.10 0.10

28 0.50 0.50 0.10 0.10

29 0.50 0.51 0.50 | 0.00 0.10 0.11 0.10 0.00
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Experiment 3: Performed experiment for pure ZVI/MnO, mixtures under
2weeks shaken condition for Orange II.

Table A1.3b: Experimental Conditions

MnO, ZV1

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(2) Std wt.(g) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.50 0.00 0.00

5 0.50 0.51 0.50 | 0.00 0.00 0.00 0.00 0.00
6 0.50 0.50 0.00 0.00

7 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.12 0.02
9 0.00 0.00 0.10 0.10

10 0.05 0.05 0.10 0.12

11 0.05 0.05 0.05 | 0.00 0.10 0.10 0.12 0.02
12 0.05 0.05 0.10 0.12

13 0.10 0.10 0.10 0.12

14 0.10 0.13 0.11 | 0.01 0.10 0.12 0.12 0.02
15 0.10 0.10 0.10 0.10

16 0.15 0.15 0.10 0.12

17 0.15 0.15 0.15 | 0.00 0.10 0.10 0.11 0.01
18 0.15 0.15 0.10 0.11

19 0.20 0.20 0.10 0.11

20 0.20 0.25 0.22 | 0.02 0.10 0.11 0.11 0.01
21 0.20 0.21 0.10 0.12

22 0.30 0.31 0.10 0.12

23 0.30 0.30 0.32 | 0.02 0.10 0.12 0.12 0.02
24 0.30 0.35 0.10 0.13

25 0.40 0.41 0.10 0.13

26 0.40 0.40 0.41 | 0.01 0.10 0.11 0.12 0.02
27 0.40 0.42 0.10 0.13

28 0.50 0.52 0.10 0.10

29 0.50 0.53 0.52 | 0.02 0.10 0.10 0.10 0.00
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Experiment 3: Performed experiment for pure ZVI/MnO, mixtures under
2weeks shaken condition for RR 120.

Table Al.3c: Experimental Conditions

MnO, ZV1

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(g) Std wt.(g) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.51 0.00 0.00

5 0.50 0.51 0.51 | 0.01 0.00 0.00 0.00 0.00
6 0.50 0.52 0.00 0.00

7 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.11 0.01
9 0.00 0.00 0.10 0.12

10 0.05 0.05 0.10 0.11

11 0.05 0.05 0.05 | 0.00 0.10 0.10 0.11 0.01
12 0.05 0.05 0.10 0.11

13 0.10 0.13 0.10 0.13

14 0.10 0.13 0.13 | 0.03 0.10 0.14 0.12 0.02
15 0.10 0.14 0.10 0.11

16 0.15 0.15 0.10 0.15

17 0.15 0.15 0.15 | 0.00 0.10 0.13 0.13 0.03
18 0.15 0.15 0.10 0.11

19 0.20 0.20 0.10 0.10

20 0.20 0.24 0.22 | 0.02 0.10 0.10 0.10 0.00
21 0.20 0.20 0.10 0.11

22 0.30 0.30 0.10 0.12

23 0.30 0.32 0.31 | 0.01 0.10 0.11 0.11 0.01
24 0.30 0.30 0.10 0.10

25 0.40 0.41 0.10 0.10

26 0.40 0.40 0.40 | 0.00 0.10 0.10 0.10 0.00
27 0.40 0.40 0.10 0.10

28 0.50 0.53 0.10 0.10

29 0.50 0.53 0.52 | 0.02 0.10 0.10 0.10 0.00
30 0.50 0.51 0.10 0.10
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Experiment 3: Performed experiment for pure ZVI/MnO, mixtures under
2weeks shaken condition for MB, Orange II and RR 120.

Table A1.3d: Results for MB, Orange 11 and RR120

[MB], | [MB]; | [MB] | O | DI D2 D3 Down | 6D
[MB]I mean

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (%) (%) (%) (%)
10.1  |102 [10.1 |10 0.1 0.0 1.0 |00 03 |06

0.5 0.3 0.4 0.4 0.1 95.0 97.0 96.0 96.0 1.0

3.9 4.6 4.1 4.2 0.4 61.4 54.5 594 58.4 3.6

4.3 43 3.7 4.1 0.3 57.4 57.4 63.4 59.4 3.4

3 3.5 3 3.2 0.3 70.3 65.3 70.3 68.6 29

23 24 23 23 0.1 77.2 76.2 77.2 76.9 0.6

1.9 1.2 1.9 1.7 0.4 81.2 88.1 81.2 83.5 4.0

1 0.6 0.6 0.7 0.2 90.1 94.1 94.1 92.7 23

0.4 0.5 0.5 0.5 0.1 96.0 95.0 95.0 95.4 0.6

0.3 0.4 0.3 0.3 0.1 97.0 96.0 97.0 96.7 0.6

[Orang | [Orang | [Orang | [Oran | O D1 D2 D3 D mean cD
e II]; e II]» e II]3 ge II] | (orange
mean II]

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (%) (%) (%) | ()

11.6 11.7 11.7 11.7 0.1 0.9 0.0 0.0 0.3 0.5

11.5 11.4 10.7 11.2 0.4 1.7 2.6 8.5 4.3 3.7

2.1 23 2.0 2.1 0.2 82.1 80.3 82.9 81.8 1.3

2.6 2.9 2.6 2.7 0.2 717.8 75.0 78.2 77.0 1.7

3.5 3.3 34 3.4 0.1 69.9 71.4 71.3 70.9 0.8

4.4 52 3.6 4.4 0.8 62.2 56.0 69.6 62.6 6.8

4.6 4.9 4.4 4.6 0.2 60.9 58.4 62.3 60.5 2.0

3.9 53 5.3 4.9 0.8 66.4 544 54.7 58.5 6.8

7.1 5.6 3.8 5.5 1.6 39.3 51.7 67.3 52.8 14.0

7.2 6.6 8.0 7.3 0.7 38.5 43.6 31.6 37.9 6.0

[RR [RR [RR [RR |:| RR Dl D2 D3 D mean (g D
120, | 120, | 12013 |120] | 120

mean

(mg/L) | (mg/L) | (mgL) | (mg/L) | (mg/L) | (%) (%) (%) () | (%)

453 45.7 45.6 45.5 0.2 0.4 -0.4 -0.2 -0.1 0.5

40.5 40.4 40.3 40.4 0.1 11.0 11.2 11.4 11.2 0.2

19.7 21.2 18.4 19.8 14 56.7 534 59.6 56.6 31

22.4 20.9 22.1 21.8 0.8 50.8 54.1 51.4 52.1 1.7

74




24 24.8 26.7 25.2 1.4 473 45.5 41.3 44.7 3.0
20.2 21.5 26.2 22.6 3.2 55.6 52.7 42.4 50.3 6.9
26.6 30.7 28.6 28.6 2.1 41.5 325 37.1 37.1 4.5
28.1 29 33.2 30.1 2.7 38.2 36.3 27.0 33.8 6.0
34.4 323 31.8 32.8 1.4 244 29.0 30.1 27.8 3.0
33 31.4 33.2 325 1.0 27.5 31.0 27.0 28.5 2.2

Experiment 4: Performed experiment for pure ZVI/MnO, mixtures under 6
weeks non- shaken condition for MB.

Table Al.4a: Experimental Conditions

MnO, ZV1

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(g) Std wt.(g2) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.56 0.00 0.00

5 0.50 0.50 0.52 | 0.02 0.00 0.00 0.00 0.00
6 0.50 0.50 0.00 0.00

7 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.10 0.00
9 0.00 0.00 0.10 0.10

10 0.05 0.05 0.10 0.11

11 0.05 0.05 0.05 | 0.00 0.10 0.11 0.11 0.01
12 0.05 0.05 0.10 0.12

13 0.10 0.13 0.10 0.10

14 0.10 0.13 0.12 | 0.02 0.10 0.11 0.10 0.00
15 0.10 0.14 0.10 0.10

16 0.15 0.15 0.10 0.10

17 0.15 0.15 0.15 | 0.00 0.10 0.10 0.10 0.00
18 0.15 0.15 0.10 0.10

19 0.20 0.21 0.10 0.11

20 0.20 0.21 0.21 | 0.01 0.10 0.10 0.10 0.00
21 0.20 0.22 0.10 0.10

22 0.30 0.30 0.10 0.10

23 0.30 0.30 0.30 | 0.00 0.10 0.11 0.11 0.01
24 0.30 0.30 0.10 0.11

25 0.40 0.42 0.10 0.10

26 0.40 0.40 0.40 | 0.00 0.10 0.10 0.10 0.00
27 0.40 0.40 0.10 0.11

28 0.50 0.50 0.10 0.11

29 0.50 0.50 0.50 | 0.00 0.10 0.11 0.11 0.01
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Experiment 4: Performed experiment for pure ZVI/MnO, mixtures under 6

weeks non- shaken condition for Orange II.

Table Al.4b: Experimental Conditions

MnO, ZV1

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(2) Std wt.(g) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.51 0.00 0.00

5 0.50 0.50 0.50 | 0.00 0.00 0.00 0.00 0.00
6 0.50 0.50 0.00 0.00

7 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 | 0.00 0.10 0.10 0.10 0.00
9 0.00 0.00 0.10 0.11

10 0.05 0.05 0.10 0.11

11 0.05 0.05 0.05 | 0.00 0.10 0.10 0.10 0.00
12 0.05 0.05 0.10 0.10

13 0.10 0.10 0.10 0.10

14 0.10 0.11 0.11 | 0.01 0.10 0.10 0.10 0.00
15 0.10 0.11 0.10 0.10

16 0.15 0.15 0.10 0.10

17 0.15 0.15 0.15 | 0.00 0.10 0.10 0.10 0.00
18 0.15 0.15 0.10 0.10

19 0.20 0.24 0.10 0.10

20 0.20 0.22 0.22 | 0.02 0.10 0.11 0.10 0.00
21 0.20 0.20 0.10 0.10

22 0.30 0.33 0.10 0.10

23 0.30 0.30 0.31 | 0.01 0.10 0.11 0.10 0.00
24 0.30 0.30 0.10 0.10

25 0.40 0.40 0.10 0.10

26 0.40 0.40 0.40 | 0.00 0.10 0.10 0.10 0.00
27 0.40 0.41 0.10 0.10

28 0.50 0.51 0.10 0.10

29 0.50 0.50 0.50 | 0.00 0.10 0.10 0.10 0.00
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Experiment 4: Performed experiment for pure ZVI/MnO, mixtures under 6
weeks non- shaken condition for RR 120

Table Al.4c: Experimental Conditions

MnO, ZV1

Sample Initial Actual measured | Mean Deviation Initial Actual measured | Mean Std | Deviation
no wt.(g) wt.(2) Std wt.(g) wt.(g)

1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00

4 0.50 0.50 0.00 0.00

5 0.50 0.51 0.51 | 0.01 0.00 0.00 0.00 0.00
6 0.50 0.52 0.00 0.00

7 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 | 0.00 0.10 0.12 0.10 0.00
9 0.00 0.00 0.10 0.10

10 0.05 0.05 0.10 0.10

11 0.05 0.05 0.05 | 0.00 0.10 0.10 0.10 0.00
12 0.05 0.05 0.10 0.10

13 0.10 0.10 0.10 0.11

14 0.10 0.10 0.10 | 0.00 0.10 0.10 0.10 0.00
15 0.10 0.10 0.10 0.10

16 0.15 0.15 0.10 0.10

17 0.15 0.15 0.15 | 0.00 0.10 0.10 0.10 0.00
18 0.15 0.15 0.10 0.11

19 0.20 0.20 0.10 0.10

20 0.20 0.21 0.20 | 0.00 0.10 0.10 0.10 0.00
21 0.20 0.20 0.10 0.11

22 0.30 0.30 0.10 0.10

23 0.30 0.30 0.30 | 0.00 0.10 0.10 0.10 0.00
24 0.30 0.30 0.10 0.11

25 0.40 0.40 0.10 0.10

26 0.40 0.40 0.40 | 0.00 0.10 0.12 0.10 0.00
27 0.40 0.40 0.10 0.10

28 0.50 0.51 0.10 0.10

29 0.50 0.51 0.51 | 0.01 0.10 0.11 0.10 0.00
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Experiment 4: Performed experiment for pure ZVI/MnO, mixtures under 6
weeks non- shaken condition for MB, Orange II and RR 120

Table A.4d: Results for MB, Orange II and RR120.

[MB], |[MB], | [MB]; | [MB] | O | DI D2 D3 Down | 6D

mean

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (%) (%) () | ()

10 9.9 10 10.0 0.1 0.0 1.0 0.0 0.3 0.6

0.2 0.1 0.1 0.1 0.1 98.0 99.0 99.0 98.7 0.6

2.5 2.6 2.6 2.6 0.1 75.0 74.0 74.0 74.3 0.6

2.5 2.5 24 2.5 0.1 75.0 75.0 76.0 75.3 0.6

1.7 1.5 1.5 1.6 0.1 83.0 85.0 85.0 84.3 1.2

0.8 0.9 0.7 0.8 0.1 92.0 91.0 93.0 92.0 1.0

0.5 0.4 0.1 0.3 0.2 95.0 96.0 99.0 96.7 2.1

0.1 0 0 0.0 0.1 99.0 100.0 | 100.0 |99.7 0.6
0 0 0 0.0 0.0 100.0 | 100.0 |100.0 |100.0 | 0.0
0 0 0 0.0 0.0 100.0 | 100.0 |100.0 |[100.0 |0.0
[Orang | [Orang | [Orang | [Oran | O D1 D2 D3 D mean cD

e II]; e II]» e II]3 ge II] | (orange
mean II]

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (%) (%) (%) | (%)

11.9 12 11.9 11.9 0.1 0.0 -0.8 0.0 -0.3 0.5

11.4 11.4 11.4 114 0.0 4.2 4.2 4.2 4.2 0.0

0.3 0.4 0.2 0.3 0.1 97.5 96.6 98.3 97.5 0.8

0.4 0.2 0.3 0.3 0.1 96.6 98.3 97.5 97.5 0.8

0.5 0.3 0.6 0.5 0.2 95.8 97.5 95.0 96.1 1.3

0.6 0.4 1 0.7 0.3 95.0 96.6 91.6 94.4 2.6
0.6 0.7 1.1 0.8 0.3 95.0 94.1 90.8 93.3 2.2
1.4 1.5 1.1 1.3 0.2 88.2 87.4 90.8 88.8 1.7

2.9 1.8 24 24 0.6 75.6 84.9 79.8 80.1 4.6

1.6 2.9 3.3 2.6 0.9 86.6 75.6 72.3 78.2 7.5

[RR |[[RR |[RR |[RR | O [RR|DI D2 D3 Duww |GD
120], | 120, |120]s |120] |120]

mean

(mg/L) | (mg/L) | (mgL) | (mg/L) | (mg/L) | (%) (%) (%) (%) | ()

47.9 48.3 48 48.1 0.2 0.4 -0.4 0.2 0.1 0.4
41.9 41.5 41.8 41.7 0.2 12.9 13.7 13.1 13.2 0.4
6.5 4.5 6 5.7 1.0 86.5 90.6 87.5 88.2 2.2
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10.3 7.5 7.3 8.4 1.7 78.6 84.4 84.8 82.6 3.5
8.2 7.8 9.3 8.4 0.8 83.0 83.8 80.7 82.5 1.6
8.1 12.3 9.4 9.9 2.2 83.2 74.4 80.5 79.3 4.5
15.4 8 7.3 10.2 4.5 68.0 83.4 84.8 78.7 9.3
17.1 16.4 10.8 14.8 35 64.4 65.9 77.5 69.3 7.2
20.5 18.4 20.5 19.8 1.2 57.4 61.7 57.4 58.8 25
23.2 17.3 16.7 19.1 3.6 51.8 64.0 65.3 60.4 7.5

Experiment 5: Performed experiment for pure MnO, under 2weeks shaken
condition for MB and Orange II.

Table Al.5a: Experimental Conditions

MB Orange 11 ZVI1
MHOz MnOZ
Sample | Initial Actual Mean Deviation | Initial Actual Mean Deviation | Initial Actual
no wt.(g) measured Std wt.(g) measured Std wt.(g) measured wt.(g)
wt.(g) wt.(g)
1 0.00 | 0.00 0.00 | 0.00 0.00 | 0.00
2 0.00 | 0.00 0.00 | 0.00 |0.00 |0.00 0.00 | 0.00 | 0.00 |0.00
3 0.00 | 0.00 0.00 | 0.00 0.00 | 0.00
4 0.025 | 0.02 0.025 | 0.02 0.00 | 0.00
5 0.025 | 0.02 0.20 | 0.00 | 0.025 | 0.02 0.20 | 0.00 | 0.00 |0.00
6 0.025 | 0.02 0.025 | 0.02 0.00 | 0.00
7 0.05 | 0.05 0.05 | 0.05 0.00 | 0.00
8 0.05 | 0.05 0.05 | 0.00 |0.05 |0.05 0.05 | 0.00 |0.00 |0.00
9 0.05 | 0.05 0.05 | 0.05 0.00 | 0.00
10 0.075 | 0.07 0.075 | 0.07 0.00 | 0.00
11 0.075 | 0.07 0.07 | 0.00 |0.075]0.07 0.07 | 0.00 |0.00 |0.00
12 0.075 | 0.07 0.075 | 0.07 0.00 | 0.00
13 0.10 | 0.12 0.10 | 0.11 0.00 | 0.00
14 0.10 | 0.10 0.11 | 0.01 0.10 | 0.10 0.10 | 0.00 | 0.00 |0.00
15 0.10 | 0.11 0.10 | 0.10 0.00 | 0.00
16 0.15 | 0.15 0.15 | 0.15 0.00 | 0.00
17 0.15 | 0.15 0.15S | 0.00 |[0.15 |0.15 0.15 | 0.00 | 0.00 |0.00
18 0.15 | 0.15 0.15 | 0.15 0.00 | 0.00
19 0.20 | 0.20 0.20 | 0.20 0.00 | 0.00
20 0.20 | 0.21 0.20 | 0.00 |0.20 |0.22 0.21 | 0.01 0.00 | 0.00
21 0.20 | 0.20 0.20 | 0.22 0.00 | 0.00
22 0.30 | 0.30 0.30 | 0.32 0.00 | 0.00
23 0.30 | 0.30 0.31 | 0.01 0.30 |0.33 0.31 | 0.01 0.00 | 0.00
24 0.30 | 0.34 0.30 | 0.30 0.00 | 0.00
25 0.40 | 0.40 0.40 | 0.41 0.00 | 0.00
26 0.40 | 0.40 0.40 | 0.00 |[0.40 | 0.40 0.40 | 0.00 |0.00 |0.00
27 0.40 | 0.41 0.40 | 0.40 0.00 | 0.00
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28 0.50 | 0.50 0.50 | 0.50 0.00 | 0.00

29 0.50 | 0.53 0.51 | 0.01 |[0.50 |0.50 0.50 | 0.00 |0.00 |0.00

30 0.50 | 0.51 0.50 | 0.50 0.00 | 0.00

Experiment 5: Performed experiment for pure MnO, under 2weeks shaken
condition for MB and Orange II.

Table A1.5b: Results

[MB]1 | [MB]2 | [MB]3 | [MB] |A DI D2 D3 Down | 6D
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (%) (%) (%) (%) (%)
102|102 [103 [102 0.1 0.0 0.0 1.0 [-03 |06

7.3 7.2 7.7 7.4 0.3 284 29.4 24.5 27.5 2.6

4.9 4.9 5.0 4.9 0.1 52.0 52.0 51.0 51.6 0.6

3.5 3.2 3.4 34 0.2 65.7 68.6 66.7 67.0 1.5

24 3.1 2.8 2.8 0.4 76.5 69.6 72.5 72.9 3.4

24 2.0 2.1 2.2 0.2 76.5 80.4 79.4 78.8 2.0

1.6 1.3 1.1 1.3 0.3 84.3 87.3 89.2 86.9 25

0.6 0.8 0.8 0.7 0.1 94.1 922 92.2 92.8 1.1

0.5 0.6 0.4 0.5 0.1 95.1 94.1 96.1 95.1 1.0

0.5 0.4 0.4 0.4 0.1 95.1 96.1 96.1 95.8 0.6

[orang | [orang | [orang | [orang | A D1 D2 D3 D wmean oD
e Il e I, ell]; e I

mean

(mg/L) | (mg/L) | (mgL) | (mg/L) | (mg/L) | (%) (%) (%) () | (%)

11.2 11.3 11.3 11.27 | 0.06 0.88 0.00 0.00 0.29 0.51

11.3 11.3 11.1 11.23 | 0.12 0.00 0.00 1.77 0.59 1.02

11.3 11.2 11.3 11.27 | 0.06 0.00 0.88 0.00 0.29 0.51

11.3 11.2 11.3 11.27 | 0.06 0.00 0.88 0.00 0.29 0.51

11.2 11.3 11.3 11.27 | 0.06 0.88 0.00 0.00 0.29 0.51

11.3 11.2 11.3 11.27 | 0.06 0.00 0.88 0.00 0.29 0.51

11.3 11.1 11.2 11.20 | 0.10 0.00 1.77 0.88 0.88 0.88

11.3 11.3 11.2 11.27 | 0.06 0.00 0.00 0.88 0.29 0.51

11.2 11.3 11.3 11.27 | 0.06 0.88 0.00 0.00 0.29 0.51

11.2 11.2 11.1 11.17 | 0.06 0.88 0.88 1.77 1.18 0.51
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APPENDIX 2: Column Experiment

Table A2.I Height of individual reactive materials in each column

Column | Dye Fe' Fe' H sana1 Hrz Hgana 2
(® (Yoviv) (cm) (cm) (cm)

1 RR 120 0.0 0.0 40.0 0.0 0.0

2 RR 120 50.0 50.0 20.0 14.0 6.0

3 RR 120 100.0 100.0 20.0 6.0 14.0

4 Orange 0.0 0.0 40.0 0.0 0.0
11

5 Orange 50.0 50.0 20.0 14.0 6.0
11

6 Orange 100.0 100.0 20.0 6.0 14.0
11

7 MB 0.0 0.0 40.0 0.0 0.0

8 MB 50.0 50.0 20.0 14.0 6.0

9 MB 100.0 100.0 20.0 6.0 14.0

10 MB 200.0 100.0 20.0 10.0 10.0

Table A2.I1 Conductivity of NaCl solution

Serial
No. v SV LF
[mL] [mL] [uS/cm]
1 5.0 5.0 278.0
2 8.0 13.0| 276.0
3 6.0 19.0 | 283.0
4 6.0 25.0| 281.0
5 5.2 30.2| 285.0
6 6.0 36.2| 282.0
7 5.0 41.2 | 282.0
8 7.2 48.4 | 283.0
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9 6.0 54.4 287.0
10 6.0 60.4 288.0
11 6.0 66.4 289.0
12 6.4 72.8 294.0
13 7.0 79.8 336.0
14 7.0 86.8 469.0
15 7.0 93.8 597.0
16 7.4 101.2 697.0
17 6.0 107.2 673.0
18 7.0 114.2 758.0
19 7.0 121.2 776.0
20 7.2 128.4 796.0

Table A2.1: Experimental condition for Column 1

Overview of the total input volume of RR 120 solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t \% [RR pH [Fe]
120]
(h) (days) | (mL) | (mg/L) | () (mg/L)
3/10/2014 | 16:00 |0 0 -
3/11/2014 | 11:00 | 19 0.00 235 - 0.0
3/13/2014 | 8:30 45.5 2.69 570 32.9 0.0

3/14/2014 | 15:45 | 31.25 | 3.99 385 46.3 8.31 0.0

3/17/2014 | 14:00 | 70.25 | 6.92 850 47.3 8.43 0.0

3/19/2014 | 14:00 | 48 8.92 570 47.3 0.0
3/20/2014 | 13:00 | 23 9.88 285 47.9 0.0
3/21/2014 | 15:20 | 26.37 | 1097 | 315 47.9 8.42 0.0
3/24/2014 | 15:00 | 71.67 | 13.96 | 850 47.8 0.0
3/25/2014 | 14:15 | 23.25 | 1493 | 280 47.8 0.0
3/28/2014 | 10:00 | 67.75 | 17.75 | 805 47.2 8.39 0.0
4/1/2014 | 11:30 | 97.50 |21.81 | 1150.00 | 47.5 0.0

4/4/2014 | 11:30 | 72.00 |24.81 | 850 47.8 8.44 0.0

4/9/2014 | 11:30 | 120.00 | 29.81 1410 48.2 8.45 0.0

4/11/2014 | 14:30 | 51.00 | 31.94 | 600 47.8 8.45 0.0

4/14/2014 | 11:30 | 69.00 | 34.81 | 800 47.8 0.0

4/17/2014 | 8:45 69.25 | 37.70 | 805 47.4 7.89 0.0

4/22/2014 | 9:30 120.75 | 42.73 | 1400 47.8 8.31 0.0

4/24/2014 | 10:20 | 48.83 | 44.77 | 570 47.8 0.0
4/28/2014 | 14:20 | 100 4893 | 1150 47.8 8.32 0.0
5/1/2014 | 14:40 | 72.33 | 51.95 | 830 47.8 0.0

5/6/5014 | 11:20 | 116.67 | 56.81 1335 47.8 8.38 0.0
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5/9/2014 | 12:00 |71.33 |59.78 | 830 47.8 0.0
5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 47.8 8.34 0.0
5/16/2014 | 12:15 | 72.58 | 66.87 | 800 47.8 0.0
5/21/2014 | 9:45 117.5 | 71.77 | 1340 47.8 0.0
5/23/2014 | 11:30 | 49.75 | 73.84 | 570 47.8 7.9 0.0
5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 47.8 8.35 0.0
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 47.8 0.0
6/4/2014 | 12:55 | 1175 |85.89 | 1325 47.8 8.33 0.0
6/7/2014 | 18:00 | 77.08 |85.93 | 870 47.8 0.0
6/12/2014 | 9:35 111.58 | 90.57 | 1260 47.8 7.81 0.0

Table A2.2: Experimental condition for Column 2

Overview of the total input volume of RR 120 solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t A\ [MB] pH [Fe]
(h) (days) | (mL) | (mg/L) | (-) (mg/L)

3/10/2014 | 16:00 |0 0 -

3/11/2014 | 11:00 | 19 0.00 245 - 0.36
3/13/2014 | 8:30 45.5 2.69 580 0 0.34
3/14/2014 | 15:45 | 31.25 | 3.99 405 1.0 8.32 0.38
3/17/2014 | 14:00 | 70.25 | 6.92 860 1.0 8.41 0.44
3/19/2014 | 14:00 | 48 8.92 570 1.2 0.40
3/20/2014 | 13:00 | 23 9.88 285 1.3 0.50
3/21/2014 | 15:20 | 26.37 10.97 | 315 1.3 8.38 0.67

3/24/2014 | 15:00 | 71.67 | 13.96 | 850 1.2

3/25/2014 | 14:15 | 23.25 | 1493 | 280 1.2

3/28/2014 | 10:00 | 67.75 | 17.75 | 805 1.5 8.35 0.81
4/1/2014 | 11:30 | 97.50 |21.81 |1150.00 1.3 0.63
4/4/2014 | 11:30 | 72.00 |24.81 | 850 2.2 8.43 0.26
4/9/2014 | 11:30 | 120.00 | 29.81 | 1410 2.1 8.47 0.27
4/11/2014 | 14:30 | 51.00 | 31.94 | 600 2.0 8.41 0.21
4/14/2014 | 11:30 | 69.00 | 34.81 | 800 2.2 0.23
4/17/2014 | 8:45 69.25 | 37.70 | 805 23 7.8 0.28
4/22/2014 | 9:30 120.75 | 42.73 | 1400 1.0 8.29 0.45
4/24/2014 | 10:20 | 48.83 | 44.77 | 570 0.9 0.43
4/28/2014 | 14:20 | 100 4893 | 1150 1.0 8.33 0.47
5/1/2014 | 14:40 | 72.33 | 51.95 | 830 1.0 0.39
5/6/5014 | 11:20 | 116.67 | 56.81 | 1335 0.8 8.31 0.41
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5/9/2014 | 12:00 |71.33 |59.78 | 830 1.1 0.45
5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 1.4 8.41 0.42
5/16/2014 | 12:15 | 72.58 | 66.87 | 800 1.1 0.43
5/21/2014 | 9:45 117.5 | 71.77 | 1340 0.9 0.41
5/23/2014 | 11:30 | 49.75 | 73.84 | 570 0.8 7.54 0.40
5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 1.3 8.13 0.40
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 1.1 0.39
6/4/2014 | 12:55 | 1175 |85.89 | 1325 1.2 8.09 0.44
6/7/2014 | 18:00 | 77.08 |89.11 | 870 1.1 0.44
6/12/2014 | 9:35 111.58 | 93.76 | 1260 1.1 7.6 0.41

Table A2.3: Experimental condition for Column 3

Overview of the total input volume of RR 120 solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t A\ [MB] pH [Fe]
(h) (days) | (mL) | (mg/L) | (-) (mg/L)

3/10/2014 | 16:00 |0 0 -

3/11/2014 | 11:00 | 19 0.00 240 - 0.38
3/13/2014 | 8:30 45.5 2.69 580 0 0.36
3/14/2014 | 15:45 | 31.25 |3.99 385 0.7 8.35 0.37
3/17/2014 | 14:00 | 70.25 | 6.92 850 1.0 8.34 0.40
3/19/2014 | 14:00 | 48 8.92 570 0.9 0.55
3/20/2014 | 13:00 | 23 9.88 285 1.0 0.49
3/21/2014 | 15:20 | 26.37 10.97 | 315 1.1 8.33 0.88

3/24/2014 | 15:00 | 71.67 | 13.96 | 850 1.2

3/25/2014 | 14:15 | 23.25 14.93 | 280 1.2

3/28/2014 | 10:00 | 67.75 17.75 | 805 1.2 8.3 0.59
4/1/2014 | 11:30 | 97.50 |21.81 | 1150.00 | 1.2 0.74
4/4/2014 | 11:30 | 72.00 |24.81 | 850 2.0 8.35 0.20
4/9/2014 | 11:30 | 120.00 | 29.81 | 1410 2.1 8.11 0.28
4/11/2014 | 14:30 | 51.00 | 31.94 | 600 2.0 8.27 0.26
4/14/2014 | 11:30 | 69.00 | 34.81 | 800 2.0 0.32
4/17/2014 | 8:45 69.25 | 37.70 | 805 2.0 7.69 0.35
4/22/2014 | 9:30 120.75 | 42.73 | 1400 0.6 8.19 0.42
4/24/2014 | 10:20 | 48.83 | 44.77 | 570 0.7 0.55
4/28/2014 | 14:20 | 100 4893 | 1150 0.8 8.2 0.71
5/1/2014 | 14:40 | 72.33 | 5195 | 830 0.6 0.72
5/6/5014 | 11:20 | 116.67 | 56.81 1335 0.7 8.2 0.70
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5/9/2014 | 12:00 |71.33 |59.78 | 830 1.0 1.07
5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 0.7 8.2 0.87
5/16/2014 | 12:15 | 72.58 | 66.87 | 800 0.7 0.61
5/21/2014 | 9:45 117.5 | 71.77 | 1340 0.7 0.80
5/23/2014 | 11:30 | 49.75 | 73.84 | 570 0.5 7.69 0.84
5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 0.9 8.16 1.03
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 0.8 0.79
6/4/2014 | 12:55 | 1175 |85.89 | 1325 0.8 8.11 0.97
6/7/2014 | 18:00 | 77.08 |89.11 | 870 0.9 0.97
6/12/2014 | 9:35 111.58 | 93.76 | 1260 1.0 7.61 1.22

Table A2.4: Experimental condition for Column 4

Overview of the total input volume of Orange II solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t A\ [MB] pH [Fe]
(h) (days) | (mL) | (mg/L) | (-) (mg/L)

3/10/2014 | 16:00 |0 0 -

3/11/2014 | 11:00 | 19 0.00 235 - 0.0

3/13/2014 | 8:30 45.5 2.69 590 8.9 0.0

3/14/2014 | 15:45 | 31.25 | 3.99 385 10.9 8.29 0.0

3/17/2014 | 14:00 | 70.25 | 6.92 870 10.7 8.45 0.0

3/19/2014 | 14:00 | 48 8.92 570 10.7 0.0
3/20/2014 | 13:00 | 23 9.88 285 10.8 0.0
3/21/2014 | 15:20 | 26.37 | 1097 | 315 10.7 8.45 0.0
3/24/2014 | 15:00 | 71.67 | 13.96 | 850 10.7 0.0
3/25/2014 | 14:15 | 23.25 | 1493 | 280 10.6 0.0
3/28/2014 | 10:00 | 67.75 | 17.75 | 805 11.0 8.43 0.0
4/1/2014 | 11:30 | 97.50 |21.81 |1150.00 | 11.2 0.0

4/4/2014 | 11:30 | 72.00 |24.81 | 850 11.2 8.46 0.0

4/9/2014 | 11:30 | 120.00 | 29.81 1410 11.4 8.39 0.0

4/11/2014 | 14:30 | 51.00 | 31.94 | 600 11.3 8.41 0.0

4/14/2014 | 11:30 | 69.00 | 34.81 | 800 11.3 0.0

4/17/2014 | 8:45 69.25 | 37.70 | 805 11.3 7.95 0.0

4/22/2014 | 9:30 120.75 | 42.73 | 1400 11.4 8.31 0.0

4/24/2014 | 10:20 | 48.83 | 44.77 | 570 11.4 0.0
4/28/2014 | 14:20 | 100 48.93 1150 11.4 8.35 0.0
5/1/2014 | 14:40 | 72.33 | 5195 | 830 11.4 0.0

5/6/5014 | 11:20 | 116.67 | 56.81 1335 11.4 8.35 0.0
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5/9/2014 | 12:00 |71.33 |59.78 | 830 11.4 0.0
5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 11.4 8.35 0.0
5/16/2014 | 12:15 | 72.58 | 66.87 | 800 11.4 0.0
5/21/2014 | 9:45 117.5 | 71.77 | 1340 11.4 0.0
5/23/2014 | 11:30 | 49.75 | 73.84 | 570 11.4 7.9 0.0
5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 11.4 8.38 0.0
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 11.4 0.0
6/4/2014 | 12:55 | 1175 |85.89 | 1325 11.4 8.35 0.0
6/7/2014 | 18:00 | 77.08 |89.11 | 870 11.4 0.0
6/12/2014 | 9:35 111.58 | 93.76 | 1260 114 7.84 0.0

Table A2.5: Experimental condition for Column 5

Overview of the total input volume of Orange II solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t A\ [MB] pH [Fe]
(h) (days) | (mL) | (mg/L) | (-) (mg/L)

3/10/2014 | 16:00 |0 0 -

3/11/2014 | 11:00 | 19 0.00 540 - 0.42

3/13/2014 | 8:30 45.5 2.69 590 0

3/14/2014 | 15:45 | 31.25 | 3.99 385 1.03 8.25 0.39

3/17/2014 | 14:00 | 70.25 | 6.92 865 2.06 8.44 0.44

3/19/2014 | 14:00 | 48 8.92 570 1.54 0.44

3/20/2014 | 13:00 | 23 9.88 285 1.03 0.42

3/21/2014 | 15:20 | 26.37 | 1097 | 315 1.54 8.32 0.43

3/24/2014 | 15:00 | 71.67 | 13.96 | 850 1.54

3/25/2014 | 14:15 | 23.25 | 1493 | 280 1.03

3/28/2014 | 10:00 | 67.75 | 17.75 | 805 0.4 8.28 0.45
4/1/2014 | 11:30 | 97.50 |21.81 | 1150.00 | 0.4 0.51
4/4/2014 | 11:30 | 72.00 |24.81 | 850 0.5 8.32 0.23
4/9/2014 | 11:30 | 120.00 | 29.81 | 1410 0.5 8.22 0.11
4/11/2014 | 14:30 | 51.00 | 31.94 | 600 0.5 8.25 0.48
4/14/2014 | 11:30 | 69.00 | 34.81 | 800 0.5 0.15
4/17/2014 | 8:45 69.25 | 37.70 | 805 0.4 7.55 0.44
4/22/2014 | 9:30 120.75 | 42.73 | 1400 0.4 8.04 0.30
4/24/2014 | 10:20 | 48.83 | 44.77 | 570 0.4 0.31
4/28/2014 | 14:20 | 100 4893 | 1150 0.4 8.06 0.73
5/1/2014 | 14:40 | 72.33 | 5195 | 830 0.4 0.38
5/6/5014 | 11:20 | 116.67 | 56.81 1335 0.3 8.09 0.36
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5/9/2014 | 12:00 |71.33 |59.78 | 830 0.3 0.44
5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 0.4 8.08 0.35
5/16/2014 | 12:15 | 72.58 | 66.87 | 800 0.2 0.35
5/21/2014 | 9:45 117.5 | 71.77 | 1340 0.2 0.39
5/23/2014 | 11:30 | 49.75 | 73.84 | 570 0.2 7.72 0.52
5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 0.20 8.09 0.58
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 0.10 0.72
6/4/2014 | 12:55 | 1175 |85.89 | 1325 0.31 8.05 0.80
6/7/2014 | 18:00 | 77.08 |89.11 | 870 0.10 0.44
6/12/2014 | 9:35 111.58 | 93.76 | 1260 0.10 7.55 0.55

Table A2.6: Experimental condition for Column 6

Overview of the total input volume of Orange II solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t A\ [MB] pH [Fe]
(h) (days) | (mL) | (mg/L) | (-) (mg/L)

3/10/2014 | 16:00 |0 0 -

3/11/2014 | 11:00 | 19 0.00 235 - 0.40

3/13/2014 | 8:30 45.5 2.69 575 0

3/14/2014 | 15:45 | 31.25 | 3.99 380 0.51 8.24 0.40

3/17/2014 | 14:00 | 70.25 | 6.92 840 2.06 8.24 0.47

3/19/2014 | 14:00 | 48 8.92 570 1.54 0.49

3/20/2014 | 13:00 | 23 9.88 285 1.03 0.43

3/21/2014 | 15:20 | 26.37 | 1097 | 315 1.54 8.19 0.49

3/24/2014 | 15:00 | 71.67 | 13.96 | 850 1.54

3/25/2014 | 14:15 | 23.25 | 1493 | 280 1.54

3/28/2014 | 10:00 | 67.75 | 17.75 | 805 0.4 8.15 0.53
4/1/2014 | 11:30 | 97.50 |21.81 | 1150.00 | 0.4 0.43
4/4/2014 | 11:30 | 72.00 |24.81 | 850 0.6 8.19 0.12
4/9/2014 | 11:30 | 120.00 | 29.81 | 1410 0.5 8.07 0.19
4/11/2014 | 14:30 | 51.00 | 31.94 | 600 0.5 8.23 0.46
4/14/2014 | 11:30 | 69.00 | 34.81 | 800 0.6 0.59
4/17/2014 | 8:45 69.25 | 37.70 | 805 0.6 7.71 0.31
4/22/2014 | 9:30 120.75 | 42.73 | 1400 0.4 7.99 0.36
4/24/2014 | 10:20 | 48.83 | 44.77 | 570 0.4 0.54
4/28/2014 | 14:20 | 100 4893 | 1150 0.3 8.00 0.56
5/1/2014 | 14:40 | 72.33 | 5195 | 830 0.5 0.61
5/6/5014 | 11:20 | 116.67 | 56.81 1335 0.4 8.02 0.53
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5/9/2014 | 12:00 |71.33 |59.78 | 830 0.5 0.55
5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 0.3 7.99 0.49
5/16/2014 | 12:15 | 72.58 | 66.87 | 800 0.3 0.44
5/21/2014 | 9:45 117.5 | 71.77 | 1340 0.2 0.50
5/23/2014 | 11:30 | 49.75 | 73.84 | 570 0.2 8 0.72
5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 0.20 8.07 0.67
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 0.10 0.82
6/4/2014 | 12:55 | 1175 |85.89 | 1325 0.10 7.98 0.48
6/7/2014 | 18:00 | 77.08 |89.11 | 870 0.21 0.50
6/12/2014 | 9:35 111.58 | 93.76 | 1260 0.21 7.45 0.49

Table A2.7: Experimental condition for Column 7

Overview of the total input volume of MB solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t \% [MB] [Fe] pH
(h) (days) | (mL) | (L) (mg/L) | (-)

3/10/2014 | 16:00 | 0 0 -

3/11/2014 | 11:00 | 19 0.00 235 0.24 -

3/13/2014 | 8:30 45.5 2.69 580 0.58 0

3/14/2014 | 15:45 | 31.25 |3.99 385 0.39 0.0 8.29

3/17/2014 | 14:00 | 70.25 | 6.92 850 0.85 0.0 8.44

3/19/2014 | 14:00 | 48 8.92 570 0.57 0.0

3/20/2014 | 13:00 |23 9.88 285 0.29 0.0

3/21/2014 | 15:20 | 26.37 | 1097 | 315 0.32 0.0 8.44

3/24/2014 | 15:00 | 71.67 | 13.96 | 850 0.85 0.5

3/25/2014 | 14:15 | 23.25 | 1493 | 280 0.28 1.9

3/28/2014 | 10:00 | 67.75 | 17.75 | 805 0.81 9.22 8.45

4/1/2014 | 11:30 | 97.50 | 21.81 1150.00 | 1.15 9.75

4/4/2014 | 11:30 | 72.00 |24.81 | 850 0.85 10.00 | 8.48

4/9/2014 | 11:30 | 120.00 | 29.81 1410 1.41 9.4 8.25
4/11/2014 | 14:30 | 51.00 | 31.94 | 600 0.60 9.8 8.48
4/14/2014 | 11:30 | 69.00 | 34.81 | 800 0.80 10.0

4/17/2014 | 8:45 69.25 | 37.70 | 805 0.81 9.5 8.35

4/22/2014 | 9:30 120.75 | 42.73 | 1400 1.40 10.0 8.33

4/24/2014 | 10:20 | 48.83 | 44.77 | 570 0.57 10.0

4/28/2014 | 14:20 | 100 4893 | 1150 1.15 10.0 8.34

5/1/2014 | 14:40 | 72.33 | 51.95 | 830 0.83 10.0

5/6/5014 | 11:20 | 116.67 | 56.81 | 1335 1.34 10.0 8.34
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5/9/2014 | 12:00 | 71.33 |59.78 | 830 0.83 10.0

5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 1.12 10.00 | 8.36

5/16/2014 | 12:15 | 72.58 | 66.87 | 800 0.80 10.00

5/21/2014 | 9:45 117.5 | 71.77 | 1340 1.34 10.00

5/23/2014 | 11:30 | 49.75 | 73.84 | 570 0.57 10.00 | 7.9

5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 1.36 10 8.38
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 0.60 10
6/4/2014 | 12:55 | 1175 |85.89 | 1325 1.33 10 8.34
6/7/2014 | 18:00 | 77.08 |89.11 | 870 0.87 10
6/12/2014 | 9:35 111.58 | 93.76 | 1260 1.26 10 8.38

Table A2.8: Experimental condition for Column 8

Overview of the total input volume of MB solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t \% [MB] [Fe] pH
)  |@ays) |(ml) |(mgL) | (mgL) | ()

3/10/2014 | 16:00 | 0 0 -

3/11/2014 | 11:00 19 0.00 235 - 0.42
3/13/2014 | 8:30 45.5 2.69 585 0 0.40
3/14/2014 | 15:45 | 31.25 |3.99 380 0.0 0.40 8.39
3/17/2014 | 14:00 | 70.25 | 6.92 845 0.0 0.40 8.38
3/19/2014 | 14:00 | 48 8.92 570 0.0 0.41
3/20/2014 | 13:00 | 23 9.88 285 0.0 0.39
3/21/2014 | 15:20 | 26.37 10.97 | 315 0.2 0.40 8.34

3/24/2014 | 15:00 | 71.67 13.96 | 850 0.5

3/25/2014 | 14:15 | 23.25 14.93 | 280 0.9

3/28/2014 | 10:00 | 67.75 17.75 805 1.35 0.45 8.35

4/1/2014 | 11:30 | 97.50 | 21.81 1150.00 | 2.12 0.42

4/4/2014 | 11:30 | 72.00 | 24.81 850 2.76 0.10 8.35

4/9/2014 | 11:30 | 120.00 | 29.81 1410 4.0 0.11 8.16
4/11/2014 | 14:30 | 51.00 |31.94 | 600 4.1 0.13 8.3
4/14/2014 | 11:30 | 69.00 | 34.81 800 4.4 0.19
4/17/2014 | 8:45 69.25 | 37.70 | 805 4.3 0.17 8.06
4/22/2014 | 9:30 120.75 | 42.73 1400 3.2 0.45 8.12
4/24/2014 | 10:20 | 48.83 | 44.77 | 570 3.2 0.34
4/28/2014 | 14:20 | 100 48.93 1150 3.0 0.40 8.13
5/1/2014 | 14:40 | 72.33 51.95 | 830 3.1 0.33

5/6/5014 | 11:20 | 116.67 | 56.81 1335 2.8 0.36 8.16
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5/9/2014 | 12:00 | 71.33 59.78 | 830 2.9 0.39

5/13/2014 | 13:40 | 97.67 | 63.85 1115 2.81 0.40 8.16

5/16/2014 | 12:15 | 72.58 | 66.87 | 800 2.53 0.36

5/21/2014 | 9:45 117.5 | 71.77 1340 2.81 0.43

5/23/2014 | 11:30 | 49.75 | 73.84 | 570 2.47 0.47 7.9

5/28/2014 | 10:20 | 118.83 | 78.79 1360 3.03 0.41 8.24

5/30/2014 | 15:25 | 52.92 | 81.00 | 600 2.95 0.57

6/4/2014 | 12:55 117.5 85.89 1325 2.93 0.42 8.17

6/7/2014 | 18:00 | 77.08 | 89.11 870 2.83 0.58

6/12/2014 | 9:35 111.58 | 93.76 1260 2.90 0.42 8.2

Table A2.9: Experimental condition for Column 9

Overview of the total input volume of MB solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t A\ [MB] pH [Fe]
(h) (days) | (mL) | (mg/L) | (-) (mg/L)

3/10/2014 | 16:00 |0 0 -

3/11/2014 | 11:00 | 19 0.00 235 - 0.43
3/13/2014 | 8:30 45.5 2.69 570 0.0 0.39
3/14/2014 | 15:45 | 31.25 |3.99 380 0.0 8.32 0.41
3/17/2014 | 14:00 | 70.25 | 6.92 850 0.0 8.35 0.40
3/19/2014 | 14:00 | 48 8.92 570 0.0 0.43
3/20/2014 | 13:00 | 23 9.88 285 0.0 0.44
3/21/2014 | 15:20 | 26.37 10.97 | 315 0.1 8.26 0.45

3/24/2014 | 15:00 | 71.67 | 13.96 | 850 0.5

3/25/2014 | 14:15 | 23.25 | 1493 | 280 1.0

3/28/2014 | 10:00 | 67.75 | 17.75 | 805 1.53 8.21 0.48

4/1/2014 | 11:30 | 97.50 |21.81 |1150.00 | 2.21 0.60
4/4/2014 | 11:30 | 72.00 |24.81 | 850 3.6 8.35 0.11
4/9/2014 | 11:30 | 120.00 | 29.81 | 1410 4.0 8.21 0.19
4/11/2014 | 14:30 | 51.00 | 31.94 | 600 4.2 8.31 0.25
4/14/2014 | 11:30 | 69.00 | 34.81 | 800 4.3 0.37
4/17/2014 | 8:45 69.25 | 37.70 | 805 4.3 8.17 0.28
4/22/2014 | 9:30 120.75 | 42.73 | 1400 3.2 8.16 0.39
4/24/2014 | 10:20 | 48.83 | 44.77 | 570 3.2 0.43
4/28/2014 | 14:20 | 100 4893 | 1150 3.0 8.19 0.41
5/1/2014 | 14:40 | 72.33 | 5195 | 830 29 0.52
5/6/5014 | 11:20 | 116.67 | 56.81 1335 3.0 8.16 0.41
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5/9/2014 | 12:00 | 71.33 |59.78 | 830 2.9 0.50

5/13/2014 | 13:40 | 97.67 | 63.85 | 1115 2.60 8.18 0.37

5/16/2014 | 12:15 | 72.58 | 66.87 | 800 2.21 0.38

5/21/2014 | 9:45 117.5 | 71.77 | 1340 2.47 0.43

5/23/2014 | 11:30 | 49.75 | 73.84 | 570 2.25 8.19 0.53

5/28/2014 | 10:20 | 118.83 | 78.79 | 1360 2.92 8.22 0.44

5/30/2014 | 15:25 | 52.92 | 81.00 | 600 2.95 0.52
6/4/2014 | 12:55 | 1175 |85.89 | 1325 2.83 8.17 0.41
6/7/2014 | 18:00 | 77.08 |89.11 | 870 2.83 0.45

6/12/2014 | 9:35 111.58 | 93.76 | 1260 2.90 7.55 0.42

Table A2.10: Experimental condition for Column 10

Overview of the total input volume of MB solution (V) time (t), pH and dissolved iron
concentration (Fe)

Date Time At t A\ [MB] pH [Fe]
M)  |days) |(ml) |(mgL) [() (mg/L)

3/10/2014 | 16:00 | 0.00 0 -

3/11/2014 | 11:00 19.00 | 0.00 210 0.0 0.45
3/13/2014 | 8:30 4550 | 2.69 580 0.0 0.41
3/14/2014 | 15:45 31.25 3.99 380 0.0 8.40 0.43
3/17/2014 | 14:00 | 70.25 6.92 855 0.0 8.56 0.43
3/19/2014 | 14:00 | 48.00 8.92 570 0.0 0.44
3/20/2014 | 13:00 | 23.00 |9.88 285 0.0 0.45
3/21/2014 | 15:20 | 26.37 10.97 | 315 0.0 8.37 0.44

3/24/2014 | 15:00 | 71.67 13.96 | 850 0.0

3/25/2014 | 14:15 | 23.25 14.93 | 280 0.0

3/28/2014 | 10:00 | 67.75 17.75 | 805 0.04 8.34 0.49

4/1/2014 | 11:30 | 97.50 | 21.81 1150 0.00 0.36
4/4/2014 | 11:30 | 72.00 | 24.81 850 1.7 8.27 0.07
4/9/2014 | 11:30 | 120.00 | 29.81 1410 2.2 8.18 0.07
4/11/2014 | 14:30 | 51.00 |31.94 | 600 3.2 8.30 0.12
4/14/2014 | 11:30 | 69.00 | 34.81 800 3.6 0.17
4/17/2014 | 8:45 69.25 | 37.70 | 805 3.8 8.08 0.25
4/22/2014 | 9:30 120.75 | 42.73 1400 2.7 8.15 0.40
4/24/2014 | 10:20 | 48.83 | 44.77 | 570 2.8 0.35
4/28/2014 | 14:20 | 100 48.93 1150 2.1 8.18 0.38
5/1/2014 | 14:40 | 72.33 51.95 | 830 2.6 0.39
5/6/2014 | 11:20 | 116.67 | 56.81 1335 2.7 8.17 0.42
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5/9/2014 | 12:00 | 71.33 59.78 | 830 2.6 0.34
5/13/2014 | 13:40 | 97.67 | 63.85 1115 2.60 8.20 0.33
5/16/2014 | 12:15 | 72.58 | 66.87 | 800 2.53 0.36
5/21/2014 | 9:45 117.5 | 71.77 1340 2.58 0.35
5/23/2014 | 11:30 | 49.75 | 73.84 | 570 2.70 7.90 0.31
5/28/2014 | 10:20 | 118.83 | 78.79 1360 2.70 8.28 0.35
5/30/2014 | 15:25 | 52.92 | 81.00 | 600 2.73 0.39
6/4/2014 | 12:55 117.5 | 85.89 1325 2.61 8.14 0.42
6/7/2014 | 18:00 | 77.08 | 89.11 870 2.72 0.43
6/12/2014 | 9:35 111.58 | 93.76 1260 2.90 8.22 0.39
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