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Methylene blue (MB) was used as a model molecule to characterize the aqueous reactivity of metallic
iron in Fe®/H,0 systems. Likely discoloration mechanisms under used experimental conditions are: (i)
adsorption onto Fe® and Fe® corrosion products (CP), (ii) co-precipitation with in situ generated iron
CP, (iii) reduction to colorless leukomethylene blue (LMB). MB mineralization (oxidation to CO,) is not
expected. The kinetics of MB discoloration by Fe?, Fe;03, Fe304, MnO,, and granular activated carbon
were investigated in assay tubes under mechanically non-disturbed conditions. The evolution of MB dis-
coloration was monitored spectrophotometrically. The effect of availability of CP, Fe® source, shaking rate,
initial pH value, and chemical properties of the solution were studied. The results present evidence sup-
porting co-precipitation of MB with in situ generated iron CP as main discoloration mechanism. Under
high shaking intensities (>150 min—'), increased CP generation yields a brownish solution which disturbed
MB determination, showing that a too high shear stress induced the suspension of in situ generated cor-
rosion products. The present study clearly demonstrates that comparing results from various sources is
difficult even when the results are achieved under seemingly similar conditions. The appeal for an unified

experimental procedure for the investigation of processes in Fe®/H,0 systems is reiterated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Permeable reactive barriers using elemental iron-based alloys
(Fe%-based alloys widely termed as zerovalent iron) as a reac-
tive medium have been proven to be an efficient and affordable
technology for removing inorganics and organics species from
groundwater [1-7]. Even living species like viruses have been suc-
cessfully removed [8]. Despite 15 years of intensive investigations,
the removal mechanisms of contaminants in Fe® treatment systems
are still not well understood [9,10]. In fact, the well-established
premise that contaminant removal results from the low electrode
potential of the redox couple Fe!l/Fe? (E0 = —0.44 V) cannot explain
why redox-insensitive species are quantitatively removed [11,12].
However, understanding the nature of primary processes yield-
ing to contaminant removal in Fe®/H, 0 systems is of fundamental
importance for advancing technological applications. The accurate
knowledge of these processes will favour the identification of fac-
tors dominating the general reactivity of Fe/H,0 systems, which
is of fundamental importance for the long-term stability of iron
reactive barriers. A more rational devising of Fe¥ treatment sys-
tems for an effective and economical contaminant removal could
be achieved.
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Fe? oxidation releases dissolved iron species (Fe!l, Felll) which
hydrolyse with increasing pH and precipitate primarily as hydrous
oxides (oxide-film) or corrosion products (CP). Oxide-films (CP) of
varied composition and thickness develop at all aqueous Fe%/H,0
interfaces [13,14]. Therefore, an aqueous Fe® treatment system
(Fe%/H,0 system) is made up of Fe9, iron oxides (oxide-film), and
water (H,0). Contaminant adsorption onto the oxide-film and
reduction by Fe® have mostly been evaluated as separate, inde-
pendent processes that occur simultaneously or sequentially on
metal surfaces. However, contaminants may be primarily quan-
titatively sequestered by in situ generated hydrous iron oxides
(co-precipitation) [11,12]. Initial corrosion products polymerise
and precipitate, first as very reactive oxides having short-range
crystalline order and after aging as crystalline oxides [15-18]. Sub-
sequent abiotic direct reduction (electrons are transferred from
Fe%) or indirect reduction (electrons from Fe!l, H/H,) of adsorbed or
co-precipitated contaminants is possible. As a rule co-precipitation
occurs whenever the precipitation of a major species (e.g., iron
oxide) takes place in the presence of foreign species (e.g., con-
taminants) and has been documented for organics [16,17,19,20],
inorganics [21-23] and living species [8] under various conditions.
Generally, adsorption and co-precipitation are considered to be
related such that in order for co-precipitation to occur, sorption
to the surface of a forming solid occurs and the adsorbed species is
then sequestered in the matrix of the precipitating phase (e.g., iron
hydroxide). However, co-precipitation in Fe?/H,0 systems may be
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primarily regarded as a non-specific removal mechanism [11,17] as
to be demonstrated in this study of a process involving the discol-
oration of methylene blue (MB).

Methylene blue is a well-known redox indicator [24] and is
a cationic thiazine dye with the chemical name tetramethylth-
ionine chloride. It has a characteristic deep blue colour in the
oxidized state; the reduced form (leukomethylene blue (LMB))
is colorless. MB has been widely used in environmental sciences
primarily to access the suitability of various materials for wastew-
ater discoloration [25-29]. The mechanism of MB removal by
Fe®-based materials which may be suitable for environmental
remediation (cast iron, low alloy steel) has not been yet systemati-
cally investigated. Imamura et al. [30] investigated the mechanism
of adsorption of methylene blue and its congeners onto stainless
steel particles. MB has also been used for corrosion inhibition of
mild steel in acid solutions [31].

The literature on “Fe9 technology” is characterized by the fact
that, since the effectiveness of Fe? reactive walls to degrade solvents
was demonstrated, the feasibility of applying Fe® to treat other
compounds (or group of compounds) are performed without pre-
vious systematic investigations [9]. For example, while presenting
the discoloration of MB by a Fe/Cu bimetallic system, Ma et al. [28]
referenced several works dealing with dyes in general [32-34]. The
authors did not specified whether the referenced works have used
MB. Furthermore, their experimental procedure did not include a
system with Fe? alone to evidence the improvement induced by
Cu® addition.

Given the diversity of contaminant removal mechanisms in a
FeO/H,0 system, an approach to elucidate the mechanism of con-
taminant removal in the system is to characterise the removal
process of the contaminant in question by a pure adsorbent (e.g.,
activated carbon (AC)), and model iron corrosion products (Fe,0s3,
Fe304)under the same experimental conditions [35]. Here, compar-
ing the evolution of contaminant removal in the systems with pure
adsorption (AC, Fe,03, Fe304) and in the system with Fe® will help
discussing the removal mechanism. Another approach consists in
introducing MnO, to delay the availability of corrosion products in
the system [36]. MnO, readily reacts with Fe!! from Fe® corrosion
products: reductive dissolution of MnO, by Fe!l [37]. If the process
of contaminant removal is coupled with the precipitation of iron,
then contaminant removal will be delayed as long as the added
amount of MnO, consumes Fe!! for reductive dissolution as it will
be presented later.

The present study is an attempt to elucidate the physico-
chemical mechanism of MB discoloration in Fe9/H,O systems by
comparing the kinetics and/or the extent of MB discoloration by
Fe® and different materials: granular activated carbon (GAC or AC),
iron oxides (Fe;03, Fe304) and manganese dioxide (MnO,). Non-
disturbed (not shaken or shaking at 0 min~1) batch experiments
were performed in order to allow formation and transformation of
corrosion products at the surface of Fe? as it occurs in the nature
and in column experiments. The effects of various factors (initial pH
value, mixing intensity, particle size, Fe? source, Cl-, HCO3~, EDTA)
on the extent of MB discoloration are discussed. The results show
that MB quantitative discoloration is mostly due to co-precipitation
with in situ generated corrosion products. Therefore, MB discol-
oration occurs within the oxide-film on Fe?.

2. Background of the experimental methodology

A survey of the electrode potentials of the redox couples rel-
evant for the discussion in this study [Fell,q)/Fe0, Felll 54 /Fell gy,
Felll ) /Fell ), MnO,/Mn?*, .02/HO.—, and MB*/LMB (Egs. (1)-(6)]
suggests that from the available iron species, Fe® and Fe'l can

reduce MB. Eq. (2) is that of the adsorbed Fe!' known as structural
Fe!l. The electrode potential of this redox couple was determined
by White and Patterson [38]. The electrode potential of Egs.
(3)-(6) shows that Fel'' ,,, dissolved O, and MnO, may re-oxidize
colorless LMB to blue MB*.

Reaction E° (V)

Fe’t +2e~ & Fe’ (1) —0.44

Fe*'() +e” & Fe?'y @) ~036to —0.65
MB™* +2e~ + H* < LMB (3) 0.01

Fe3+(aq) +e & Fe“(aq) (4) 0.77

Oj(aq) +2H20 + 4e~ & 40H (5) 0.81

MnO, +4H* +2e~ & Mn?*(4q) +2H;0 (6) 1.23

Reductive MB discoloration in this study may be the result of
either (i) Fe® corrosion (oxidation to Fe'l,q)) (Eq. (1)) or (ii) oxi-
dation of adsorbed Fe!' (Fe''(;) to Felll ), Eq. (2)). Additionally, MB
adsorption onto in situ generated and aged Fe® corrosion prod-
ucts and MB entrapment in the structure of forming corrosion
products (co-precipitation) are two further discoloration mecha-
nisms. Therefore, it is difficult to resolve the effect of specific redox
reactions on MB discoloration from the effects of other processes.
To resolve this problem two additives are added to Fe?: granu-
lar activated carbon (GAC) and manganese dioxide (MnO;). GAC
is a pure adsorbent for MB [25] whereas reductive dissolution of
MnO, has been reported to decolorize MB [39]. The presentation
above shows that MnO, should re-oxidise reduced LMB (no dis-
coloration). Therefore, MB discoloration in the presence of MnO,
could only result from adsorption. On the other hand, MnO, is
known to be reductively dissolved by Fe' [37,40]. By consuming Fel,
MnO, accelerates Fe® corrosion, producing more adsorption or co-
precipitation agents for MB. Increased adsorption is supported by
the fact that iron corrosion products are of higher specific surface
area (>40m?2 g~1) than the used Fe® (0.29 m2 g~1). The reductive
dissolution of MnO>, (Egs. (7) and (8)) produce further new reactive
adsorbents (MnOOH and FeOOH).

Fe?*(3q)+MnO; +2H,0 = FeOOH + MnOOH + 2H* (7)
2Fe?* ) + MnO; + 2H,0 = 2FeOOH + Mn?** +2H* (8)

Noubactep et al. [36] have shown that MnO, retards the avail-
ability of free corrosion products for contaminant co-precipitation.

The used methodology for the investigation of the process of
MB discoloration mechanism by Fe® consists in following the MB
discoloration in the presence of MnO, (“Fe®” and “Fe®+MnO,”
systems). Thus, the availability of corrosion products for MB co-
precipitation in the bulk solution is delayed by the addition of
MnO,. It should be kept in mine that MB discoloration and not
MB removal is discussed in this study. For the discussion of MB
removal TOC measurements for instance should have been nec-
essary to account for MB reduction to LMB which remains in
solution.

3. Materials and methods
3.1. Solutions

The MB molecule has a minimum diameter of approximately
0.9nm [25,41]. As positively charged ions, MB should readily adsorb
onto negatively charged surface. That is at pH > pHpc; pHpzc being
the pH at the point of zero charge [42,43]. The used initial con-
centration was 20mgL~1 (~0.063 mM) MB and it was prepared by
diluting a 1000 mg L~ stock solution. All chemicals were analytical
grade.
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Table 1

Main characteristics, iron content and percent methylene blue (MB) discoloration (P) of tested Fe® materials.

Supplier? Supplier denotation Code Form d (pm) Fe (%) P (%)
MAZ, mbH Sorte 69° ZVI0 Fillings - 93¢ 75 + 2
G. Maier GmbH FG 0000/0080 VAY ! Powder <80 924 88 +2
G. Maier GmbH FG 0000/0200 ZVI2 Powder <200 924 89 +1
G. Maier GmbH FG 0000/0500 ZVI3 Powder <500 924 88 +1
G. Maier GmbH FG 0300/2000 VAY U Fillings 200-2000 924 81+4
G. Maier GmbH FG 1000/3000 ZVI5 Fillings 1000-3000 924 77 £ 4
G. Maier GmbH FG 0350/1200 ZVI16 Fillings 100-2000 924 88 +1
Wiirth Hartgussstrahlmittel Zv17 Spherical 1200 n.d. 66 + 1
Hermens Hartgussgranulat ZVI8 Flat 1500 n.d. 67 £2
G. Maier GmbH Graugussgranulat ZVI9 Chips n.d. 71 £7
ISPAT GmbH Schwammeisen ZVI10 Spherical 9000 n.d. 72+ 6
ConnellyGPM CC-1004 ZVIl1 Fillings >96 76 + 4
ConnellyGPM CC-1190 ZVI12 Fillings >96 75+ 9
ConnellyGPM CC-1200 ZVI13 Powder >96 84 +1

MB removal were conducted in triplicates for 36 days under non-disturbed conditions. The material code (“code”) are from the author, the given form is as supplied; d (.m)

is the diameter of the supplied material and the Fe content is given in % mass.

a List of suppliers: MAZ (Metallaufbereitung Zwickau, Co) in Freiberg (Germany); Gotthart Maier Metallpulver GmbH (Rheinfelden, Germany), ISPAT GmbH, Hamburg

(Germany), Connelly GPM Inc. (USA).
b Scrapped iron material.
¢ Mbudi et al. [52].
4 Average values from material supplier.
¢ Not determined.

3.2. Solid materials

The main Fe® material (ZVIO, Table 1) is a readily available
scrapped iron. Its elemental composition was found to be: C: 3.52%;
Si: 2.12%; Mn: 0.93%; Cr: 0.66%. The material was fractionated by
sieving. The fraction 1.6-2.5 mm was used. The sieved Fe? was used
withoutany further pre-treatment. Further 13 commercial Fe® sam-
ples (ZVI1 through ZVI13) were used in the set of experiments
aiming at characterizing the impact of Fe? source. The main char-
acteristics of these materials are summarized in Table 1, which is
quite typical for a large range of powdered and granular Fe® used
in laboratory investigations and field works.

The used granular activated carbon (GAC or AC from LS Labor
Service GmbH, Griesheim) was crushed and sieved. The particle
sized fraction ranging from 0.63 to 1.0 mm was used without fur-
ther characterization. Granular activated carbon is used as porous
adsorbent for MB [25,26].

Powdered commercial Fe,05 (Fluka), Fe304 (Fisher Scientific)
and MnO, (Sigma-Aldrich) were purchased and used without any
further characterization. Fe, 03 and Fe304 were also used as possi-
ble MB adsorbents and are proxies for aged iron corrosion products
(Table 2).

Broken manganese nodules (MnO, ) collected from the deep sea
with an average particle size of 1.5mm and elemental composi-
tion of Mn: 41.8%; Fe: 2.40%; Si: 2.41%; Ni: 0.74%; Zn: 0.22%; Ca:
1.39%; Cu: 0.36% were used. These manganese nodules originated
from the pacific ocean (Guatemala-basin: 06°30N, 92°54W and
3670 m deep). The target chemically active component is MnO,,
which occurs naturally mainly as birnessite and todorokite [44].
MnO, was mainly used to control the availability of in situ gen-
erated oxides from Fe? corrosion [36,45]. Reductive dissolution of
MnO, has been reported to degrade a number of organic pollutants
[39,46 and Ref. therein]. Zhu et al. [39] reported the quantitative
discoloration of MB by deep sea manganese nodules (pelagite).

3.3. Rationale for choice of test conditions

Materials selected for study were known to be effective for
adsorbing MB (GAC), discoloring MB (Fe?, MnO,) or delaying the
availability of iron corrosion products in Fe?/H,0 systems (MnO5).
Fe,03 and Fe304 were used to characterize the reactivity of aged

corrosion products. Table 2 summarises the function of the individ-
ual materials and gives the material surface coverage in individual
reaction vessels. The detailed method for the calculation of the
surface coverage () is presented by Jia et al. [47]. The minima of
reported specific surface area (SSA) values of the adsorbents were
used for the estimation of surface coverage. The Fe® SSA was earlier
measured by Mbudi et al. [52]. The value 120 A2 is considered for
the molecular cross-sectional area of MB [25]. From Table 2 it can be
seen that, apart from Fe® (9 =31), all other materials were presentin
excess “stoichiometry” (6 <0.2). This means that the available sur-
face of Fe? can be covered by up to 31 mono-layers of MB, whereas
the other materials should be covered only to one fifth with MB
(0=1 corresponds to a mono-layer coverage). Therefore, depend-
ing on the initial pH value and the affinity of MB for the individual
materials (pHpzc) and the kinetics of MB diffusion to the reactive
sites (material porosity, mixing intensity), the MB discoloration
should be quantitative. A survey of the pHp,. values given in Table 2
suggests that MB adsorption onto all used adsorbents should be
favourable because the initial pH was 7.8. At this pH value all sur-
faces are negatively charged; MB is positively charged. Because the
available Fe? surface can be covered by up to 31 layers of MB, a pro-
gressive MB discoloration in presence of Fe? is expected. The tests
were performed under mechanically non-disturbed conditions; the
effect of the shaking intensity was evaluated in separated experi-
ments. Because diffusion is the main mechanism of MB transport
under non-disturbed conditions, long reaction times were experi-
enced to identify the main process of aqueous MB discoloration by
FeO.

3.4. Discoloration studies

Unless otherwise indicated, batch experiments without shaking
were conducted. The batches consisted of 5 g L1 of a reactive mate-
rial (GAC, Fe?, Fe,03, Fe304, MnO;). In some experiments 5gL~1
Fe® was mixed with 0 or 5gL-1 AC and MnO,, respectively. An
equilibration time of about 30 days was selected to allow a MB dis-
coloration efficiency of about 80% in the reference system (ZVIO
alone). The extent of MB discoloration by AC, Fe?, MnO,, aged
(Fe;03, Fe304) and in situ generated iron oxides was character-
ized. For this purpose 0.11 g of Fe® and 0 or 0.11 g of the additive
were allowed to react in sealed sample tubes containing 22.0 mL of
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Table 2

Characteristics, surface coverage and function of the individual reactive materials of this study.

System PHpzc SSA(m?g1) Savailable (M?) Coverage (1) Function

Fe? 7.62 0.29 0.032 313 MB reductant?

Fe® + MnO, - - 4.432 0.2 -

MnO, 2.0-6.0° 40 44 0.2 Delays CP availability
Fe, 03 7.5-8.8¢ 60 6.6 0.2 Mimics aged CP
Fe304 6.84 40 44 0.2 Mimics aged CP

GAC 7.0-8.0¢ 200 22 0.1 MB adsorbent

Fe + GAC = ©) 22.032 0.1 =

Apart from Fe® the given value of specific surface area (SSA) for are the minima of reported data. Apart from Fe,05 the pH at the point of zero charge (pHpc) is lower than
the initial pH value. Therefore, MB adsorption onto the negatively charged surfaces is favourable. The surface coverage is estimated using the method presented by Jia et al.
[47]. The total surface that can be covered by the amount of MB present in 22 mL of a 0.063 mM is Sy =0.997 m?2.

a Ref. [48].
b Ref. [39].
< Ref. [49].
d Ref. [50].
e Ref. [51].

a MB solution (20 mgL-1) at laboratory temperature (about 20 °C).
The tubes (20 mL graded) were filled to the total volume to reduce
the head space in the reaction vessels. Initial pH was ~7.8. After
equilibration, up to 5mL of the supernatant solutions were care-
fully retrieved (no filtration) for MB measurements. In order to fit
the calibration curve for quantitative measurements, the maximal
dilution factor was four (4).

Apart from experiments aiming at investigating the impact of
mixing intensity and that of the initial pH value, the contact ves-
sels were turned over-head at the beginning of the experiment and
allowed to equilibrate in darkness to avoid possible photochemical
side reactions. At the end of the equilibration time no attempt was
made to homogenize the solutions.

3.5. Analytical methods

MB concentrations were determined by a Cary 50 UV-vis spec-
trophotometer at a wavelength of 664.5nm using cuvettes with
1cm light path. The pH value was measured by combined glass
electrodes (WTW Co., Germany). Electrodes were calibrated with
five standards following a multi-point calibration protocol [53] in
agreement with the current IUPAC recommendation [54].

Each experiment was performed in triplicate and averaged
results are presented.

4. Results and discussion

After the determination of the residual MB concentration (C) the
corresponding percent MB discoloration was calculated according
to the following equation (Eq. (9)):

p- [1 _ 3] « 100% 9)
Co

where Cy is the initial aqueous MB concentration (about 20 mg L~1),
while C gives the MB concentration after the experiment. The oper-
ational initial concentration (Cy) for each case was acquired from a
triplicate control experiment without additive material (so-called
blank). This procedure was to account for experimental errors dur-
ing dilution of the stock solution (1000 mg L), MB adsorption onto
the walls of the reaction vessels and all other possible side reaction
during the experiments.

4.1. MB discoloration by different agents and discoloration
mechanism by Fe®

Fig. 1 shows the time dependent MB discoloration curve for all
the investigated materials. The reference system is a blank experi-

ment as presented above. It can be seen that commercial Fe,03 and
MnO,, did not significantly decolourise MB over the whole duration
of the experiments. It is well-known, that poorly crystalline natu-
ral MnO, are more reactive than land-born and synthetic MnO,
[39,44]. The decreasing order of discoloration efficiency at the end
of the experiment was: Fe®>GAC>Fe3;04>MnO,. However, the
evolution of the individual systems was very different.

(i) As expected from the surface coverage (6=31), Fe® presents a
progressive MB discoloration over the duration of the exper-
iment. The discoloration mechanism can be the reduction to
LMB by Fe? and Fe"(s) species, adsorption onto in situ gener-
ated corrosion products and/or MB co-precipitation with these
new corrosion products.

(ii) Fe304(20gL-1) shows a rapid discoloration kinetic for the first
8 days. The discoloration efficiency then remains constant to
approximately 60% through the end of the experiment. This
behaviour is typical for non-porous adsorbents. Alternatively
available pores may be inaccessible for MB.

(iii) MB discoloration through GAC is insignificant at the start of
the experiment (10% after 10 days) and then increases pro-
gressively to 75% at the end of the experiment (day 36). This
behaviour is typical for porous adsorbents.

100
80 [ %D """"
; L
2 el 1 »_A@,L"é»—*&‘A—‘/L
] AT o /
3 L X X ] ---#-- reference
HEJ 40 _§J- ,D‘ é'— = " FeZOE
. r / —A—Fe0,
a [ - & —e—GAC
20 | 3; 4 MNO,
P & g e —E—MNO,
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elapsed time / [days]

Fig. 1. Methylene blue removal (%) as a function of equilibration time for the six
tested reactive materials. The reference system is a blank experiment without addi-
tives. Two sets of experiments with MnO, were conducted (see the text). The
experiments were conducted in triplicate. Error bars give standard deviations. The
lines are not fitting functions, they simply connect points to facilitate visualization.
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Fig. 2. Methylene blue (MB) discoloration by metallic iron (Fe®), granular acti-
vated carbon (AC), manganese nodule (MnO;), and the mixtures “Fe®+AC” and
“Fe® + MnO,". (a) Extent of MB discoloration after 36 days, and (b) dependence of
the MB discoloration on the additive loading for 35 days. The experiments were
conducted in triplicate. Error bars give standard deviations. The lines are given to
facilitate visualization.

(iv) MnOy(nar) shows the same behaviour as GAC but the extent of
MB discoloration is significantly lower (50% at day 36). Natural
MnO, acts mostly as adsorbent. MB oxidative discoloration as
reported Zhu et al. [39] is not likely to occur under the exper-
imental conditions of this work. Note that, on the contrary
to Zhu et al. [39], the experiments in this study were per-
formed under mechanically non-disturbed conditions. While
investigating the effect of dynamic conditions, Zhu et al. [39]
did not include any non-disturbed system. They just com-
pared shaking (145 min~!) versus motor-stirring (550 min~1)
and air-bubbling versus nitrogen bubbling (both 32mLs™1).
These mixing conditions are pertinent to wastewater treat-
ment systems but are not reproducible in field-Fe® treatment
walls, mixing could have favour MB mineralization (oxidation
to CO,) which is an irreversible discoloration.

To better characterize the MB discoloration from aqueous solu-
tion by Fe?, five further experiments have been performed for 36
days with 5gL~1 Fe? and 0 or 5gL~! of GAC and natural MnO,.

Fig. 2(a) summarizes the results of MB discoloration in these
five systems and Fig. 2(b) depicts the evolution of MB dis-
coloration for 5gL~! Fe® and additive (AC or MnO,) dosages
varying from 0 to 9gL-! for an experimental duration of 36
days. Fig. 2(a) shows a regular evolution for the systems involv-

ing AC and Fe®. The MB discoloration efficiency decreases in the
order “Fe®+AC” >Fe® > AC. Considering AC and Fe® as pure adsor-
bents it is expected that the mixture (maximal available binding
sites) depicts a larger MB discoloration efficiency than individ-
ual materials (Table 2). This trend was not observed for systems
involving MnO,. Here, the decreasing order of MB discoloration effi-
ciency was: Fe9>“Fe® +MnO,” =~ MnO,. These observations were
described by Noubactep et al. [36,45,55] for uranium removal by
Fe¥. A “MnO, test” was proposed for mechanistic investigations in
Fe%/H,0 systems. The major feature of the “MnO, test” is that in
reacting with Fel! from Fe® oxidation, MnO, delays the availability
of “free” corrosion products which entrapped contaminants while
polymerising and precipitating. “Free” corrosion products are Fe-
oxides generated in the vicinity of metallic iron grains. As long as
MnO, is reductively dissolved, Fe-oxides are generated at its sur-
face or in its vicinity. Thereafter, if co-precipitation is the primary
mechanism of contaminant removal, no quantitative removal could
occur until enough free corrosion products are available to entrap
them while ageing [36]. To confirm this statement the experiment
presented in Fig. 2(b) was conducted.

From Fig. 2(b) it can be seen that about 4gL-! activated car-
bon are sufficient to achieve almost 100% MB discoloration. For
[AC]>4 gL~ no additional discoloration was possible. The system
with MnO,, depicts a progressive decrease of MB discoloration with
increasing MnO, mass loading. The reaction of Fe!l species yielding
reductive dissolution of MnO, is well documented [37,40,56] and
yields more adsorbents (e.g., FFOOH, MnOOH—Egs. (7) and (8)).
However, MB discoloration is only quantitative when the oxida-
tive capacity of available MnO, for Fel is exhausted. Thus, MB
is removed from the aqueous solution through co-precipitation
with in situ generated iron corrosion products. The characteriza-
tion of the impact of MnO, on contaminant removal by Fe® occurs
ideally under non-disturbed conditions [57]. Note that, if the exper-
iments are performed under (too high) mixing conditions or in
columns, increased contaminant removal efficiency in the presence
of MnO, could have been reported. For example, Burghardt and
Kassahun [58] reported increased uranium and radium removal in
“Fe® + MnO,” systems comparatively to the system with Fe? alone.
The results of Burghardt and Kassahun [58] are by no means contra-
dictory to those reported here and elsewhere [40] because the net
effect of MnO, is to promote iron hydroxide formation (or to sustain
corrosion) resulting in an increased contaminant removal capacity.
Similarly, while Noubactep et al. [36,45,57] reported a delay of U
removal by Fe? in the presence of pyrite in non-disturbed exper-
iments, Lipczynska-Kochany et al. [59] reported increased carbon
tetrachloride degradation in the presence of pyrite. Pyrite is known
for its pH lowering capacity, and thus increasing iron corrosion.
Non-disturbed experiments allow a better characterization of the
progression of involved processes.

4.2. Effect of Fe? source

Experiments were conducted with 14 different Fe® materials:
ZVI0 through ZVI13. ZVI1, ZVI2, ZVI3 and ZVI12 were powdered
materials. The 10 other samples were granulated materials. The
results of MB discoloration are summarised in Table 1. The experi-
mental duration was 35 days. It is shown that powdered materials
are more efficient in removing MB than granulated materials
(Table 1). The discoloration efficiency for granulated materials
varies from 65% for ZVI7 to 80% for ZVI2 (absolute values). That
is 15% reactivity difference while the maximum standard devi-
ation for the triplicates in individual experiments was 8.5% (for
ZVI12). Therefore, the Fe? source (intrinsic reactivity) is a signifi-
cant operational parameter for laboratory studies. Similar results
were reported by Miehr et al. [60] who reported differences in con-
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Fig. 3. Effect of the mixing intensity (min—') on discoloration of MB at initial pH
7.8. The system is mixed on a rotary shaker. The experiments were conducted in
triplicate. Error bars give standard deviations. The lines simply connect points to
facilitate visualization.

stants of contaminant reduction up to four orders of magnitude
when comparing nine types of FeC. Therefore, comparing results
obtained with different granulated Fe® under comparable experi-
mental conditions may lead to erroneous conclusions.

4.3. Effect of shaking intensity

Fig. 3 clearly shows that MB discoloration efficiency increases
with the shaking intensity. The experimental duration was 24h
(1 day). The reaction vessels were shaken on a rotary shaker. The
MB discoloration rate of 5% at 0 min~! (non-disturbed conditions)
increased to 96% at 200 min—!. Between 100 and 150 min~! the
MB discoloration rate was constant to 55%. Parallel experiments
in 100 mL Erlenmeyer shows comparative results but at 200 min—!
the solution was no more limpid and depicted a brown coloration
that persisted even after the solutions were allowed to settle for 5 h.
Therefore, a mixing intensity of about 150 min~! can be seen as the
critical intensity below which MB discoloration studies should be
performed. Since applied mixing intensities have not been tested
in preliminary works, it is likely that some used mixing operations
have been too massive and impractical to mimic subsurface condi-
tions [11]. Mixing intensities as higher as 500 min~! [61,62] have
been used to “keep the iron powder suspended”.

Generally, FeY-based materials show greater contaminant
removal efficiency under mixed than under non-disturbed con-
ditions. This removal efficiency is usually attributed to direct
reduction whenever the thermodynamics are favourable. How-
ever, the open literature on mixed batch experiments demonstrates
that a minimum mixing intensity (bubbling, shaking or stirring)
is required for complete suspension of solid particles in a lig-
uid medium (e.g., an aqueous solution). Below this critical mixing
intensity, the total surface area of the investigated particles is
not directly accessible for reaction and the rate of mass transfer
depends strongly on stirring rate. Kinetic studies aiming at distin-
guishing between diffusion-controlled and chemistry-controlled
processes have to be conducted at mixing intensities above this crit-
ical value [56]. Noubactep [11] has demonstrated that experiments
in Fe9/H,0 systems aiming at investigating processes pertinent to
subsurface situations should be conducted below the critical value
(mass transfer dependent). For Fe?, it is obvious, that the value
of this critical mixing intensity depends on the particle size (nm,
wm, mm). Choe et al. [63] reported a critical value of 40 min~! for
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Fig.4. Effect of initial pH on discoloration of MB by Fe® for 24 and 48 h, respectively.
The experiments were conducted in triplicate. The reported numbers on the plots
are the corresponding final pH values. Error bars give standard deviations. The lines
simply connect points to facilitate visualization.

nano-scale Fe® and performed their experiments at a mixing inten-
sity of 60 min—!. According to the presentation above, Choe et al.
[63] would have worked with mixing intensities below 40 min~! to
obtain results relevant for groundwater conditions. Furthermore,
working at mixing intensities above 40 min—! accelerates iron cor-
rosion yielding more corrosion products which are equally kept
suspended in the reaction medium. In the course of corrosion prod-
ucts formation, contaminants are entrapped in the matrix of iron
oxides (co-precipitation). It is well know that even low adsorbable
species are readily removed from aqueous solutions when precipi-
tation occurs in their presence [16,17,20,21]. As discussed above, MB
discoloration mainly occurs through co-precipitation with newly
generated corrosion products (see above: “MB discoloration by
different agents and discoloration mechanism by Fe®”). MB discol-
oration by aged corrosion products was insignificant (Fe; O3 ) or very
limited (Fe30y4).

4.4. Effect of the initial pH value

The effect of the initial pH on MB discoloration was investigated
over the pH range of 1.5-10.0. The initial pH was adjusted by addi-
tion of 1.0 M NaOH or HCl. The experiments were conducted under
shaken conditions (100 min—1). The pH of the solutions was mon-
itored at the end of the experiments (24 and 48 h). The results are
summarised in Fig. 4. MB discoloration was negligible when the
final pH was lower than 4 (P<10%). Once the finial pH exceeded
this critical value, MB quantitative discoloration occurred and the
extent was pH-independent (60% after 24 h and 76% after 48 h).
This observation is consistent with the two main types of aqueous
iron corrosion under oxic conditions [64,65]: (i) hydrogen evolution
type (pH <4) and (ii) oxygen absorption type (pH>4). The charac-
teristic feature of “hydrogen evolution corrosion” is the liberation of
hydrogen as hydrogen gas (H, ) at the cathode. Hydrogen evolution
corrosion is normally associated with acid electrolytes (e.g., acid
mine drainage) and is not relevant for the majority of groundwa-
ters, unless the aquifer is strictly anoxic. The “oxygen absorption”
type of immersed Fe? corrosion is characteristic of neutral waters.
At these pH values (pH >4.0) iron solubility is low [66]. Thus iron
oxide precipitates and MB are removed from the aqueous solu-
tion by sequestration (co-precipitation). The results from Fig. 4
validate the concept that all contaminants are primarily adsorbed
or/and sequestered by iron corrosion products (co-precipitation)
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[11,12].In fact MB discoloration was quantitative only at final pH > 4,
where iron oxides precipitate due to the low solubility of Fe. Within
the oxide-film, redox reactions driven by Fe' species have been
reported [67]. Therefore, co-precipitated MB can be reduced to LMB
but this reaction could not contribute to recorded MB discoloration.

A certain commonly misconception may be found in the liter-
ature concerning the process of contaminant removal in Fe®/H,0
systems due to improper consideration of the two main mecha-
nisms of iron corrosion. Ideally, whenever the initial pH is lower
than 4, the pH should be carefully monitored and used to interpret
results. From Fig. 4 it can be seen for example, that for an initial
pH of 3.0 the final pH was 4.3 and the extent of MB discoloration
was slightly lower than that of the experiment with initial pH val-
ues >4 (for the given experimental duration). Consequently, the
repeatedly reported lag time for contaminant removal [61,68] is
the time to exceed pH 4 (or to enable generation of enough corro-
sion products for contaminant co-precipitation/sequestration). It
must be emphasised that for contaminants (e.g., Cr'V) which are
also reducible by aqueous Fe!l the extent of their removal at pH <4
depends on their relative solubility of their reduced form. Regard-
less from the redox reactivity co-precipitation of contaminant and
reaction products occurs at pH>4. Contaminants, intermediates
and final products are possibly entrapped in the matrix of corrosion
products.

4.5. Effect of solution chemistry

The effect of solution parameters on MB discoloration by Fe®
was studied using 0.2 mM of Al(NO)3, BaCl,, CaCl,, CuCl,, EDTA,
(NH4),C03, and NiCl,. Further non-disturbed experiments were
performed for 35 days with concentrations of CaCl,, CuCl, and
NaHCOs varying from 0 to 4 mM (Fig. 5). Fig. 5(a) shows that apart
from (NH4),CO3 (90%) all other additives lower the extent of MB
discoloration by Fe? (78%). The lowest discoloration efficiency (15%)
was observed in the presence of EDTA and is consistent with the
fact that complexing Fell/Felll delays the iron oxide precipitation
[69-71] and hence retards MB discoloration. For the four systems
containing chloride ions (Cl~), NiCl, depicts the lowest MB dis-
coloration efficiency (33%) and CaCl, the highest (72%). BaCl, and
CuCl, show very comparable discoloration efficiency (about 60%).
This observation is partly consistent with reported results from the
literature on corrosion stating that: (i) at low concentration CO,3~ is
corrosive, (ii) hardness (Ca2*) is corrosive, while Ni2* has inhibitive
properties for iron corrosion. Cu2* would have accelerated Fe? cor-
rosion yielding more corrosion products for MB discoloration than
in the reference system (Fe? alone). Because this was not the case,
the experiments reported in Fig. 5(b) were performed.

It can be seen that NaHCO3; enhances MB discoloration for all
tested concentrations. The discoloration efficiency increased from
77% at 0.0mM NaHCOs3 to 90% at 0.8 mM NaHCO3 and remains
constant for higher NaHCO3 concentrations (<4 mM). In the experi-
ments with CaCl, and CuCl; the initial discoloration rate of 77% first
decreases to 70% and 64%, respectively, at an additive concentration
of 0.2 mM and subsequently increases to about 74% and remains
constant. However, for 4 mM CuCl, the discoloration efficiency (73%
at 2mM) drops to 30% at 4 mM while the discoloration efficiency
in the presence of CaCl, remains constant (74%). The behaviour of
the system with CuCl, was not further investigated but suggests
that if Cu?* is quantitatively produced in a Cu/Fe bimetallic sys-
tem the reactivity of Fe® may be inhibited. This issue is yet to be
considered in the Fe? technology. Similarly, the comparatively low
discoloration efficiency observed in the system with 0.2 mM NiCl,
(33% against 60% for CaCl,) should question the concept of using
Ni and Cu as additive metals to form nickel bimetallic systems to
“improve the reduction capacity of Fe?” [28]. No such improvement
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Fig. 5. Effect of solution chemistry on MB discoloration by metallic iron (Fe?): (a)
extent of MB discoloration after 36 days for all tested additives, and (b) dependence
of the MB discoloration on selected additive concentrations for 35 days. Ref. in figure

a” refers to the experiment in tap water (“no additive”). The experiments were
conducted in triplicate. Error bars give standard deviations. The lines simply connect
points to facilitate visualization.

could be observed in this study (Fig. 5). Discussing the validity of
the concept of using bimetallics to improve Fe® reactivity is over
the scope of this work (see Ref. [72]).

Another important issue from the discussion above is the impor-
tance of the cation nature in chloride salts on the extent of MB
removal. Generally, chloride ions are known to promote iron cor-
rosion, and therefore increase, sustain or restore Fe® reactivity.
These observations are mostly attributed to pitting iron corrosion
or avoiding the formation of oxide-layers on iron [73,74]. The dis-
cussion above demonstrated clearly that the nature of the used
salt should be considered in comparing results from independent
sources.

5. Conclusions

In summary, despite the low adsorptivity exhibited by MB
towards Fe®, Fe,0; and Fe304, under the experimental condi-
tions, MB was quantitatively discolored as Fe® corrosion proceeded.
The extent of MB discoloration was insignificant in experiments
in which the availability of in situ generated corrosion products
was delayed (MnO, addition). Data from the experiments with
the systems “Fe®” and “Mn0O,” clearly showed that the kinetics
of MB adsorption and reduction by MnO, is slower than MB co-
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precipitation. Thus, even in systems where direct contaminant
reduction (electrons from Fe?) is likely to occur, co-precipitation
will interfere with (or even hamper) mass transport involving Fe®.

The concept that methylene blue (MB) discoloration from
aqueous solution in presence of metallic iron is caused by MB co-
precipitation with Fe® corrosion products is consistent with many
experimental observations, in particular the effects of the initial
pH value and the impact of MnO, on MB discoloration. Generally,
aqueous contaminant removal in Fe®/H,0 systems can be viewed
as a “trickle down” in which a fraction of the targeted contami-
nant is continuously adsorb onto in situ generated high reactive
corrosion products [11]. Contaminants are subsequently entrapped
into the structure of ageing corrosion products. In this situation, no
observable equilibrium is attained. Therefore, the use of adsorp-
tion isotherms (e.g., Freundlich, Langmuir) to interpret data from
removal experiments in Fe?/H,0 systems is not justified (e.g., Ref.
[75]). Furthermore, adsorbed or co-precipitated contaminants can
be further reduced both by a direct and an indirect mechanism
[11,12]. The direct contaminant reduction is only possible when the
oxide-film on Fe? is electronic conductive or if so-called electron
mediators are available [34,76]. Noubactep [11] has clearly shown
that the concept of contaminant adsorption and co-precipitation as
fundamental removal mechanism is more accurate and considers
inherent mistakes of the reductive transformation concept.

It must be concluded that natural Fe®/H,0 systems consist of
core Fe® and essentially amorphous Fe oxides that remain to be
characterized. In this regard, many investigators have shown the
presence of various Fe oxyhydroxides and discussed their role in the
process of contaminant removal [77-82]. Strictly, these oxyhydrox-
ides should be considered as transient states as Fe?/H, O systems are
transforming systems. Therefore, a continuously reacting Fe®/H,0
system cannot be simply treated being at thermodynamic equi-
librium. Thus, characterising the system composition at certain
dates is very useful but should be completed by continuously char-
acterizing the system as the contaminants are removed and/or
transformed.

With this study, the potential of bulk reactions with selected
additives for providing mechanistic information [36] on aque-
ous contaminant removal is confirmed for the first time using
an organic compound. This study also demonstrates the signifi-
cant impact of selected operational experimental parameters (iron
type, shaking intensity, solution chemistry) on the process of
MB co-precipitation in Fe?/H,0 systems. A unified experimental
procedure is needed to: (i) avoid further data generation under
non-relevant experimental conditions, and (ii) facilitate the inter-
laboratory comparison of data. At the term such efforts will provide
a confident background for a non-site-specific iron barrier design
[83]. Keeping in mine the large spectrum of contaminants that can
be removed in Fe®/H,0 systems and the diversity of Fe® materials
that are used by individual research groups, it is obvious, that the
development of such an unified experimental procedure should be
a concerted effort.
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