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Abstract

In an attempt to characterize material intrinsic reactivity, iron dissolution from elemental iron
materials (Fe’) was investigated under various experimental conditions in batch tests.
Dissolution experiments were performed in a dilute solution of ethylenediaminetetraacetate
(Na,-EDTA - 2 mM). The dissolution kinetics of eighteen Fe’ materials were investigated.
The effects of individual operational parameters were assessed using selected materials. The
effects of available reactive sites [Fe’ particle size (<2.0 mm) and metal loading (2-64 g L ")],
mixing type (air bubbling, shaking), shaking intensity (0-250 min'), and Fe’ pre-treatment
(ascorbate, HCl and EDTA washing) were investigated. The data were analysed using the
initial dissolution rate (kgpra). The results show increased iron dissolution with increasing
reactive sites (decreasing particle size or increasing metal loading), and increasing mixing
speed. Air bubbling and material pre-treatment also lead to increased iron dissolution. The
main output of this work is that available results are hardly comparable as they were achieved
under very different experimental conditions. A unified experimental procedure for the
investigation of processes in Fe"/H,O systems is suitable. Alternatively, a parameter (tgpra) is
introduced which could routinely used to characterize Fe reactivity under given experimental
conditions.

Key words: EDTA; Electrochemical reactivity; Operational parameters, Water Remediation;

Zerovalent iron.
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1. Introduction

Elemental iron (Fe) is a well known material for the abiotic removal of organic and inorganic
contaminants from groundwater, soils, sediments, and waste streams [1-14]. Fe' is widely
termed in the literature on permeable reactive barriers as zerovalent iron (ZVI) and is
available as Fe’-based alloys (Fe” materials), mostly cast iron and low alloy steel. Reduction
through electron transfer from the body of the Fe’ (direct reduction) is currently considered as
the main removal mechanism for the majority of contaminants in Fe"/H,O systems [4, 9, 15].
However, for this thermodynamic founded assumption to be realized, the Fe” surface has to be
accessible to the contaminant species. Alternatively, the surface must be covered by an
electron conductive oxide-film (e.g. Fe;O4). In all cases, experiments are to be conducted
under conditions which closely mimic those found in nature. In particular, mixing of the
solution should neither delay nor prevent the formation of an oxide-film in the vicinity of the
Fe” surface [16, 17]. This aspect of mixing has been mostly overseen since mixing is
essentially used as a tool to accelerate contaminant transport to Fe” surface [18, 19]. This
example illustrates the necessity of exploring and/or revisiting the influence of operational
parameters on the processes of iron dissolution which is coupled to contaminant removal.

In the last fifteen years a huge number of studies have been conducted with the aim to
understand the impact of operational conditions on the processes of contaminant removal in
Fe"/H,O systems [2, 15, 18, 20-23]. The investigated experimental conditions included: Fe’
Characteristics, Fe’ type, Fe’ particle size, dissolved oxygen, contaminant concentration,
solution chemistry (e.g. pH, dissolved ligands), chemical modification of the original
material, mixing type, mixing intensity and material loading. In these studies, the influence of
the operational conditions on the removal efficiency for the respective contaminants was
reported to be theoretically expected and experimentally verified. For instance, while
investigating the effects of mixing intensity (min ') on nitrate removal by nanoscale Fe’, Choe

et al. [20] found out that for mixing intensities <40 min~' NO; removal is largely a mass
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transport-limited surface reaction, the reaction taking place at the Fe’/H,O interface.
However, from open literature on corrosion it is known that under natural conditions (near-
neutral pH, slowly flowing groundwater) such an interface does not exist due to the
ubiquitous presence of iron oxide that coats the metal surface [24-27] and provides two
interfaces; Fe’/Fe-Oxide and Fe-Oxide/H,0. The fact that at pH>4.5 an iron surface is always
covered with an oxide-film has been recognized in the reactive wall literature [28-31]. For
example Chen et al. [29] used a 50 mM ethylenediaminetetraacetate (EDTA) solution to avoid
oxide-film formation in their investigations on trichloroethylene degradation by Fe’. Because
the oxide-film is omnipresent at the Fe surface, the interactions of any contaminant in
Fe"/H,0 systems will depend on the nature (composition, conductivity, porosity, thickness) of
the formed film and the affinity of the contaminant for the film material. Therefore, it is
suitable to characterize Fe’ reactivity and the effects of operational conditions in systems
exempt from in situ generated oxide-films [31]. As a strong iron complexing agent without
redox properties EDTA has been used successfully for this purpose [32, 33]. In these previous
works [32, 33], a positive correlation between the extend of uranium (VI) removal and the
dissolution rates in 2 mM EDTA (kgpra) was demonstrated for thirteen Fe® materials. Recent
data on methylene blue discoloration by the same materials corroborated reported results [18].
The present study aims to assess the ability of various Fe’ materials to release Fe (Fe", Fe™
species) into a 2 mM EDTA solution and to establish the response of selected Fe” materials to
a relative wide range of experimental conditions. The effects of Fe’ particle size (<2.0 mm)
and metal loading (2-64 g L"), mixing type (air bubbling, shaking), shaking intensity (0-250
min '), and Fe’ pre-treatment (ascorbate, HCI and EDTA washing) on Fe dissolution in batch
operation mode were investigated and the degree of influence of each examined experimental
parameter is discussed.

2. Some relevant aspects of the “Fe’’/EDTA/H,O” system
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Dissolution studies are commonly used as a tool to characterize the reactivity (or stability) of
geological materials [34-38]. Using this tool the oxidative dissolution of Fe’ materials can be
investigated at approximately neutral pH in order to simulate pH conditions characteristic of
natural groundwaters [39]. Since the solubility of iron in this pH range is very low, EDTA can
be used to sustain material dissolution [28, 29, 31]. Table 1 summarises some relevant
reactions occurring in a “Fe’’EDTA/H,0” system. A very comprehensive review on the
chemistry of the “Fe’/EDTA/H,0” system is given by Pierce et al. [31].

In this system, Fe” dissolution is an oxidative process mediated by water (Eq. 1) or dissolved
oxygen (Eq. 2). The resultant Fe** ions can be further oxidized to Fe’" by dissolved O, (Eq. 3)
or complexed by EDTA, yielding [Fe"(EDTA)] and [Fe"™(EDTA)] complexes (Egs. 4, 5).
[Fe"(EDTA)] complexes are highly sensitive to dissolved oxygen, and oxidative
transformation to more stable [Fe" (EDTA)] complexes is completed in less than 1 minute
[40, 41]. Equations 6 to 8 illustrate the formation of corrosion products and their complexive
dissolution by EDTA. Corrosion products are usually mixture of iron oxides (FeOOH, Fe,Os,
Fe;0,); it is expected, that the kinetics of their EDTA dissolution will primarily depend on the
crystalline structure of individual oxides [42].

The basic approach of this study is to exploit the differences in initial dissolution behaviour of
Fe” materials in a dilute EDTA solution (2 mM) in order to characterize their intrinsic
reactivity [32, 33] and also to investigate the response of the system to changes in some
relevant operational parameters. Using a metal loading of 10 g L™ previous works have
shown that the dependence of the iron concentration on the elapsed time for the material
termed ZVIO0 here was a linear function (Eq. 9) for the first 72 hours of the experiment [32,

33]. In Eq. 9 [Fe]; is the total iron concentration at time t as defined by Eq. 10
[Feli=kepra*t +b )

[Fe], = [Fe"], + [Fe™], + [Fe"(EDTA)], + [Fe"(EDTA)], (10)
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The current study was targeted at identifying the time frame for which the linearity of Eq. 9 is
assured for the systems “Fe’ (2 g L") / EDTA (2 mM)”. For each ZVI material the linear
dissolution function obtained from experiment can be used to characterise the individual
reactivity, with the linear gradient (‘kgpra’ in Eq. 9) representing the rate of iron dissolution
(kepra) and the intercept (‘b’ in Eq. 9) representing the iron concentration at t, (ideally zero; b
= [Felw), and providing an estimation of the amount of possibly readily soluble atmospheric
corrosion products on the material. Ideally, under given experimental conditions, Fe
concentration increases continuously with time from 0 mg L™ at the start of the experiment (to
=0)to 112 mg L (0.002 M) at saturation (ts,: = Tepra) When a 1:1 complexation of Fe and
EDTA occurs. Thus, Tepra is an operative parameter which could allow the characterization
of the reactivity of each Fe under any experimental conditions [43].

An independent process involving Fe’, EDTA and molecular O, was developed by Noradoun
and co-wokers [44, 45] and is currently further developed [46-48]. This process uses the
“zerovalent iron, EDTA and air” system (ZEA system) to generate HO' radicals for
contaminant oxidation. In this process, EDTA itself is degraded [46]. Moreover, Gyliene et al.
[49] have recently used Fe” for aqueous quantitative removal of up to 100 mM EDTA. The
removal mechanism included degradation by HO' radicals and co-precipitation with iron
corrosion products. The results of Gyliene et al. [49] indicate that under the experimental
conditions of this work, EDTA (2 mM) could be removed only by degradation since the Fe’
reactivity characterization is limited to the pre-saturation phase (no precipitation). In total,
recent works on the Fe’’EDTA/H,0 system, clearly demonstrated that EDTA is a concurrent
contaminant for in situ generated oxidative species and should be regarded as instable.

The present study can be seen as an investigation of the short-term kinetics of iron dissolution
in ZEA systems while characterizing the effects of operational parameters on this process.
Clearly, a well documented methodology is used to characterize Fe® reactivity as influenced
by operational parameters. In this method dissolved oxygen is a reactant and not a disturbing

5
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factor. Furthermore, since the investigations are limited to the initial phase of iron dissolution
(forward dissolution), the possibility that EDTA alters the corrosion process is not likely to be
determinant [31]. Theoretically, EDTA should not deplete during this initial reaction phase
which is dominated by forward iron dissolution. The well-documented instability of Fe'"'-
EDTA complexes (photodegradation) is the sole concern here [50].

3. Material and methods

3.1  Solutions

Based on previous works [32, 33], a working EDTA solution of 0.002 M (or 2 mM) was used
in this study (also see the discussion in the Supporting Information). The working-solution
was obtained by one step dilution of a commercial 0.02 M standard from Baker JT® with
Milli-Q purified water. A standard iron solution (1000 mg L") from Baker JT® was used to
calibrate the Spectrophotometer. All other chemicals used were of analytical grade. In
preparation for spectrophotometric analysis ascorbic acid was used to reduce Fe'-EDTA in
solution to Fe"-EDTA. 1,10 orthophenanthroline (ACROS Organics) was used as reagent for
Fe"' complexation prior to spectrophotometric determination. Other chemicals used in this
study included Na,-EDTA, NaHCOs;, L(+)-ascorbic acid, L-ascorbic acid sodium salt, and
sodium citrate. The initial pH of the working EDTA solutions was 5.2 and increased to values
above 8.0 as result of iron corrosion.

3.2 Fe® materials

A total of eighteen (18) ZVI materials (ZVIO through ZVI17) were obtained from various
sources, in different forms and grain sizes. The main characteristics of these materials
including form, grain size and elemental composition are summarized in Tables SI1 and SI2
(Supporting Information). No information about manufacturing processes (e.g. raw material,
heat treatment) was available to assist with subsequent data interpretation. It is well reported
that the specific surface area (SSA) of iron materials is one of the predominant factors in

controlling reactivity and is directly related to grain size [51-53]. The materials investigated in
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this study have a variety of different grain sizes (<80 pum to 9000 pum) with resultant
differences in specific surface area, although exact values were not available or determined.
However, it was not the objective of this study to investigate the impact of the specific surface
area on the reactivity of these different materials, but rather to compare the reactivity of the
materials in their typical state (and form) in which they might be used for field applications.
Apart from samples ZVI0, ZVI7 and ZVI11, all materials were used for experiment in an ‘as
received’ state. Samples ZVI0, ZVI7 and ZVI11 were crushed and sieved, with the grain size
fraction between 1 mm and 2 mm selected for reaction.

3.3 Iron dissolution experiments

Three different types of batch experiments were conducted at room temperature (~22 °C) for
experimental durations varying from 0.5 to 120 hours. The types of experiment are described
in more detail in the following section:

Type 1 open systems: Iron dissolution was initiated by the addition of 0.1 g of each material
to 50 mL of a 2 mM EDTA solution (2 g L™' ZVI). Each reaction was run for <144 hours (6
days) in triplicate using narrow 70 mL glass beakers to hold the solutions. The reacting
samples were left undisturbed on the laboratory bench for the duration of experimental period
and were shielded from direct sunlight to minimize Fe'"-EDTA photodegradation [50]. These
open systems (type 1) were used to characterize: (i) the reactivity of all used Fe® (kepra, b and
teprA Values), and (ii) the effects of particle size and mass loading.

Type 2 open systems: Dissolution was initiated by the addition of 0.2 g Fe” material in a
sealed vessel containing 100 mL of EDTA solution (2 g L' ZVI). Experiments were
conducted for <96 hours (4 days) in specially manufactured glass reaction vessels (~125 mL
capacity) designed to allow continual mixing of the EDTA solution using a current of humid
air supplied by a small aquaristic pump. The setup was designed to homogenize the
experimental solutions at atmospheric pressure whilst keeping Fe” materials immobile at the

bottom of the vessels. Experiments in type 2 open systems were performed to investigate the
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impact of mixing art on the process of Fe” dissolution. Parallel experiments (non-shaken,
ultrasound) were performed in the same vessels to account for possible influence of the
reactor geometry.

Closed systems: For each dissolution reaction 0.2 g of the Fe’ material was added to 100 mL
EDTA solution (2 g L™' ZVI) in sealed polypropylene Erlenmeyer flasks (Nalgene®). Each
reaction was run for <96 hours (4 days) in triplicate. For each experiment the Erlenmeyers
were placed on a rotary shaker or in an ultrasonic bath and allowed to react. The shaking
intensities used for different samples were 0, 50, 150, 200 and 250 min . Closed systems
were performed to investigate the effects of mixing intensity.

At various time intervals, 0.100 to 1.000 mL (100 to 1000 uL) of the solution (non filtrated)
were withdrawn from the Erlenmeyer flask with a precision micro-pipette and diluted with
distilled water to 10 mL (test solution) in 20 mL glass essay tubes in preparation for analysis.
After each sampling the equivalent amount of distilled water was added back into the
Erlenmeyer in order to maintain a constant volume.

3.4 Analytical method

The aqueous iron concentration was determined with a Varian Cary 50 UV-VIS
spectrophotometer, using a wavelength of 510 nm and following the 1,10 orthophenanthroline
method [54, 55]. The instrument was calibrated for iron concentration < 10 mg L.

The pH value of each sample was measured by combination glass electrodes, that were pre-
calibrated with five standards following a multi-point calibration protocol [56] and in
accordance with the new IUPAC recommendation [57].

X-ray photoelectron spectroscopy (XPS) was used to identify the atmospheric corrosion
products present at the surface of samples ZVIO and ZVI8. Samples were mounted and
analysed under high vacuum (<5 10™ mbar) in a Thermo VG Scientific X-ray photoelectron

spectrometer (XPS) equipped with a dual anode X-ray source (Al Ka 1486.6 eV and Mg Ka
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1253 eV). Al Ka radiation was used at 400W (15 kV) and high resolution scans were
acquired using a 30 eV pass energy, 0.1 eV step size and 200 ms dwell times.

4. Results and discussion

4.1  Expression of experimental results

Given that the initial rate of iron dissolution for each material was expected to follow a linear
function ([Fe]; = kepra™®t + b), regression of the experimental data (Fe concentration versus
reaction time) allowed calculation of the linear dissolution function for each individual
material. Direct comparison of the calculated rates of iron dissolution (kgpra) could be used to
indicate the more reactive ZVI materials, whilst the calculated intercept (‘b”) values could be
used to indicate the relative amount of pre-existing corrosion products present on the material

surfaces. To further characterize Fe”’EDTA systems, a new parameter is introduced (tgpra).

Per definition, tgpra for a given system is the time require for the iron concentration to reach
2 mM (112 mg L™); that is the time to achieve saturation assuming 1:1 complexation of Fe"""!
by EDTA. Thus, tepra is the solution of the equation kgpra*t + b = 112. The regression
parameters of the experimental data are summarised in two tables (Table 2 and Table 3).

4.2  Qualitative XPS analysis

XPS results from analysis of materials ZVI0 and ZVI8 before experimental reaction clearly
indicated that the uppermost surfaces of the two materials were iron oxide. The binding
energy of the recorded Fe 2p lines was typical of Fe'" in Fe,O; (hematite), although there was
some evidence for a minor Fe' oxide (magnetite/wiistite) component. No signal was recorded
from the metal, indicating that the materials had a universal oxide coating of at least 10 nm
equivalent to the maximum escape depth of photoelectrons from the sample. This result
highlights, in agreement with the literature [58-60], the fact that most Fe’ materials will
typical possess a surface oxide coating prior to their use in environmental applications. It has

been shown that these coatings are rapidly removed from Fe’ surfaces upon immersion by an

auto-reduction reaction [59, 60]. Removed oxide layers (mostly Fe,O;) are subsequently
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transformed to magnetite and green rust, which will not inhibit the process of contaminant
reduction [59]. However, because reduction is not the fundamental contaminant removal
mechanism in Fe’/H,O systems [16, 17], it is still interesting to quantify the amount of oxide
coatings.

4.3  Effect of operational parameters

Among the tested materials ZVI4 (fillings) was one of the materials exhibiting the largest
particle size distribution while exhibiting relative low proportion of fines. ZVI4 was
resultantly used in investigations regarding the effects of particle size. Other parameter-testing
experiments were conducted with ZVI8 or ZVI0. The preference for ZVIS is justified by its
spherical form, its minor dissolution reactivity (kgpra and tgpra in Table 2) and the fact that
the material is rusted and could recover its metallic glaze only after HCl or ETDA washing.
While using a less reactive material in experiments where reactivity enhancement is expected
(e.g., metal loading, mixing intensity), a large window of opportunity is expected before
solution saturation ([Fe] < 112 mg L™"). The available surface area of ZVI8 was estimated
using the relation S = 6/pd [61], where p is the density (7,800 kg m ) of Fe” and d the particle
diameter (d = 1.2 mm, Table SI 1).

4.3.1 Effect of Fe® type

Eighteen types of Fe” materials (Tables SI 1 and SI 2) were evaluated using the EDTA
dissolution method described (Type 1 open system). The calculated dissolution rates (kgpra)
are displayed in Table 2 and vary from 1.3 to 111 pg h™'. The large range in reactivity rations
recorded for the materials indicates variability in reactivity between the Fe® materials. The
most reactive material was ZVI 16 (tgpra = 2.1 d) displaying a dissolution rate of 111 pgh™".
Scrap iron sample ZVI 7 displayed the lowest dissolution rate (1.3 pg h™') indicating
extremely limited reactivity. The intrinsic difference in the reactivity of various Fe” materials
may be considered as a significant source for controversial and variable results observed in

the literature [18, 19].
10
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The general reactivity trend based on the material form was: powder > fillings > granular.
Table 2 shows that some powders (ZVI1, ZVI2, ZVI3) are less reactive than ZVI6 (fillings).
This result is mostly justified by the agglomeration of powders under the experimental
conditions (non-shaken). Therefore, the EDTA-test may not be appropriate for some
powdered materials (d <0.1 mm). The results with ZVI15 (finer grade), ZVI16 (medium
grade) and ZVI17 (coarser grade) from Connelly-GPM, Inc. demonstrated that large amounts
of fines yield to increased but meaningless b values. Being from the same manufacturer, the
three materials have the same chemical composition. Because these materials were used “as
received” the observed high b values can be attributed to the proportion of fines.

4.3.2 Effect of metal loading

The effect of the amount of ZVI8 on iron dissolution in 2 mM EDTA was investigated. The
material was pre-washed in 50 mL of a 0.25 M HCI for 14 hours to remove surface corrosion
products and minimize their subsequent interference. It was found that the rate of iron
dissolution increased as the amount of Fe’ was increased from 2 g to 64 g L™ (or 12 to 410
cm’ L") (Table 3). However, the increase in iron dissolution rates was not linearly
proportional to the increase in the amount of Fe reacted (Figure 1). For amounts of material
<16 g L' the observed dissolution rates increased at a linear rate with increasing metal
loading (R = 0.943) and a normalised iron dissolution rate of 6.2 ug h™' cm > was estimated.
Dissolution rates recorded for metal loads >16 g L' did not increase at a linear rate. For a
more reactive material (e.g. ZVI11) the linearity range would be expected to be lower than for
ZVI8 i.e. <16 g L' In fact, the more reactive a material the more rapid the kinetics of iron
dissolution and thus the shorter the time to solution saturation. 16 g L™' metal load of ZVI8
corresponds to 102 cm” L™ available surface.

The surface normalized reaction constant (ksa) is frequently used in evaluating kinetic data
from elemental iron reactions and in comparing iron reactivity toward various classes of
compounds [51]. The key relationship behind the normalization procedure is linear
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proportionality between the rate constants and metal loading. There has been controversy over
validity of ksa for normalizing the rate constants by metal loading ([21, 62, 63] and references
therein]. The results above show that for ZVI8 and under non-shaken conditions linearity is
observed only for [ZVI] < 16 g L™ (102 cm? L™). It should be emphasized that mixing will
lower this critical mass loading for ZVI8 because of accelerated transport of molecular O, to
the Fe” surface. The large majority of experiments are conducted under mixing conditions and
with larger metal loadings. Therefore, the reported significant variations among Ksa data (even
for a given compound) are difficult to interpret. In the future this comparison should be eased
by routinely given tepra for each experimental condition.

It is interesting to note that a certain linearity trend of b value as function of mass loading was
observed (R = 0.854). This linear dependence of b values from the metal loading validates the
enounced signification of that parameter. In this experiment corrosion products resulted from
the air oxidation of Fe’ during the time elapsed between stopping HC] washing and initiating
EDTA dissolution. Therefore, the corrosion products didn’t have time to precipitate and/or
crystallize. As shown above (XPS results), Fe’ materials are covered with amorphous and
crystalline iron oxides with differential dissolution behaviour. For granular materials as ZVIS,
it is assumed that the dissolution of iron oxide in EDTA is more favourable than the oxidative
dissolution of Fe’ from the material. This assumption is the support of the significance of b
values and could be verified for ZVIO and ZVI8 used in parallel “as received”, 2 mM EDTA-
washed, and 250 mM HCl-washed experiments [32]. For materials with large amounts of
fines (e.g. powdered materials and ZVI16/ZVI17), however, b values were proven
meaningless. Because kgpra and b values are not independent parameters, erroneous b values
have an incidence on the validity of kgpra. Therefore, the EDTA-test should be limited to
coarser material (d > 150 um). Alternatively, Fe’ materials can be compared on the basis of

extent of leached Fe in column studies (e.g. starting from 1 g of each material). In column
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studies saturation is not expected and the differential dissolution of Fe’ and Fe oxide can be
better characterized.

The comparison of a and tgpra values (Table 3) for the individual metal loadings shows that
reactivity increased 6 fold as the metal loading varies from 2 to 64 g L™'. Considering that
essentially higher metal loadings (up to 200 g L' and more) are used by several researchers
another discrepancy source is identified.

As discussed above higher metal loadings are directly related to more iron oxides generation,
that are more adsorption sites for all contaminants, including metals and radionuclides.
Therefore, in investigating the process of contaminant removal by Fe’ materials, the less
possible metal loading should be used [63]. Considering that ZVI8 contains 92 % Fe, the
molar ratio Fe:EDTA varies from 1 to 26 as the mass loading varies from 2 to 64 g L™'. This
result shows that, apart from the experiment with 2 g L™, Fe’ was available in excess.
Characterizing the availability of Fe from the metal structure is a part of this study (see
“Effect of Fe’ type”) but using over proportional material excess complicates mechanistic
investigations for example. For instance, a lag time (induction time) was reported in the
process of contaminant removal by Fe’ materials [3]. This study shows that the initial iron
dissolution is always fast. Therefore, the reported lag time is possibly the time necessary for
enough iron oxides to precipitate and adsorb contaminants. Adsorbed contaminants can be
further transformed, e.g., reduced by: (i) dissolved Fe", (ii) oxide-bounded Fe", (iii) atomic
(H) or molecular (H,) hydrogen.

4.3.3 Effect of Fe° particle size

The effect of Fe” particle size on the iron dissolution in 2 mM EDTA was investigated using
ZVI14. The material was sieved into six particle fractions (Table 3) and an equal mass of each
was reacted. The results show increased rates of iron dissolution (increasing kgpra or
decreasing tgpra) With decreasing particle size. The evolution of the curve tepra = f(d) (not
shown) suggests that according to particle size, three ranges of reactivity can be distinguished:
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(1) very reactive (d < 0.2 mm, tgpra < 3 d) corresponding to linear increasing of Tgpra With
increasing d; (ii) fairly reactive (0.2 < d(mm) < 0.8, 3 < tgpra (d) < 5), corresponding to a
plateau in the variation tgpra With d; and (iii) less reactive (0.8 < d(mm) < 2.0, tgpra > 5 d).
This classification suggests that only materials of similar particle sizes should be used in
comparative investigations. Based on experimental results it is recommended that for testing
micro-scale Fe” materials with the EDTA method only particle diameters between 0.1-1.0
mm should be tested, ensuring that fines (d < 0.1 mm) are separated by sieving (or washing).
The comparison of kgpra and tgpra values for the individual particle sizes shows that
dissolution rate significantly decreases as the particle size was varied from < 0.125 to 2.0 mm.
This increase of reactivity with decreasing particle size is the rational of using nanoscale Fe’
for environmental remediation [61].

4.3.4 Effect of material pre-treatment

The effect of material pre-treatment was investigated in open systems with a metal loading of
5 g L. Four different pre-treatment procedures were tested. Pre-treatment consisted of
washing 0.5 g of ZVI in 50 mL treatment solution for 14 hours. The treatment solutions
included: (i) deionised water (as a reference system), (ii) 0.115 M ascorbate buffer, (iii) 0.02
M EDTA, and (iv) 0.25 M HCL. The Fe’ samples were then rinsed three times with 50 mL
deionised water before dissolution testing. The results presented in Table 3 showed that all
pre-treatment procedures enhanced the reactivity of ZVI8. The observed iron dissolution rate
varied from 560 pug h™' for the reference system to 860 pg h™' for the Fe” system washed in
0.115 M ascorbate buffer. Calculated tepra values confirmed that the greatest dissolution rate
occurred in the ascorbate-treated system. It should be noted that the amount of solid material
lost to dissolution during the pre-treatment procedure was not measured in this work.
Previously, Matheson and Tratnyek [2] reported a 15 % loss of iron mass during acid pre-

treatment (3 hours in 3 % HCI), while Fe washing at neutral pH with ascorbate buffer was
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found exclusively to dissolve surface corrosion products, leaving a fresh residual Fe° surface.
Based on the current results it is suggested that ascorbate pre-treatment is a preferable
procedure for removing surface corrosion from Fe’ materials than HCl-washing which has
previously been more commonplace.

While the effects of pre-treatment generally followed expectation (reactivity enhancement)
the relevance of these procedures should be brought into question because Fe” materials used
in reactive barriers are not commonly pre-treated prior to emplacement [64]. Even if materials
were pre-treated before emplacement surface oxides would rapidly form, long before any
significant quantity of contaminant inflow [20, 65].

4.3.5 Effect of mixing

In investigating contaminant removal by Fe’ materials, sample mixing (mostly stirring or
shaking) is commonly used as a tool for increasing the rate of reaction. For an inert material
as activated carbon, mixing may have little or no effect on material reactivity. However, the
thermodynamic instability of metallic iron (Fe”) in aqueous solution [2, 66] is the primary
reason for using elemental iron materials for groundwater remediation.

In undisturbed systems in the absence of EDTA, it is generally accepted that decreased Fe’
reactivity observed at pH > 5 is coupled to increased iron precipitation. However, a system
which is physically disturbed by mixing will exhibit even greater Fe’ reactivity because the
vigorous hydrodynamic conditions (turbulent flow) increase the rate and amount of iron
dissolution/oxidation by: (i) breaking apart and subsequently preventing the aggregation of
colloidal iron oxide and oxyhydroxide particles; (ii) continually exposing fresh Fe’ material
through fragment collisions that dislodge and/or remove corrosion products from the material
surface, and (iii) causing enhanced oxygen entrainment (diffusion) from the laboratory
atmosphere into solution, thereby increasing rates of oxidation. Mixing will also facilitate
transport of contaminants and reactive species to the Fe” surface although in some cases

contaminant desorption may be promoted [67].
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In this section the effect of mixing on Fe” dissolution is presented. Experiments were
performed with two materials (ZVIO and ZVI8) and three mixing types (bubbling,
sonification and shaking).

4351 Effect of mixing type

Figure 2 summarises the effect of mixing type on the reactivity of ZVIO, the regression
parameters and Tepra are given in Table 3. The results clearly indicate that all types of sample
mixing enhance Fe’ reactivity. The dissolution rate varied from 33 pg h™' for the non-mixed
system to 6154 ug h™' for the ultrasonically mixed system, which displayed the most rapid
rate of iron dissolution. This result clearly show that while using different mixing devices and
performing the experiments for the same duration (e.g. 4 h) various extents of Fe’ dissolution
was achieved yielding to various amounts of contaminant removal agents (Fe", H,, Fe
oxides). Characterizing each experimental procedure with tegpra Will certainly facilitate the
discussion of achieved results.

4.3.5.2 Effect of shaking intensity

The effect of shaking intensity was investigated with ZVIS8 for four different shaking rates:
50, 150, 200 and 250 min . The results are summarized in Table 3 and follow theoretical
predictions of enhanced dissolution behaviour with increasing mixing intensity. Tgpra varied
from 3.7 days for a mixing intensity of 50 min™ to 0.4 days for 250 min'. The effect of
shaking intensity is presented in more details elsewhere [43]. The results disprove the popular
assumption that mixing batch experiments is a tool to limit or eliminate diffusion as dominant
transport process of contaminant to the Fe” surface.

4353 Discussion

Ultrasonic vibration and solution shaking involved the physical movement of both solution
and Fe’ materials. By comparison, solutions mixed by air-bubbling left the Fe® material

immobile whilst homogenising the overlying solution.
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The ‘bubbled’ metal-solution system recorded a 40 fold enhancement in reactivity compared
to the non-disturbed system. The bubbling maintained a continuously replenished supply of
dissolved oxygen to the solution, promoting Fe’ oxidation and yielding dissolved Fe" and Fe™
which then complexed with EDTA. Results indicated a rapid initial dissolution rate for the
first 10-15 hours (figure 2) which subsequently tailed off by 80 hours, showing a slight
increase again to 120 hours. The observed tail-off in dissolution rate occurred after iron
saturation ([Fe] > 112 mg L") had been reached and can be attributed to iron oxide nucleation
and precipitation. Bubbling supplied the system with unrealistic amounts of dissolved O,
which was unrealistic with regard to subsurface reactive walls. These conditions are
encountered in above ground plant for wastewater treatment for which the Fe”/H,O system
are also used [14].

Previous studies have found that sample agitation can disturb, delay or even prevent iron
oxide precipitation at the Fe’ surface [15, 16, 67]. Such mixing may allow contaminant
transport to the Fe’/H,O interface, an interface which can not exist in nature [24, 63, 65]. On
this basis it can be argued that sample mixing and agitation may yield unrealistic results and
should therefore be avoided when testing the reactivity of Fe® materials for commercial use in
reactive barriers [18, 19]. Note that all types of mixing devices can be used for above ground
water treatment systems using Fe’. However, for subsurface applications, mixing should not
significantly disturbed the dynamic process of oxide-film formation and transformation.
Although the results have shown that Fe® reactivity and dissolution may be enhanced by
elevated mixing intensities, the mixing process is also known to have an effect on iron oxide
precipitation. It is well accepted that contaminants (including EDTA, see ref. [49]) can be
entrapped in the matrix of precipitating iron oxides (co-precipitation). Typically, contaminant
removal enhanced by mixing is considered to operate on the basis of maintaining a continual
supply of freshly exposed Fe’ surfaces for contaminant uptake. However, it is entirely

possible that their co-precipitation with iron oxide may provide a competing removal
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mechanism. Even though co-precipitated contaminants can be further reduced by structural
Fe" or atomic and molecular hydrogen (H, H,), the reaction can not quantitatively occur at the
Fe surface as commonly reported.

The effect of the mixing intensity on Fe’ reactivity confirms theoretical predictions but the
discussion above questioned the validity of mixing to accelerate contaminant transfer to the
Fe” surface. It is possible that a critical value exists below which mixing may have limited
effect on oxide-film formation (e.g. 40 min™' in [20] or 50 min' in [43]). However, mixing
always increases iron dissolution and the Fe® surface is permanently covered with corrosion
products. Therefore, it may be advantageous to conduct initial work under stagnant conditions
and progressively increase the mixing intensity to discover which mixing speeds can be used
without major iron precipitation interference [19]. Clearly, works investigating the same
process can only be comparable if conducted under similar tgpra conditions.

5. Concluding remarks

The current study aimed at developing a reliable method for comparing and characterising
different Fe” materials under various experimental conditions. For this purpose an aqueous
dissolution method utilizing a dilute 0.002 M EDTA solution was adopted for the
experimental work. Results showed that: (i) iron dissolution in non disturbed experiments is a
powerful tool for material screening; (ii) mixing type, mixing intensity, particle size and Fe’
loading enhance the material reactivity to various extents. In particular, material pre-
treatment, too rapid mixing speeds or too high Fe” dosages may yield reproducible but non
realistic results. Since the investigated parameters are not independent from each other it was
necessary to introduce a parameter (tgpra) Which allows a reliable characterization of Fe’
reactivity under each experimental condition. Therefore, similar to iodine number for
activated carbon, tgpra is introduced to characterise material reactivity. Ideally, any work

with Fe’ should specify tgpra under the experimental conditions. However, despite its

practical simplicity, Tegpra iS an extrapolation which accuracy depends on the amount of
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corrosion products on original materials (b values). Therefore, kppra is a better parameter to
characterize the reactivity of each Fe’.

Whilst literature on Fe” remediation predominantly assumes that contaminant removal mostly
occurs though electrochemical reduction at the surface of Fe® materials, the results of this
study and related works [18, 19, 43, 63] indicated that under environmental conditions
contaminant removal may primarily occur in conjunction with the dynamic process of
precipitation of corrosion products (non selective process). The first proof for this statement is
that Fe”/H,O systems have efficiently reduced some contaminants, oxidized some others, and
even removed some redox-insensititve contaminants [9, 10, 46]. Therefore, oxidation and
reduction should be regarded as subsequent processes in the presence of immersed corroding
Fe” (statement 1). The concept regarding adsorption and co-precipitation as fundamental
contaminant removal mechanisms in Fe"/H,O system is based on statement 1. This concept
has partly faced with very sceptic views [68, 69]. For example, The authors of [69]
complained that this concept “is hardly acceptable since the role of the direct electron transfer
in ZVI-mediated reactions is well established and generally accepted among the research
community.” However, the well-accepted “role of direct electron transfer in ZVI-mediated
reactions” was demonstrably a “broad consensus” as recognized by O’Hannesin and Gillham
[4]. On the other hand, the authors of [68] were “mystified” by any possible convergence
between the mechanism of uranium (U) and an organohalide in Fe’/H,O systems because “the
topic of U(VI) reduction is clearly remote from that of organohalide reduction". These two
examples illustrate the difficulty in revising a well-established but inconsistent concept.
Fortunately, electrocoagulation (EC) using iron electrodes (Fe’ EC) is rigorously an
electrochemically accelerated iron corrosion and has proven similar efficiency as passive
Fe”/H,O systems for the removal of various chemical contaminants and pathogens [70-72].
For Fe’ EC no one has suggested Fe” electrodes as reducing agents, because Fe is

intentionally corroded to produce “flocs” for contaminant co-precipitation. The similarity
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between passive Fe”/H,O systems and Fe” EC should convince the last sceptics. The scientific
community will then concentrate on the further development of the technology.

Interestingly, the scientific community is on schedule to identify the "common underlying
mechanisms for reactions” in iron walls that provide a confidence for non-site-specific design.
Is this the case, then "site-specific treatability studies may only be required to fine-tune design
criteria for the optimal performance of PRBs" [73]. The concept of contaminant
adsorption/co-precipitation can be regarded as the first step to this goal. The scientific
community should abandon the current approach which merit was to demonstrate the
efficiency of Fe for several contaminants (and groups of contaminants). The challenge now is
to incorporate future studies within a broad-based understanding of Fe’ remediation
technology. In particular, the removal mechanism of individual contaminants by Fe’ materials
has to be investigated under non disturbed conditions and with realistic metal loadings. The
proper use of Tgpra and Kgpra is a precious guide on this high way.
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Table 1: Some relevant reactions for the elucidation of the mechanism of ZVTI dissolution.

oxid. = oxidative, Compl. = complexive.

Process Reaction equation Eqg.
Iron corrosion Fe’ + 2 H,0 — Fe’" + Hy+ 2HO (1)
oxid. dissolution ~ Fe” + 1 0, + H,O o Fe¥" + 2HO )
Fe®* oxidation 2Fe” +1% 0, + H,0 o 2FT + 2HO (3)
Fe’* complexation Fe*" + EDTA < Fe(EDTA)* (4)
Fe*" complexation Fe’” + EDTA < Fe(EDTA)™ (5)
Fe(OH); formation 2Fe*™ + %0, + 5H,0 « 2Fe(OH); + 4H' (6)
Fe(OH); aging Fe(OH); & FeOOH, (Fe;04, Fey03) (7)
Compl. dissolution FeOOH + EDTA+ 3H" <« Fe(EDTA)" +2H,0 (8)
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Table 2: Corresponding correlation parameters (kgpra, b, R) and tepra for the fifteen metallic

iron materials. As a rule, the more reactive a material is under given conditions the

bigger the kgpra value or the smaller Tgpra. General conditions: initial pH 5.2, initial

EDTA concentration 2 mM, room temperature 23 + 2 °C, and Fe’ mass loading 2 g

L. n is the number of experimental points for which the curve iron vs. time is

linear. kgpra and b-values were calculated in Origin 6.0.

Fe' n R Keprta b TEDTA
(ugh™) (ug) (day)

ZNVT17 4 0.992 1.3+0.1 37£8 192.8
ZVI18 5 0.999 18+1 89+ 12 13.4
ZV19 5 1.000 245403 103 +£9 9.8
ZVI117 6 0.993 2012 116 + 44 7.8
ZVI5 6 0.995 33+£2 50+ 87 7.1
ZVI10 6 0.996 33+1 64 £55 7.0
ZVIl1 6 0.995 34+2 87+ 57 6.9
ZVI10 5 0.996 37+3 18 £ 60 6.3
ZVI11 4 0.978 46 £ 6 2280 £ 331 2.9
ZV14 4 0.987 51+5 241+ 112 4.3
ZV12 4 0.974 53+6 2015 £ 351 2.8
ZVI13 4 0.980 575 1758 £ 281 2.8
ZV16 4 0.994 57+6 382 £208 4.2
ZVI12 4 0.980 70 £ 15 1679 £443 2.5
ZV114 4 0.995 719 644 + 275 2.6
ZVI13 4 0.995 74+ 6 968 + 243 2.7
ZVI15 3 0.993 92 +11 642 + 444 2.2
ZVI116 3 0.996 111 £10 65 + 353 2.1

30



708
709
710
711
712
713
714
715
716
717

718

719

Table 3: Corresponding correlation parameters (kgpra, b, R) and tgpra of iron dissolution

under various operational conditions. As a rule, the more reactive a material is

under given conditions the bigger the kgpra or the smaller tgpra. General

conditions: initial pH 5.2, initial EDTA concentration 2 mM, room temperature 23

+ 2 °C, and Fe” mass loading 2 g L. For the investigation of the effects of

material pre-treatment a mass loading of 5 g L' was used. For each test item the

used material is mentioned. n is the number of experimental points for which the

curve iron vs. time is linear. kgpra and b-values were calculated in Origin 6.0. For

orientation, n = 7 corresponds to an experimental duration of 5 days in non-

disturbed experiments (effects of metal loading and particle size).

Test items

Parameter n R KepTA b TEDTA
ugh (1g) (d)
Metal loading 2¢L" 7 0993  15+1 46+ 10 22.7
4oL 7 0.997 21+1 79+ 19 11.0
ZVI8 8gL”! 7 0.997 33+£2 56 +41 10.2
16gL™ 7 0.989 38+3 180 £ 162 59
32gL" 7 0984  75+8 202 £ 107 4.6
64gL™! 7 0.978 83+9 223 +£198 4.0
Fe" particle size 0.0-0.125 5 0.986 94+9 1914 £ 222 1.6
0.125-0.200 5 0.990 77+£6 318+ 135 2.9
ZV14 0.2-0.315 5 0.993 68+5 78 + 47 34
0.315-0.500 5 0.983 616 138 £ 128 3.7
0.500-1.00 7 0.985 48 £ 4 138 £ 87 4.7
1.00-2.00 7 0.996 27+1 33+£14 8.7
Fe' pre-treatment none 9 0.988 559 +33 609 + 178 0.79
H,0O 9 0983  605+42 722 £227 0.72
ZV18 ascorbate 8 0.992 863 +44 594 £ 178 0.51
EDTA 9 0.993  626+28 366 + 148 0.72
HCI 9 0996 611£20 363 £ 105 0.74
Mixing type none 10 0.996 33.1%1.1 177 £2 13.9
sonification 4 0.989 6154+637 1926+ 862 0.1
ZVI0 bubbling 9 0.995 1237148 340 + 58 0.4
shaking 7 0.997 218+19 1096 £ 426 1.9
Mixing intensity 50 min™" 7 0.988 52+4 71 £26 3.7
150 min"’ 7 0.995 192+£9 264 + 77 1.9
ZVI8 200 min"' 5 0.990 898%72 758 £ 204 0.5
250 min "' 4 0995 1070+79 415+182 0.4
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Figure Captions

Figure 1: Variation of the rate of iron dissolution (kgpra) as a function of available Fe’
surface for the material ZVIS8. The represented lines are not fitting functions, they

just joint the points to facilitate visualization.

Figure 2: Effects of the mixing type on the iron dissolution in 0.002 M EDTA. Bubbling and
non disturbed experiments were conducted under atmospheric partial pressure of
O, (open system). Shaking and ultrasound mixing experiments were conducted in
closed systems. The represented lines are not fitting functions, they just joint the

points to facilitate visualization.
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