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Abstract: 

Despite two decades of intensive laboratory investigations, several aspects of contaminant 

removal from aqueous solutions by elemental iron materials (e.g., in Fe0/H2O systems) are not 

really understood. One of the main reasons for this is the lack of a unified procedure for 

conducting batch removal experiments. This study gives a qualitative and semi-quantitative 

characterization of the effect of the mixing intensity on the oxidative dissolution of iron from 

two Fe0-materials (material A and B) in a diluted aqueous ethylenediaminetetraacetic solution 

(2 mM EDTA). Material A (fillings) was a scrap iron and material B (spherical) a commercial 

material. The Fe0/H2O/EDTA systems were shaken on a rotational shaker at shaking 

intensities between 0 and 250 min-1 and the time dependence evolution of the iron 

concentration was recorded. The systems were characterized by the initial iron dissolution rate 

(kEDTA). The results showed an increased rate of iron dissolution with increasing shaking 

intensity for both materials. The increased corrosion through shaking was also evidenced 

through the characterization of the effects of pre-shaking time on kEDTA from material A. 

Altogether, 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 Fe0 

surface. 
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Iron-based alloys (metallic iron, elemental iron or Fe0 materials) have been used as an abiotic 

contaminant reducing reagent for organic and inorganic groundwater contaminants for over 

15 years [1–13]. In this context, Fe0 materials are widely termed as zerovalent iron (ZVI) 

materials, contaminants have been denoted as reductates [14], and the bare surface of Fe0 as 

reductant. The reducing capacity of metallic iron is due to the low standard reduction 

potential of the redox couple FeII/Fe0 (E0 = -0.440 V). This makes Fe0 a potential reducing 

agent relative to several redox labile substances, including hydrogen ions (H+) and oxygen 

(O2) [1,15]. 

Since contaminant reduction by Fe0 materials is believed to be surface-mediated, increasing 

the surface area of the iron, for instance by increasing the amount of Fe0 or decreasing the 

particle size, is believed to increase the rate of the reductive decontamination at the surface of 

Fe0 [15,16]. Based on this seemingly logical premise mechanistic removal studies by Fe0 

materials have shown that the rate-determining step is electron transfer to the surface-

adsorbed molecule [1,17]. There are several arguments against quantitative contaminant 

reduction at the Fe0 surface; among others the following [18]:  

(i) Huang et al. [19] observed a lag time of some few minutes at pH 4 before nitrate (NO3
-) 

reduction took place. The experiments were conducted with 20 g.L-1 Fe0 (powder) and the 

solutions were shaken at 210 min-1. During these “few minutes” the pH may have increased to 

values > 5 yielding iron oxide precipitates. Iron oxides adsorb FeII (so called structural FeII) 

and NO3
- such that the observed NO3

- reduction may be mediated by structural FeII. Clearly, 

the lag time can be seen as the time necessary for reactive species to be produced. 

(ii) The aqueous corrosion science has unequivocally shown that at pH > 5 the iron surface is 

always covered by an oxide film. In this regard Holmes and Meadowcroft [20] described an 

interesting thumbnail sketch in which without the protective action of a fence (oxide-film) the 

rabbit (Fe0 surface) is a defenceless prey for a rapacious dog (corroding environment). The 
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oxide film generated by corroding Fe0 is primary porous. Therefore, Fe0 still corrodes after 

the formation of a surface film. This property is the main characteristic making Fe
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0 materials 

suitable for environmental remediation. 

The presentation above shows clearly that, while “putting corrosion to use” [21], an essential 

aspect of the iron corrosion was overseen. The main reason for this mistake is that, from the 

pioneer works on [1,2,17], the reaction vessels have been mixed with the justifiable intention 

to limit diffusion as transport mechanism of contaminant to the Fe0 surface. However, mixing 

inevitably increases iron corrosion and depending on the mixing type and the mixing 

intensity, mixing may avoid/delay the formation of oxide films and/or provoke their abrasion. 

The present study investigates the effect of mixing speed on the kinetics of iron dissolution in 

a system Fe0/H2O/O2/EDTA (simply Fe0/EDTA) while the shaking speed varies from 0 to 250 

min-1. In this system, Fe0 is oxidized by dissolved O2; resulted FeII and FeIII species are 

complexed by EDTA. The reactivity of the Fe0 material is mainly characterised by the 

dissolution rate (kEDTA in μg.h-1 or mg.h-1) deduced from the linearity of the iron 

concentration vs. time curve. The background of this procedure is presented elsewhere [21]. 

To further characterize Fe0/EDTA systems, a new parameter is introduced (τEDTA). Per 

definition, τEDTA for a given system is the time required for the iron concentration to reach 2 

mM (112 mg/L). That is the time to achieve saturation assuming 1:1 complexation of FeII,III 

by EDTA. To properly characterize the effects of the shaking intensity on the kinetics of iron 

dissolution (kEDTA and even τEDTA), two Fe0 materials of markedly different reactivity were 

selected (material A and material B). Material A is a scrap iron from a metal recycling 

company (“Sorte 69” from Metallaufbereitung Zwickau, Germany) and material B is a 

commercially available material (“Hartgußstrahlmittel” from Würth, Germany). 

Rationale for use the aqueous Fe0/EDTA/O2 system 

Ethylenediaminetetraacetic acid (EDTA) is a chelating agent that has been used as extracting 

(dissolving) agent in environmental sciences for decades (ref. [22] and references therein). 
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The capacity of EDTA to induce and promote the dissolution of iron oxides through surface 

complex formation that enhance the detachment of the surface metal is well known [23-25]. 

The driving force for dissolution is the solubility of the oxide phase, which is enhanced by the 

formation of aqueous Fe
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IIIEDTA complexes. Using this dissolution tool, the reactivity of Fe0 

materials can be characterized [21]. 

In investigating the processes of contaminant removal in Fe0/H2O systems EDTA has been 

used by several researchers [26-29] at concentrations varying from 0 to 100 mM. Thereby, the 

main goal was to prevent iron oxide precipitation and therefore, eliminate concurrent 

contaminant adsorption [27] or keep a clean iron surface for contaminant reduction [28]. 

EDTA was reported to both clean and passivate Fe0 materials [26]. The extend and the time 

scale of occurring of both processes is surely a function of the used EDTA concentration [30]. 

In a recent study, Gyliene et al. [31] successfully tested Fe0 as removing agent for aqueous 

EDTA. 

In an effort to search for an effective, affordable, and environmentally acceptable method for 

chemical weapon destruction, the potential of the system “zerovalent iron, EDTA and air” 

(ZEA system) was recently investigated [32-34]. This system generates HO° radicals (in situ) 

for contaminant oxidation. The ZEA system has several advantages over other systems which 

have been investigated for the detoxification of organophosphorus compounds (e.g. 

hydrolysis, palladium-based catalysis, chemical oxidation). Because the ZEA reaction uses 

inexpensive reagents and proceeds in aqueous solutions, at room temperature and under 

atmospheric pressure, it can be performed in any laboratory. 

This study aims at investigating the short-term kinetics of iron dissolution in ZEA systems 

while characterizing the effects of shaking intensity on this process. Clearly, a well 

documented methodology is used to characterize Fe0 reactivity as influenced by the shaking 

intensity. In this method dissolved oxygen is a reactant and not a disturbing factor. 
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Furthermore since the investigations are limited to the initial phase of iron dissolution, the 

possibility that EDTA alters the corrosion process is not likely to be determinant. 

Experimental Section 

Materials 

The used iron materials (material A and material B) were selected from 18 materials because 

of their different reactivity after the EDTA-test [21]. Material A is a scrap iron from a metal 

recycling company (Metallaufbereitung Zwickau, Germany) containing apart from iron about 

3.5% C, 2% Si, 1% Mn and 0.7% Cr. This material was crushed and the size fraction 1.0–2.0 

mm was used without further pretreatment. Material B is a spherical (mean diameter = 1.2 

mm) commercially available material from Würth (Germany). Material B contained apart 

from iron about 3.39 % C, 0.41 % Si, 1.10 % Mn, 0.105 % S, and 0.34 % Cr and was used as 

received. The specific surface areas were 0.29 m2.g-1 [35] for material A and 0.043 m2.g-1 [36] 

for material B respectively. 

Solutions 

A standard EDTA solution (0.02 M) from Baker JT® (Germany) was used to prepare the 

working solution. A standard iron solution (1000 mg/L) from Baker JT® was used to calibrate 

the Spectrophotometer. The reducing reagent for FeIII-EDTA was ascorbic acid. 1,10 

orthophenanthroline (ACROS Organics) was used as reagent for FeII complexation. All other 

chemicals (NaHCO3, L(+)-ascorbic acid, L-ascorbic acid sodium salt, and sodium citrate) 

used in this study were of analytical grade and all solutions were prepared using Milli-Q 

purified water. 

Iron dissolution experiment 

Iron dissolution was initiated by the addition of 0.2 g of the Fe0 material to 100 mL of a 2 mM 

EDTA solution. The experiments were conducted at laboratory temperature (about 22 °C) in 

polypropylene Erlenmeyer flask (Nalgene®). The Erlenmeyer was placed on a rotary shaker 

and allowed to react at 0, 50, 100, 150, 200 and 250 min-1. The aqueous iron concentration 
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was determined spectrophotometrically with the 1,10 orthophenanthroline method [37,38] 

using 
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a device from Varian (Cary 50) and recorded as a function of time. The 

spectrophotometer was calibrated for iron concentration ≤ 10 mg/L. Working EDTA-solution 

(0.002 M) was obtained by one step dilution of the commercial standard. 

At various time intervals, 0.100 to 1.000 mL (100 to 1000 μL) of the solution (not filtrated) 

were withdrawn from the Erlenmeyer flask with a precision pipette (micro-pipette from 

Brand®) and diluted with distilled water to 10 mL (test solution) in glass essay tubes with 20 

mL graduated capacity (the resulted iron concentration was ≤ 10 mg/L). After each sampling, 

the equivalent amount of distilled water was added to the Erlenmeyer in order to maintain a 

constant volume. 

Dissolution of iron and in situ generated iron corrosion products 

To evidence the fact that shaking the reaction vessels yields increased corrosion products (e.g. 

Fe3O4), 0.2 g of material A was added to 50 mL deionised water and pre-shaken at 100 min-1 

for 0, 3, 6, 18, 30 and 48 hours (systems I, II, III, IV, V and VI respectively). Subsequently, 

50 mL of an ascorbate buffer was added to the systems (resulting ascorbate concentration: 

0.115 M or 115 mM), the systems were further shaken at 100 min-1, and the time dependence 

of the evolution of iron concentration was characterized. Under the experimental conditions 

(pH 7.6) aqueous iron originates essentially from two sources: (i) reductive dissolution of 

corrosion products through ascorbate, and (ii) oxidative dissolution of Fe0 through dissolved 

oxygen. Assuming a 1:1 complexation, the used ascorbate concentration can dissolve 115 mM 

of iron or 38 mM of magnetite (Fe3O4), that is 8.9 g of corrosion products. Because only 0.2 g 

of Fe0 material (producing maximal 0.28 g of Fe3O4) was used for the experiments, ascorbate 

was necessarily in excess with respect to the possible amount of corrosion products. It is 

expected that the amount of dissolved iron will be minimal in the non-pre-shaken system 

(reference, pre-shaken for 0 hour) and increased with increasing pre-shaking time. 
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Analytical methods 152 
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For iron determination, 1 mL of a 0.4 M ascorbate buffer was added to the test solution (10 

mL) in the essay tube for FeIII reduction followed by two times 4 mL distilled water for 

homogenisation. Finally, 1 mL of a 1 % 1,10 phenanthroline solution was added for FeII 

complexation. The serial addition of ascorbate buffer (1 mL), water (2 * 4 mL) and 

phenanthroline solution (1 mL) occurred with an appropriated device from Brand® 

(Handystep). The essay tubes were then sealed, vigorously shaken manually and allowed to 

react for at least 15 min. The iron concentration was determined at 510 nm on the 

Spectrophotometer. The kinetics of Fe0 oxidative dissolution was investigated by determining 

the amount of iron in the supernatant solution. The experiments were performed in triplicates. 

The mean values are presented together with the standard deviation (bares in the figure). 

Results and Discussion 

Background 

The present work characterises the effects of shaking speed on the rate of iron dissolution 

(kEDTA) from two Fe0-materials in a 0.002 M EDTA solution. Under the experimental 

conditions Fe0 is oxidised by dissolved O2 and resulted FeII and FeIII species are complexed by 

EDTA. Ideally, under given experimental conditions, Fe concentration increases continuously 

with time from 0 mg.L-1 at the start of the experiment (t = 0) to 112 mg.L-1 (0.002 M) at 

saturation (τEDTA) when a 1:1 complexation of Fe and EDTA occurs. During this period the 

initial uncoloured solution becomes increasingly yellow. After saturation is reached, Fe 

concentration may: (i) increase, turning the solution a darker brown colour, (ii) remain 

constant or (iii) decrease depending on the dominating processes in the bulk solution. For 

example, if the hydrodynamic conditions are favourable for super-saturation the aqueous iron 

concentration will increase. If the nucleation is favourable and rapid the iron concentration 

will decrease more or less rapidly. This study is mainly focused on processes occurring before 

the saturation. Thereby, the time-variant iron concentration is likely to be linear. The solutions 
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were not filtered and concentrations above saturation are regarded as being of indicative 

nature even though the results were reproducible. Clearly, reported iron concentrations may 

not necessarily reflected dissolved iron. However, it is the aim of this study to show that 

particulate or colloidal iron is produced by mixing and influence the accessibility of Fe
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Results 

Figure 1 and table 1 summarize the results of the kinetics of iron dissolution from the used 

Fe0 materials as the shaking speed varies from 0 to 250 min-1. These experiments mostly 

lasted from 3 to 100 h at all mixing intensities. 

The results from Fig. 1 can be summarized as follows. 

� A 2 mM EDTA solution is efficient at sustaining Fe0 (oxidative) dissolution at pH 

values > 5 (initial pH: 5.2). 

� Fe dissolution in 2 mM EDTA is significantly increased by shaking the experimental 

vessels. The higher the shaking intensity, the higher the dissolution rate. 

� The Fe dissolution from material A (Fig. 1a) may yield to Fe saturation at all tested 

shaking intensities (including 0 min-1). 

� Fe saturation for material B (Fig. 1b) was achieved only for a shaking intensity of 150 

min-1 (114 ± 7 mg.L-1). For higher mixing intensities (200 and 250 min-1) a maximal 

concentration of about 80 mg.L-1 (70 % saturation) was reached. There was no 

significant difference between the experiments at 200 and 250 min-1 indicating that 

increasing the mixing intensity from 200 to 250 min-1 will not significantly affect 

material B reactivity. 

� For both materials the initial dissolution (kEDTA) was always a linear function of the 

time; the regression parameters from these functions are given in table 1. 

� For mixing intensities > 150 min-1 the linear part of the curve [Fe] = f(t); is practically 

parallel to the [Fe] axis. This yields to physically meaningless b values (table 1). [Fe] 

= kEDTA*t + b. Ideally, b is the concentration of iron at origin. It is per definition the 
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amount of iron dissolved from atmospheric corrosion products, present on Fe0 at the 

beginning of the experiment [21]. 
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The results from table 1 can be summarized as follows. 

� The dissolution rate (kEDTA) for material A varies from 83 μg.h-1 at 0 min-1 (not 

shaken) to 1970 μg.h-1 (ca. 2 mg.h-1) at 250 min-1. For material B kEDTA varies from 52 

μg.h-1 at 50 min-1 to 1070 μg.h-1 (ca. 1 mg.h-1) at 250 min-1. This result shows that 

material A is more reactive in a non-shaken experiment than material B shaken at 50 

min-1. 

� The same trend for kEDTA was observed for τEDTA. The largest value of τEDTA (213 

hours or 9 days) was observed for material B shaken at 50 min-1 and the lowest for 

material A at 250 min-1 (4 hours). This observation demonstrates the ability of τEDTA 

to characterise the reactivity of Fe0 material under various experimental conditions. 

� For mixing intensities ≤ 150 min-1, kEDTA (Fig. 2), b-values and τEDTA linearly 

increased with the mixing speed. A sudden change was observed between 150 and 200 

min-1 for both materials despite the huge reactivity difference (Fig. 2). This material-

independent behaviour suggests a change in the hydrodynamic regime. In 

Fe0/H2O/contaminant systems, this region at higher mixing intensities is associated 

with the absence of transport limitations (e.g. ref. [39]). However, considering the fact 

that Fe oxyhydroxides precipitate in the system as well, it is possible that contaminant 

removal at higher mixing intensities is associated with oxide precipitation and not with 

the iron surface. This conclusion is supported by recent data on methylene blue 

discoloration in Fe0/H2O systems [40,41]. Several studies have concluded that Fe0 

transformation reactions are either transport limited [42-44] or reaction limited 

[45,46]. Since an oxide film is always present on the Fe0 surface (at pH > 5), diffusion 
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is an inevitable transport path. Moreover mechanistic investigations should be 

performed under conditions favouring diffusion [18]. 

Discussion 

As shown above no Fe super-saturation occurs in experiments with material B. In all 

experiments with this material the solution at the end of the experiment was almost yellow 

and limpid. On the contrary yellow limpid solutions were observed as end-solutions in 

experiments with material A only at shaking speeds ≤ 150 min-1. For experiments at 200 and 

250 min-1 a turbid dark-brown coloration was observed some hours after the start of the 

experiment. Table 2 summarizes some basic equations for corrosion product generation. 

Simplifying, the observed coloration can be considered as the result of a precipitation reaction 

between excess Fe3+ ions (after solution saturation) from iron corrosion and OH- ions from O2 

reduction yielding Fe(OH)3 precipitates (see Tab. 2, Eqs 13, 16, 17). Like all precipitation 

processes, this reaction is influenced by mixing. Mixing liquids to precipitate solid particles is 

a common multiphase chemical process that comprises several complex phenomena [47-57]. 

The reaction between Fe3+ and OH- initially forms soluble Fe(OH)3, but in a supersaturated, 

metastable state relative to its equilibrium solubility product. Comparing the behaviour of 

both materials it can be stated that the metastability is possible around a shaking speed of 150 

min-1. This statement is supported by the persistence of the yellow colour at an over-

saturation of 70 % in the experiment with material A at 150 min-1 ([Fe] = 188 ± 11 mg.L-1 

after 95 hours). Note that in the experiment with material B a mixing speed of 150 min-1 was 

the only condition where saturation could be achieved. For shaking speeds > 150 min-1, either 

heterogeneous or homogeneous nucleation may have produced stable nuclei that grow into 

precipitate particles, causing the super-saturation to decline toward its equilibrium value. This 

is the reason for brownish coloration in experiments with material A where the apparent over-

saturation results from suspended particles rather than true super-saturation (the samples were 
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not filtered). In experiments with material B nucleation formation yielded to a stagnation of 

Fe-concentration at a value of 80 mg/L. 

If such a system is allowed to age, the increasing stable nucleus size leads to ripening, 

coarsening of the particulate size distribution, by dissolution of the smallest particles and 

transfer of their mass to the larger particles [56,58]. Owing to the low solubility of Fe 

oxyhydroxides, in the absence of a complexing agent (pH > 5) all the processes enumerated 

above occurred but solely in the vicinity of Fe0 materials if the system remains undisturbed. 

Indeed, mixing affects both the corrosion rate of the bare Fe0 surface and the precipitation rate 

of iron oxides [18]. Prior to any film formation, high mixing rates lead to increased corrosion 

rates as the transport of cathodic species toward the Fe0 surface is enhanced by turbulent 

transport. At the same time, the transport of Fe2+ ions away from the Fe0 surface is also 

increased, leading to a lower concentration of Fe2+ ions at the Fe0 surface. This results in a 

lower surface super-saturation and slower precipitation rate. Both effects account for, that no 

or less oxide-films are formed at high mixing rates [59]. 

The results of this study suggest that, while investigating several aspects of contaminant 

removal by elemental iron, there will be a critical mixing speed (here 150 min-1) above which 

iron precipitation becomes so fast, that its rate becomes controlled by mixing [55,60]. Under 

these conditions, segregating the reaction kinetics of the contaminant reductive removal 

process from the processes associated with Fe oxyhydroxides precipitation (adsorption, co-

precipitation) is an impossible issue. Therefore, the argument of a reaction-limited domain at 

higher mixing rates [37,39,60,61] is questionable. Even under mixing speeds where iron 

precipitation is moderate, mixing accelerates iron corrosion while avoiding or delaying the 

formation of corrosion products at the surface of Fe0. This impact of mixing on Fe0 materials 

has been mostly overseen in investigations regarding Fe0 for groundwater remediation. 

It is interesting to notice that the observed effect of shaking speed on the Fe0 reactivity is 

qualitatively the same as the often-enunciated effect of mixing intensity on reaction rate 
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constant to demonstrate the possibility of mass transfer limitations for reactions with 

elemental metals in batch systems [39]. Thereafter, the overall rate of contaminant reduction 

by Fe
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0 materials should be mass transfer-limited at slow mixing speeds and reaction-limited at 

higher mixing speeds. This generally assumed trend is not univocally accepted. As an 

example, Warren et al. [62] worked with Fe0 and Zn0 and came to the conclusion that the 

overall rate of reaction may have been mass-transfer limited in the experiments involving Fe0, 

and reaction-limited in the Zn0 experiments. Concordantly to the results of Warren et al. [62] 

(34) and evidences from the open corrosion literature [20,44,63-67], the results of the present 

study suggest that the rate of contaminant reduction by Fe0 materials is always mass-transfer 

limited. Moreover, the reported reaction mechanism difference at slow and high mixing 

speeds is likely to be the result of the interference of iron precipitation on the removal 

process. The products of iron oxide precipitation, whether suspended or settled, necessarily 

participate to the process of contaminant removal from the aqueous phase. The next section 

will evidence the increased corrosion at a shaking speed of 100 min-1. 

Evidence of increased corrosion through shaking 

The results above confirm the evidence that iron corrodes in water under stagnant and 

turbulent conditions. Figure 3 summarises the results of the evolution of dissolved iron in 

0.115 M ascorbate as influenced by pre-shaking operations. It can be seen that the expected 

trend for the evolution of iron concentration was observed for all systems only for 

experimental durations > 12 hours. For t < 12 hours the kinetic of iron dissolution was not 

uniform. During this period, the evolution of iron concentration in systems IV and V was very 

comparable to that of the reference system, and systems II, III and VI exhibited lower iron 

dissolution kinetics. Figure 3a for instance shows the results for the reference system (system 

I) and the systems pre-shaken for 30 and 48 hours (systems V and VI). It can be seen that in 

the initial period of the experiment (t < 6 h), iron dissolution is minimal in system VI (48 h) 

and very similar in systems I (0 h) and V (30 h). This observation can be attributed to the 
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differential dissolution behaviour of atmospheric corrosion products (system I) and in-situ 

generated corrosion products (systems V and VI) on the one side and the differential 

dissolution behaviour of in-situ generated corrosions products as function of time. The 

process of aqueous corrosion products generation is known to be complex. For the discussion 

in this section, it is sufficient to consider that in system V (30 h) a part of corrosion products 

has a dissolution rate comparable to that of atmospheric products, whereas in system V (48 

hour) ripening and crystallisation processes may have stabilised some corrosion products, 

making them more resistant to ascorbate dissolution. Another important behavioural aspect of 

corrosion products is to limit the accessibility of the Fe
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0 surface for dissolved oxygen [66]. 

From Fig. 3a, it can be seen that after about 12 hours, the evolution of the iron concentration 

is a linear function of the time and that the lines for system I and V for example are almost 

parallel. This result indicates that, after the reductive dissolution has freed the Fe0 surface, 

dissolved molecular O2 oxidised Fe0 uniformly. The distance between the lines of system I 

and system V is a qualitative reflect of the amount of corrosion products generated during the 

pre-shaking period. The solubility of the available corrosion products has to be considered as 

well. This is the reason why more iron dissolved in system V (30 h) than in system VI (48 h). 

Figure 3b shows the results of iron dissolution for alls five systems in comparison to the 

reference system. The excess iron amount in μm Fe3O4 in the individual systems is given as 

function of the elapsed time. As discussed above it can be seen that in the initial phase of the 

dissolution experiment a more or less deficit exists (negative value of ΔFe) in all systems, 

which is primarily attributed to the effects of corrosion products on the availability of Fe0 for 

dissolved O2. For longer experimental durations, an increased corrosion products generation 

is observed in all systems. The lack of monotone trend in this increase is attributed to the 

complex processes accompanying the process of iron corrosion as discussed above. 
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Concluding remarks 329 
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By quantifying iron oxidative dissolution in 2 mM EDTA under varying mixing speeds, this 

study has qualitatively evidenced a crucial operational shortcoming associated with the effort 

to limit the impact of mass-transfer while investigating the processes of contaminant removal 

by Fe0 materials. In fact, irrespective from the presence of any contaminant, mass transfer of 

soluble corrosion products (primarily Fe2+, Fe3+ OH-, Fe(OH)2(aq) and Fe(OH)3(aq)) and their 

precipitation in flowing groundwater is a complex process. While focussing the attention of 

the behaviour of a selected group of contaminants, most of the existing studies on 

contaminant removal in Fe0/H2O systems have felt to adequately consider the interference of 

corrosion products precipitation [Fe(OH)2(s) and Fe(OH)3(s)]. The present study discusses the 

effects of mixing speed on the reactivity of Fe0 materials and confirms available results from 

others branches of corrosion science [44,66], that contaminant removal studies should be 

performed in the mass transfer controlled regime. Ideally, this regime is achieved under static 

(non-disturbed) conditions. 

Since stagnation is not expected in reactive walls, non-shaken batch experiments do not 

replicate practical situations. However, this experimental procedure offers a simple tool for 

the investigation of the impact of oxide-film formation on the contaminant transport to Fe0 

surface. Another promising experimental procedure was proposed by Devlin et al. [68] and 

involves the use of a glass-encased magnet reactor in a sealed beaker. In this procedure a 

granular Fe0 sample remains stationary while the solution is stirred. In this manner, slowly 

stirring overcomes the kinetics of mass transfer while corrosion products are not swept from 

Fe0 surface. By carefully selecting the stirring speed, real field conditions can be closely 

simulated.

In light of the results of this study, published results on several aspects of contaminant 

removal in Fe0/H2O systems can be reviewed. Thereby, one should try to compare results 

obtained under comparable mixing regimes. For mechanistic investigations, only results 
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obtained in the mass transfer controlled regime should be considered. Furthermore, to 

facilitate comparison of experimental results, the intrinsic material reactivity should be 

characterised by using the introduced parameter (τ

355 
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360 

361 

362 

363 

364 

365 
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370 

371 

372 

373 

374 

375 

376 

377 

378 

EDTA). In analogy to iodine number for 

activated carbon, τEDTA can be adopted as standard parameter for Fe0 characterization. This 

parameter is facile to obtain, cost-effective and does not involve any stringent reaction 

conditions nor sophisticated laboratory devices. To complete investigations on the mixing 

effect on Fe0 reactivity, other mixing types (stirring, bubbling, end-over-end rotating, 

ultrasonic mixing, vortex) and the impact of reactor geometry should be focussed on. The 

results of such concerted investigations could be critical τEDTA values (guide values) at which 

specific experiments have to be performed. For example, results of Noubactep et al. [41] 

suggested that, shaking intensities aiming at facilitating contaminant mass transfer to the Fe0 

surface using material A should not exceed 50 min-1. Based on this result, τEDTA ≤ 90 h (3.75 

d) can be adopted as a guide value for the investigation of mass transfer limited processes. For 

less reactive Fe0 materials this critical τEDTA value will be achieved at shaking intensities > 50 

min-1, but necessarily ≤ 150 min-1 as the hydrodynamics change at 150 min-1 (Fig. 2). 

Establishing a small τEDTA database for the most currently used Fe0 materials (Fluka filings, 

Baker chips, Fisher filings, G. Maier GmbH, ISPAT GmbH, Connelly-GPM) can be regarded 

as an important step toward a broad-based understanding of iron reactive wall technology. 
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Table 1: Effect of shaking speed on the oxidative dissolution of Fe0 in the presence of 2.10-3 

M EDTA (2 mM EDTA). n is the number of experimental points for which the 

curve iron concentration ([Fe]) vs. time (t) is linear (figure 1). [Fe] = k

549 

550 

551 

552 

EDTA* t + b; 

kEDTA and b-values were calculated in Origin 6.0. 

speed n r kEDTA b τEDTA τEDTA

(min-1)   (μg.h-1) (μg) (h) (d) 

  material A   

0 5 0.999 83 ± 3 61 ± 57 135 5.61 

50 7 0.980 118 ± 11 536 ± 226 90 3.74 

100 6 0.999 135 ± 4 926 ± 125 76 3.17 

150 7 0.974 218 ± 19 1096 ± 426 46 1.93 

200 4 0.997 1775 ± 102 771 ± 184 6 0.24 

250 4 0.942 1970 ± 498 3353 ± 1341 4 0.17 

  material B   

50 7 0.988 52 ± 4 71 ± 26 213 8.9 

150 7 0.995 192 ± 9 264 ± 77 57 2.4 

200 5 0.990 898 ± 72 758 ± 204 12 0.5 

250 4 0.995 1070 ± 79 415 ± 182 10 0.42 

553 

554 
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Table 2: Some relevant reactions involved in contaminant removal in the system Fe0/H2O. Ox 

is the oxidized contaminant and Red its corresponding non or less toxic/mobile 

reduced form. x is the number of electrons exchanged in the redox couple Ox/Red. It 

can be seen that Fe

554 

555 

556 

557 

558 

0 and its secondary (Fe2+, H/H2) and ternary (FeOOH, Fe3O4, 

Fe2O3) reaction products are involved in the process of Ox removal. 

Reaction equation   Eq. 

x Fe0 + Ox(aq) ⇒ Red(s or aq) + x Fe2+
(aq) (11) * 

2 Fe0 
(s)  +  O2 + 2 H2O ⇒ 4 OH-            + 2 Fe2+

(aq) (12) 

Fe0 
(s) + 2 H2O  ⇒ H2     +   2 OH-    +    Fe2+

(aq) (13a) 

2 Fe0 
(s)  +   2 H2O +  ½ O2 ⇒ 2 FeOOH (13b) 

x H2 + 2 Ox(aq) ⇒ 2 Red(s or aq) + 2.x H+ (14) 

x Fe2+
(s or aq)  +  Ox(aq)  +   ⇒ Red(s or aq)  +  x Fe3+ (15) 

2 Fe2+  +  ½ O2  +  5 H2O ⇒ 2 Fe(OH)3     +    4 H+ (16) 

Fe(OH)3 ⇒ α-, β-FeOOH, Fe3O4, Fe2O3  (17) * 

Fe2O3  +  6 H+  +  2 e- ⇒ 2 Fe2+  +  3 H2O  (18) 

Fe2O3  +  2 H+  +  2 e- ⇒ 2 Fe3O4  +  H2O  (19) 

8 FeOOH + Fe2+ + 2 e- ⇒ 3 Fe3O4 + 4 H2O (20) 

* non stoichiometric 559 

560 

561 
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Figure 2 565 
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Figure 3 568 

569 

570 

 

 

0 9 18 27 36 45
0

70

140

210

280

350
(a)shaking speed: 100 min-1

Fe0 material: 2 g/L

pre-shaking:
                none
                30 hours
                48 hours

iro
n 

/ [
m

g/
L]

elapsed time / [hours]

 571 

572 

573 

 

 

0 9 18 27 36 45

-45

-30

-15

0

15

30

45

60
(b)

Ref. (ΔFe = 0)

 3 hours
 6 hours
 18 hours
 30 hours
 48 hours

Δ
Fe

 / 
[μ

M
 F

e 3O
4]

elapsed time / [hours]

 574 

575 

576 

 

 27



Figure Captions 576 
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Figure 1: Evolution of the total iron concentration as a function of time for different shaking 

intensities from the scrap iron (a) and the commercial material (b). The 

experiments were conducted in a 2 mM EDTA solution with a material loading of 

2 g/L. The lines are not fitting functions, they simply connect points to facilitate 

visualization. 

 

Figure 2: Variation of the rate of iron dissolution (a values) as a function of the shaking 

intensity for the scrap iron (material A) and the commercial material (material B). 

The lines are not fitting functions, they simply connect points to facilitate 

visualization. 

 

Figure 3: Effects of the pre-shaking time on the iron dissolution in 0.115 M ascorbate buffer 

(pH 7.6): (a) kinetics of iron dissolution in the reference system and the systems 

pre-shaken for 30 and 48 hours; (b) excess iron amount (ΔFe) as function of the 

time in all systems in comparison to the reference system. The lines are not fitting 

functions, they simply connect points to facilitate visualization. 
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