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Abstract 

A new method to correlate intrinsic reactivity and treatability efficiency of metallic iron (Fe0) 

was evaluated. A 2.0 mg L-1 methylene blue (MB) solution was used in gravity fed column 

experiments. The intrinsic reactivity of nine Fe0 materials (ten samples) was characterized 

using the EDTA test. Three commercial Fe0 materials ZVI1 (0.40 - 0.80 mm), ZVI9 (0.50 

mm) and ZVI10 (0.45 - 0.55 mm) were tested in column experiments. A layer containing 100 

g of Fe0 was sandwiched between 19.0 to 20.0 cm upper coarse sand (1.6 - 2.0 mm) and 8.0 

cm lower fine sand (0.25 - 0.30 mm). 500 mL of the MB solution was daily filtered through 

each column for one month. Effluent solutions were characterized for MB and Fe 

concentrations. The columns were also characterized by the evolution of the hydraulic 

conductivity (k values). Results showed (i) quantitative MB removal (> 88 %) and (ii) limited 

Fe release for all three columns. After about 25 days, the Fe levels were constantly less than 

1.0 mg L-1. The most significant difference was observed in the evolution of the k value and 

was attributed to the different material sorting. Less sorted ZVI1 exhibited the lowest initial k 

value (8.0 vs 43.0 mm min-1 for ZVI9 and ZVI10) and most significant permeability loss. 

Results confirmed the usefulness of the tested protocol as a reliable method to assess the 

efficiency of Fe0 materials in short term column experiments. Well-sorted Fe0 materials are 

recommended for long term efficient Fe0 filtration systems. 
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1 Introduction 

Metallic iron (Fe0) is a reactive material currently used for environmental remediation and 

safe drinking water provision [1-7]. Available Fe0 materials are obtained from various sources 

[8-12] and are supposed to satisfy design expectations [7,13-17]. However, there is no 

standard method to access the suitability of Fe0 materials for individual applications. As a 

rule, used materials are characterized: (i) by selected physical and chemical parameters (e.g. 

elemental composition, particle size, surface area) and (ii) for their ability to remove the 

specific species of interest (efficiency in treatability studies) [11,18,19]. However, each 

reactive material should be primarily characterized by its intrinsic reactivity. 

The ‘intrinsic reactivity’ is a material-dependent but system-independent qualitative trend. 

The ‘removal efficiency’ or ‘treatability efficiency’ is a system-dependent quantifiable 

parameter. For a reactive material like Fe0, the intrinsic reactivity should be correlated to the 

treatability efficiency. For activated carbons (an inert material) several indicators for the 

treatability efficiency have been introduced including the iodine number, the phenol number, 

the methylene blue number and the tannic acid number [20]. Appropriate treatability 

indicators for Fe0 are urgently needed. 

The intrinsic reactivity could be regarded as the most important characteristic in selecting Fe0 

for designing filtration systems. Under specific operational conditions, intrinsic reactivity 

characterizes the kinetics of the process of iron oxidative dissolution in the absence of any 

mass transfer restrictions [21]. The extent of iron corrosion depends primarily on the 

solubility of iron under the operational conditions. For example, in the presence of some 

solutes (e.g. organic complexants), aqueous iron forms soluble chelates and Fe0 tend to 

dissolve at constant rate. Others solutes (e.g. PO4
3- ions) produce relatively insoluble chelates 
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which form a coating over the metal and tend to stifle iron corrosion [22]. Despite this general 

trend, one could not state that a Fe
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0 specimen is not suitable for PO4-contaminated waters for 

example. The suitability of Fe0 for any polluted water depends on at least three interrelated 

operational parameters: (i) the Fe0 intrinsic reactivity, (ii) the nature and the extent of the 

contamination and (iii) the water flow velocity (contact time, filter thickness) [23].  

Current approaches to design Fe0-based filtration systems suggest that the intrinsic reactivity 

is not optimised in respect of the most site-specific effective material. The reasons are that the 

importance of intrinsic reactivity and its relationship with other operational parameters are not 

yet fully appreciated and/or understood in engineering practice. Relevant operational 

parameters include: (i) hydraulic characteristics, (ii) shape, size and surface characteristics 

used Fe0 material and non-expansive additives (e.g. gravel, pumice, sand), (ii) compactness or 

porosity of the filter [24-26]. In recent years, significant progress has been made in 

characterizing the intrinsic reactivity of Fe0 materials in water by H2 evolution [27-30] and 

iron dissolution in EDTA (EDTA test) [11,21,31,32]. Achieved results were contrasted with 

results from the removal of uranium [31,33], discoloration of methylene blue [34] and 

removal of arsenic [35]. Available data validate the suitability of the EDTA test to 

characterize the intrinsic reactivity of Fe0 materials.  

The present study extends this effort by relating the intrinsic reactivity, the Fe0 particle 

size/shape and the hydraulic conductivity of Fe0 filters for three selected materials. A total of 

9 Fe0 materials making up 10 samples (ZVI1 through ZVI10) have been characterized by the 

EDTA test. Three selected Fe0 materials (ZVI1, ZVI9, ZVI10) were then used in column 

studies to characterize the evolution of (i) Fe release, (ii) methylene blue (MB) discoloration 

and (iii) hydraulic conductivity. A 2.0 mg L-1 MB solution was used as an indictor for the 

impact of iron corrosion on the filtration process. 
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2 Background of the experimental methodology 78 
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The suitability of a pure Fe0 layer (100 % Fe0) in a sand column to characterize the intrinsic 

reactivity of Fe0 materials arises mainly from the historical observation by Mitchell et al. [36] 

that (i) sand is a good adsorbent for methylene blue (MB) and (ii) iron oxide coated sand is 

less adsorptive than pure sand. Accordingly, sandwiching a layer of different Fe0 in a standard 

sand column in parallel studies and comparing individual system’s responses for MB 

discoloration could be an efficient tool to access Fe0 intrinsic reactivity. Using a 100 % Fe0 

layer is a tool to shorten experimental duration as less room is left for volumetric expansive 

iron corrosion [37,38]. In fact, a 100 % Fe0 bed has been demonstrated efficient for 

contaminant removal but not sustainable [1,6,39]. 

In this study a 19.1 to 20.0 cm coarse sand layer (H1-sand, Tab. 1) is used before the pure Fe0 

layer and a 8.0 cm fine sand layer (H2-sand) thereafter. It is expected that MB will be 

undisturbed discoloured in H1-sand layer at the beginning of the experiment. However, a 

disturbance of the flow regime due to expansive iron corrosion will hindered the extent of MB 

discoloration in the whole column and in the H2-sand layer in particular. Additionally 

decreased adsorptive efficiency due to in-situ iron oxide coating will impair MB 

discoloration. Thus, both a decreased of the hydraulic conductivity (permeability loss) and an 

accelerated MB breakthrough could be observed within some weeks. For materials of 

comparable particle size and shape, the most reactive a material, the lower the extent of MB 

discoloration and the more rapid the clogging (Assumption 1). 

The used methodology for the investigation of the impact of Fe0 characteristics (e.g. intrinsic 

reactivity, shape, size, sorting) on the extent of (i) MB discoloration and (ii) decrease of 

hydraulic permeability comprises testing the validity of Assumptions 1 by following the MB 

discoloration and permeability loss in the presence of tested materials. In situ generated iron 

corrosion products are adsorbed onto the sand surface, worsening its capacity of MB 

adsorption [36]. MB breakthrough is facilitated in systems with more reactive Fe0. 
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3 Material and methods 104 
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3.1 Solutions 

3.1.1 Methylene blue 

The used methylene blue (MB - Basic Blue 9 from Merck) was of analytical grade. The 

working solution was 2.0 mg L-1. The solutions were prepared by diluting a 1000 mg L-1 stock 

solution. The stock solution was prepared weekly by dissolving accurately weighted MB in 

tap water. MB was chosen in this study because of its known weak adsorption onto iron 

oxides [36,40]. The used concentration 2.0 mg L-1 or 6.3 μM corresponds to the concentration 

range of natural waters (MB as model micro-pollutant). 

3.1.2 Iron 

A standard iron solution (1000 mg L-1) from Baker JT® was used to calibrate the 

spectrophotometer used for analysis. All other chemicals used were of analytical grade. In 

preparation for spectrophotometric analysis, ascorbic acid was used to reduce FeIII in solution 

to FeII. 1,10 orthophenanthroline (ACROS Organics) was used as reagent for FeII 

complexation. Other chemicals used in this study included L(+)-ascorbic acid and L-ascorbic 

acid sodium salt. 

3.2 Solid materials 

3.2.1 Metallic iron (Fe0) 

A total of 10 samples (ZVI1 through ZVI10) from 9 Fe0 materials were tested. The materials 

were obtained from various sources, in different forms and grain sizes. The main 

characteristics of these materials are summarised in Tab. 2. Fig. 1 depicts micrographs of 500 

mg of each sample using a portable camera (Keyence VHX-500F). No information about 

manufacturing processes (e.g., raw material, heat treatment) was available to assist with 

subsequent data interpretation. The average elemental composition of the materials as 

specified by the suppliers are well-documented in the literature [25,26,41] and are not 

repeated here.  
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It is the objective of this study to characterize the reactivity of tested materials and compare 

the efficiency of three of them for the discoloration of methylene blue in column studies. A 

part from the Rheinfelden material (iPutcec GmbH & Co) which was tested in two fractions, 

all other materials were used in their typical state and form ('as received' state) in which they 

might be used for field applications. The Rheinfelden material was tested in two fractions: (i) 

as received (ZVI4) and (ii) the fraction between 0.40 and 0.80 mm (ZVI1). ZVI1 was used to 

reduce variability in grain size [26] and compare the efficiency to that of ZVI9 and ZVI10 in 

column studies. 

ZVI1, ZVI9 and ZVI10 used in column studies are available as fillings with a particle size 

between 0.40 and 0.8 mm (Tab. 2). ZVI10 was not quantitatively available to enable own 

granulometric analysis. The granulometric distribution reported by Gottinger [41] was used 

for the presentation (Tab, 2). ZVI9 is the best sorted material, ZVI10 is better sorted than 

ZVI1 (Fig. 1). 

3.2.2 Sand 

The used sand was a natural material from Fontainebleu (France). Fontainebleu sand was 

available in two fractions: (i) d ≤ 0.5 mm and (ii) 0.5 ≤ d (mm) ≤ 5.0. The first fraction was 

sieved and particles ranging between 0.250 and 0.300 mm were retained for the first sand 

layer (fine sand - H2-sand, Tab. 1). The second fraction was sieved and particles ranging 

between 1.6 and 2.0 mm were retained for the second sand layer (coarse sand - H1-sand). 

Sand was used as an adsorbent because of its worldwide availability and its use as admixing 

agent in Fe0/H2O systems [2,7,13,15]. 

3.3 Experimental procedure 

3.3.1 EDTA test 

Iron dissolution was initiated by the addition of 0.1 g of each Fe0 material to 50 mL of a 2.0 

mmol L-1 EDTA solution. Each reaction was run for ≤ 96 hours (4 days) using narrow 70 mL 

glass beakers to hold the solutions [11,31]. The reacting samples were left undisturbed on the 
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laboratory bench for the duration of experimental period and were shielded from direct 

sunlight to minimize Fe
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III-EDTA photodegradation [42]. Iron dissolution was used to 

characterize the reactivity of tested Fe0 [11,31]. 

3.3.2 MB discoloration 

Plexiglas columns of 2.6 cm inner diameter and 50 cm length were used. The column was 

mostly packed with sand: 8.0 cm at the bottom (H2-sand) and 19.1 to 20.0 cm at top (H1-sand) 

of the reactive layer. A reactive layer (100 % Fe0) with 100 g Fe0 was sandwiched between 

H1-sand and H2-sand (Fig. 2, Tab. 1). The depth of the reactive layer was 4.5 to 5.4 cm (Hiron - 

Fig. 2) for the three materials. The columns were intermittently charged with a gravity driven 

2.0 mg L-1 MB solution. Five filtration events were performed each week (daily from Monday 

to Friday). Each filtration event used 500 mL of the MB solution. This was to mimic the 

intermittent filtration with household filters for the daily water need [43]. The whole 

experimental duration was one month. The average time needed for the filtration of the first 

three 50 mL (150 mL in total) was used to calculate the flow velocity at each date. The whole 

effluent for each filtration event was collected and analysed for MB. At certain time intervals 

the iron concentration was determined. The room temperature during the experiments was 22 

± 2°C, and the initial pH value of the 2.0 mg L-1 MB was 6.8 ± 0.2. 

3.5 Analytical methods 

3.5.1 Solution concentrations 

MB and aqueous iron concentrations were determined by a Cary 50 UV-Vis 

spectrophotometer (Perkin Elmer Lambda 10 UV/Vis) at a wavelength of 664.5 nm and 510.0 

nm respectively. Cuvettes with 1.0 cm light path were used. The iron determination followed 

the 1,10 orthophenanthroline method [44,45]. The spectrophotometer was calibrated for MB 

concentrations ≤ 2.5 mg L-1 and iron concentrations ≤ 10.0 mg.L-1. The pH value was 

measured by combined glass electrodes (WTW Co., Germany). 
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3.5.2 Scanning electron microscope (SEM) 181 
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Particle morphology was investigated with a cold field emission SEM (type Hitachi S-

34000N). The observations enable a characterization of the morphology of all materials used 

in column experiments (sand, ZVI1, ZVI9 and ZVI10).  

3.6 Expression of experimental results 

3.6.1 Kinetics of Fe0 oxidative dissolution (kEDTA value) 

Upon immersion in a EDTA solution, Fe0 is oxidative dissolved and the aqueous 

concentration of iron ([Fe]) linearly varies as a function of time (Eq. 1) before the solution 

approaches saturation [11,31].  

[Fe]t = kEDTA t + b     (1) 

For each Fe0 material the time-dependant linear evolution of aqueous iron concentration is 

used to characterize the intrinsic reactivity. The linear gradient (‘kEDTA’ in Eq. 1) representing 

the rate of iron dissolution. The kEDTA values were calculated using Origin 6.0. The b value, 

[Fe] at t = 0, is a reflect of the amount of atmospheric corrosion present at fines at the Fe0 

surface [11,31].  

3.6.2 Discoloration efficiency (E value) 

In order to characterize the magnitude of tested systems for MB discoloration, the 

discoloration efficiency (E) was calculated (Eq. 2). After the determination of the residual MB 

concentration (C), the corresponding percent MB discoloration (E value) was calculated as: 

E = [1 - (C/C0)] * 100%      (2) 

where C0 is the initial aqueous MB concentration (2.0 mg L-1), while C gives the MB 

concentration after the experiment. 

3.6.3 Relative permeability 

Saturated hydraulic conductivity K (e.g. mm.min-1) can be expressed as: 

K = (Q/A)*(ΔL/ΔH)       (3) 
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where Q is volumetric flow rate, A is column cross-sectional area, L is distance from the inlet 

of column and ΔH is the hydraulic head. 

In general, exploiting Eq. (3), experimental data are used to evaluate the hydraulic gradient 

(ΔH/ΔL) at each time and to deduce the saturated hydraulic conductivity (K). However, 

estimating the initial saturated hydraulic conductivity (K0) at the start of the experiment is 

usually sufficient to characterize the evolution of the system. The system’s permeability is 

then characterized by the time-dependant relative hydraulic conductivity (Eq. 4): 

k = K/K0    (4) 

The K value in this study corresponds to the solution flow velocity through the columns. The 

flow velocity was operationally defined as the time necessary for the filtration of 50 mL of the 

2.0 mg L-1 MB solution. 

4. Results and Discussion 

4.1 Fe0 characterization 

4.1.1 Photomicrography 

Micrographs of the tested samples evidenced differences in shapes and sizes (Fig. 1). The 

grain size distribution and the availability of fines are also evidenced. Relevant information 

from Fig. 1 can be summarized as: (i) ZVI8 and ZVI9 are the sole well-sorted materials with 

regular shapes, (ii) ZVI3, ZVI6, ZVI7 and ZVI10 are covered with fines (atmospheric 

corrosion products), (iii) the proportion of fines in ZVI6 is relatively large. It can be further 

seen that sieving ZVI4 to ZVI1 has resulted in a sample roughly comparable to ZVI10 in its 

particle size distribution. ZVI1, ZVI9, ZVI10 and used sand fractions were further 

characterized by scanning electron microscope (SEM). The following characteristics of Fe0 

materials used in column studies should be pointed out: (i) ZVI1 and ZVI10 are similar in the 

particle size distribution, (ii) ZVI1 and ZVI10 are poorly sorted and (iii) ZVI9 is a relatively 

well-sorted material. 

4.1.2 Scanning electron microscope (SEM) 
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SEM images detailing the microstructures of sand, ZVI1, ZVI9 and ZVI10 particles are 

shown in Fig. 3. The coarse fraction of Fontainebleu sand was sieved and the fraction 0.400 - 

0.800 was used (the same fraction like ZVI1). These observations confirm that ZVI9 is 

roughly regular in shape while ZVI1, ZVI10 and sand particles are irregular. Sand is more 

regular in shape that ZVI1 and ZVI10. Micrograph’s observations are confirmed by SEM 

images. 

4.2 EDTA batch test 

4.2.1 All tested materials 

The calculated dissolution rates (kEDTA) for the ten Fe0 samples are displayed in Tab. 3 and 

vary from 13 μg h-1 for ZVI8 to 37 μg h-1 for ZVI10. The least reactive material (ZVI8 from 

Würth) was used as negative reference like in previous studies [32-34]. The most reactive 

material were ZVI9 (Ferblast) and ZVI10 (Peerless). The kEDTA values for all remaining 

materials varied from 23 μg h-1 (ZVI4) to 32 μg h-1 (ZVI3). The overall increasing order of 

reactivity after the kEDTA value is: 

ZVI8 < ZVI4 = ZVI1 = ZVI6 < ZVI5 = ZVI7 < ZVI2 < ZVI3 < ZVI9 = ZVI10. 

It is important to recall that this classification does not account for the presence of iron 

corrosion products reflected by the b values (Tab. 3). From Tab. 3 it is clear that ZVI6 

exhibited the largest b value. This is consistent with the fact that ZVI6 was physically covered 

by fines of rusted iron (Fig. 1). The presence of atmospheric corrosion products is the main 

reason why a graphical comparison of materials is not suitable [11,31]. It has been shown that 

the EDTA test is not suitable for powdered Fe0 materials and for Fe0 samples containing a 

high proportions of fines [11]. 

It should be kept in mind that: (i) Fe0 materials tested here are (among) the most widely used 

worldwide (e.g. Connelly, Peerless, Rheinfelden); (ii) there is actually not standard protocol 

to test the intrinsic reactivity of Fe0 materials. From these two factors, it appears that this 

study reliably characterizes for the first time a large array of commercial materials and could 
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be regarded as starting point for future works aiming as establishing standard protocol for 

testing Fe
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0 materials. Based on the established order of reactivity given above, the least 

reactive material (ZVI1 - ZVI8 was tested as negative reference) and the both most reactive 

materials (ZVI9 and ZVI10) were selected for column tests. The both most reactive material 

differ in their sorting (Fig. 1 and Fig. 3). 

4.2.2 Materials for column studies 

Fig. 4 summarizes the results of the EDTA test for materials used in column studies. It is seen 

that ZVI10 (kEDTA = 37 ± 2 μg h-1) and ZVI9 (kEDTA = 36 ± 3 μg h-1) are very closed in their 

intrinsic reactivity and essentially more reactive than ZVI1 (kEDTA = 24 ± 1 μg h-1). Upon 

immersion in water Fe0 dissolves to Fe2+ (Eq. 5). Under the experimental conditions, FeII is 

further oxidized to FeIII (Eq. 6) which solubility at pH > 4.5 is very low. Using a 2.0 mM 

EDTA solution to form stable complexes with EDTA (Eq. 7) was demonstrated a powerful 

tool to assess the reactivity of Fe0 [11,31].  

Fe0 + 2 H+ ⇒ Fe2+ + H2    (5) 

Fe2+ + ½ O2 + H2O ⇒ Fe3+ + 2 HO-   (6) 

Fe3+ + EDTA ⇒ FeEDTA3+    (7) 

Given the higher stability of FeIII-EDTA relative to FeII- EDTA, ascorbic acid was identified a 

powerful agent for the reduction of the FeIII-EDTA prior to Fe determination using the 1,10 

orthophenanthroline method [31]. 

The data in Tab. 4 suggests that the reactivity difference can be attributed to the particle size 

distribution (material sorting) (Fig. 1). Material intrinsic reactivity is generally influenced by 

practical considerations including particle size, chemical composition, production and storage 

conditions [26,46,47]. The single information accessible for the three tested materials is their 

mean particle diameter (φ value - Tab. 4). While the φ value is 0.50 mm for ZVI10 [41] and 

ZVI9, its value for ZVI1 is 0.60 mm. The fact that materials with finer particle size are more 
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reactive than coarser materials is the rationale for the use of nano-scale particles in water 

treatment [48,49]. However, it should be recalled that the particle size alone is not an 

indicator for the intrinsic reactivity [18,31,19]. Rigorously, if the particle size distribution of 

ZVI9 was not given by the supplier, a researcher could have sieved all three materials and 

used the fraction 0.40 to 0.80 mm as one fraction. In other words, the difference in particle 

size of used materials is minimal (φ value). However, the assertion that ‘finer particle size are 

more reactive than coarser materials’ is operationally maintained in this study [11,26,31]. 

Remember that the EDTA test is in essence a reactivity test. Characterizing the same material 

available in different particle sizes can be regarded as validation of the experimental protocol. 

This has already been performed in previous work [11,31]. The Rheinfelden Fe0 (iPutec 

GmbH & Co KG) depicted kEDTA values decreasing from 61 ± 6 μg h-1 to 27 ± 1 μg h-1 when 

the particle size fraction increased from 0.315 - 0.500 mm to 1.0 - 2.0 mm. In the present 

work, the lack of significant difference between the reactivity of ZVI1 (0.400 - 0.800 mm) 

and ZVI4 (0.300 - 2.0 mm) is attributed to the proportion of smaller size particles (0.300 - 

0.400 mm) in ZVI4 (Fig. 1). This work correlates ‘intrinsic reactivity’ and ‘treatability 

efficiency’ for MB discoloration. The terms ‘reactivity’ and ‘efficiency’ are currently 

confusing in the literature. They are almost always randomly interchanged. 

4.3 MB column test 

The EDTA test has revealed the following reactivity order for tested materials: ZVI10 ≅ ZVI9 

>> ZVI1. The present section characterizes the efficiency of tested materials in term of (i) 

iron release, (ii) MB discoloration and (iii) permeability loss. 

4.3.1 Iron release 

Fig. 5 summarizes the results of iron release by tested materials during the experiments (30 

days). It is seen that ZVI9 was the most efficient material followed by ZVI10. ZVI1 was the 

least efficient material. The cumulative mass of iron in the collected effluent was 18.2 mg for 

ZVI9, 15.9 mg for ZVI10 and 7.8 mg for ZVI1 (Tab. 4). Accordingly, the efficiency order for 
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Fe release corresponds to the reactivity order after the EDTA test: ZVI9 ≅ ZVI10 >> ZVI1. It 

is important to notice that the non uniform evolution of Fe release during the first 15 to 20 

days is a argument against characterizing Fe
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0 reactivity and efficiency short term experiments 

[32,33,35]. The observed differential behaviour can be attributed to the presence of fines as 

ZVI9 and ZVI10 content more fines than ZVI1. 

4.3.2 MB discoloration 

Fig. 6 summarizes the results of MB discoloration by tested materials during the experiments. 

Fig. 6a depicts no clear trend in the order of efficiency of the tested materials. For example: 

(i) for t < 12 d, ZVI9 is clearly the less efficient material; (ii) at day 15, the order of efficiency 

is ZVI1 > ZVI9 > ZVI10, (iii) at day 25, the corresponding order of efficiency is ZVI10 > 

ZVI1 > ZVI9. The lack of a clear trend suggest that no (pseudo-) steady state was yet 

established in the kinetics of Fe0 oxidation coupled with MB discoloration (or its disturbance). 

In other words, 30 days is too short to graphically differentiate the extent of MB discoloration 

by tested Fe0 materials using the E value alone. 

Fig. 6b depicts the time dependant evolution of the mass of MB in the effluent. This is a 

reflect of the kinetics of the process (iron corrosion) disturbing MB adsorptive discoloration 

by sand. Fig. 6b clearly shows that MB removal was less efficient in the ZVI9 systems and 

very comparable in the two other systems (ZVI1 and ZVI10). The derived order of efficiency 

from Fig. 6b (t > 12 d) is: ZVI1 > ZVI10 > ZVI9. Calculations confirmed that, after 30 days,  

only 2.8 % of the cumulative mass of MB was collected in the effluent for ZVI1 against 5.6 % 

for ZVI10 and 11.6 % for ZVI9 (Fig. 6b and 6c).  

Fig. 6c depicts the time dependant evolution of the cumulative mass of MB in the effluent. 

The trend from Fig. 6b is confirmed with the additional information that no significant 

difference can be documented for ZVI1 and ZVI10 for t < 25 d. The graphical order of 

efficiency from Fig. 6 seems to contradict the order based on Fe release (§ 4.3.1) which is in 

tune with the reactivity order after the EDTA test. 
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Considering the historical work of Mitchell et al. [36] demonstrating that iron oxide coated 

sand is a poorer MB adsorbent than pure sand, these results suggest that the most reactive 

system is the one exhibiting the lowest efficiency for MB discoloration (e.g. ZVI9). 

Considering this essential aspect, it appears that ZVI1 is the less reactive material as found by 

Fe release (section 4.3.1) and EDTA test (§ 4.2). Accordingly, Assumption 1 is validated with 

regard to MB discoloration and Fe release. 

4.3.3 Permeability loss 

Fig. 7 summarizes the results of the evolution of the hydraulic conductivity (k in mm min-1) as 

a function of the time. A monotone decrease of the k value is observed with the progress of 

the filtration (Fig. 7a). Fig. 7a also shows that the initial k value (k0 - Tab. 4) was essentially 

lower for ZVI1 than for ZVI10 and ZVI9. This behaviour is primarily attributed to the 

material sorting [50-54]. In fact, a packed bed of a better sorted granular material exhibits a 

greater permeability. In better sorted beds (ZVI10, ZVI9) the pore spaces are open. In the 

comparatively poorly sorted ZVI1 bed fine grains occupy the pore spaces between coarser 

grains [50,52]. 

Fig. 7b shows that the evolution of the relative permeability (k in %) was very closed for 

ZVI10 and ZVI9, confirming that the pore volume in both systems are occupied with a similar 

kinetics (kEDTA values), namely the kinetics of the process of iron hydroxide production. A 

more rapid porosity loss is observed in the ZVI1 column. This can only be attributed to the 

poorer sorting, as ZVI1 is significantly less reactive than ZVI10 and ZVI9 (§ 4.2, 4.3.1 and 

4.3.2). In fact, precipitation of iron hydroxides from Fe0 corrosion causes cementation of the 

Fe0 grains and acts to fill the pore spaces (porosity) and interconnectivity of the spaces. Both 

processes result in more rapid decrease of k values (permeability loss) in the ZVI1 system 

where Fe0 particles are closer to each other (smaller pore radius). The shape of the particles 

also significantly influences the evolution of the permeability [53,54]. According to Hayati et 
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al. [54] spherical particles yield a better porosity than cylindrical ones. ZVI9 is almost 

spherical, ZVI1 and ZVI10 are more cylindrical but ZVI1 is the least sorted material (Fig. 1). 

The discussion until now has confirmed that material particle size, material sorting and 

material geometry all significantly influence the hydraulic conductivity [50,52-54]. In Fe0 

beds, in-situ generated iron hydroxides tend to cement initial particles and decrease both 

porosity and permeability. The present study has presented a reliable method to correlate the 

intrinsic reactivity and the efficiency of Fe0 materials using MB discoloration in column 

studies (assumption 1 is validated by experimental results). Future research should focus on 

how the characteristics of Fe0 and admixing additives (e.g. gravel, MnO2, pumice, sand) 

impact system’s sustainability.  

Pure Fe0 beds as tested here are not sustainable [1,39]. Admixing additives are natural 

materials which are rarely uniform in geometry. Accordingly, when mixed with the same 

additive (e.g. sand), the sustainability of the resulted Fe0/sand systems should be individually 

tested/discussed. In particular, not the most reactive material/system should be constantly 

sought, but the material with the most appropriate efficiency. For example, ZVI1 could be 

more suitable for groundwater remediation and ZVI9 and ZVI10 for wastewater treatment. 

Alternatively, ZVI1 mixed with a certain material A (size, form, shape) could be suitable for 

drinking water and the mixture with a second material suitable for wastewater treatment. 

4.4 Discussion 

The thermodynamic instability of Fe0 (E0 = -0.44 V) in water (E0 = 0.00 V) does not provide 

any information on the kinetics of the corrosion process, which defines the intrinsic reactivity 

of individual materials. Fe0 reactivity is influenced by material-dependant considerations such 

as (i) the material elemental composition, (ii) its particle size, (iii) its production and storage 

conditions. Regarding the test conditions, used operational parameters should be rationally 

selected to be relevant for field conditions. Relevant operational parameters include (i) used 

Fe0 amounts, (ii) used Fe0:solution ratios, (iii) used flow rate or mixing intensities, (iv) nature 
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of model contaminants and (v) solution pH. The present study and related works have 

demonstrated the suitability of MB to enable the differentiation of ‘Fe
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0 efficiency’ and ‘Fe0 

reactivity’, regardless of whether these differences are due to elemental composition, particle 

size or production and storage conditions. The reactivity results for nine commercial Fe0 

materials including the most used worldwide (e.g. Peerles, Connelly, Rheinfelden) are 

presented for the first time and could help to comparatively discuss results from independent 

studies. 

The consistency among results from two different tests (EDTA and MB) indicates that a 

standard protocol is urgently needed for the characterization of existing and newly 

manufactured materials. In particular, material selection for each application should be 

justified by the efficiency under the specific conditions. Despite 20 years intensive research, 

the intrinsic reactivity of Fe0 material has not been properly addressed. 

Because of this technical deficit a real race for the most reactive material was initiated. 

Resulting materials included bimetallic particles [55], nanoscale particles [48] and some 

proprietary materials like CIM (Composite Iron Matrix) [1,39], SIM (Sulfur Modified Iron) 

[56]. However, not always the most reactive material is needed but the most appropriate one. 

As an example, ZVI8 which is the least reactive material in this study (EDTA test) has been 

shown more efficient than 3 other more reactive Fe0 materials for As removal under 

conditions where rapid dissolution kinetics favoured Fe0 ‘passivation’ [35]. The most 

appropriate material for a given situation is the one producing enough contaminant scavengers 

per unit time to achieve the design goal. That is the material which intrinsic reactivity matches 

the field situation (e.g. water flow rate, nature of the contaminant) the most. 

4.4.1 Efficiency and reactivity of Fe0 

A rigorous differentiation between ‘reactivity’ and ‘efficiency’ is of crucial importance for the 

future of the use of Fe0 materials for water treatment and environmental remediation. In fact, 
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many reported discrepancies originated from the ill-definition of these two terms. Three 

examples will be given for illustration:  

First, Bi et al. [57] found ‘paradoxical’ that a 85:15 Fe0:sand (w/w) mixture was more 

efficient for TCE removal than a pure Fe0 system (100 % Fe0). In both systems, the Fe0 

reactivity is the same (invariable) but the efficiency of the Fe0/sand system is increased thanks 

to the presence of non-expansive sand (delayed clogging or extended Fe0 depletion) [37]. 

Second, For the same Fe0, Ruhl et al. [30] reported on differential averaged corrosion rates in 

shorter and longer columns. The corrosion rate, assessed by the extent of H2 generation, was 

reported higher in shorter columns. It is obvious that the authors confounded the efficiency of 

the systems for H2 release and the iron corrosion rate. The corrosion rate, as an invariable 

intrinsic characteristic of the used Fe0 material. It is the same for all columns (same Fe0 

material). The measured volume of H2 depends on the extends of hindrance within individual 

columns. Generated H2 must migrate through the Fe0 column and only the escaped fraction is 

measured. Disregarding the nature of hindrances in the Fe0 columns, the results of Ruhl et al. 

[30] are better explained by the deep-bed nature of filtration on Fe0 columns. It is therefore 

traceable that less H2 escapes from a higher column.  

Third, Ruhl and Jekel [26] found out that the grain size distribution of a Fe0 material affects 

“the porosity, the pore geometry and the reactivity”. It is evident that ‘reactivity’ here is 

referred to ‘removal efficiency’ as it is further stated that ‘column tests showed that all 

fractions achieved good TCE removal with a slight advantage for smaller grains’. However, 

assuming cylindrical porous structure, the pore radius for smaller grains is narrow and should 

be rapidly filled/clogged by the more reactive small particles. In other words, reactive zones 

with smaller grain sizes are more susceptible to clogging. The discussion of Ruhl and Jekel 

[26] could be optimised. For the discussion herein, however, it is sufficient to consider that 

purposefully distinguishing between ‘reactivity’ and ‘efficiency’ would have impacted the 

experimental design and/or enabled a stronger discussion with the presented material. 
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The proper consideration of the expansive nature of iron corrosion suggests that a Fe0-based 

filter should be regarded as a classical self-filtration system [58]. The processes of (i) Fe
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dissolution, (ii) migration and rearrangement of in-situ generated Fe species and (iii) removal 

of inflowing foreign species (including contaminants) within the porous medium are central to 

the understanding of pore clogging and filter design. Presently, the clogging process of Fe0 

filters is still poorly understood [16]. The present work and related studies [59-61] suggest 

that this issue was even not properly addressed.  

5 Concluding remarks 

The suitability and the reliability of a 2.0 mg L-1 methylene blue (MB) solution to correlate 

Fe0 intrinsic reactivity and Fe0 efficiency for MB discoloration in column studies was 

established. This work shows conclusively that the MB efficiency test yields reliable results to 

investigate the process permeability loss in Fe0 columns. The major recommendation is that 

well-sorted materials should be used for sustainable (long term permeable) Fe0 filtration 

systems. In particular, bulk Rheinfelden materials (0.3 to 2.0 mm) should be fractionated in 

several fractions, each fraction being probably appropriate for a different goal, e.g. coarser 

fraction for pre-filtration or O2 scavenging. Further investigations should focus at 

characterizing the effect of particle shape and size of Fe0 and non-expansive additives (e.g. 

gravel, pumice, sand) on the process of permeability loss. Virtually, every aspect of 

contaminant removal in Fe0 beds could be addressed by a purposeful modified protocol. 

One of the most important challenges is now to use this basic scientific knowledge to improve 

the efficiency of the ‘Fe0 technology’ as a whole [59-61]. The acquirement of reliable results 

and their dissemination will also impact public awareness and acceptance this promising 

technology. Upon a science-based acceptance, networking between scientists, industrials, end-

users and governmental authorities will be promoted in order to ensure successful large scale 

implementation of the promising ‘Fe0 technology’ for groundwater remediation, wastewater 

treatment and safe drinking water provision. 
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Table 1: Column tests program. One use cycle consists of a filtration period, followed by a 

resting period with no flow. As expansive corrosion induces permeability loss, the 

filtration period will become longer. The test program can regarded as the 

investigation of the impact of a ca. 5 cm layer of Fe

621 

622 

623 

624 

625 

626 

0 on the discoloration ability of 

a 2.0 mg L-1 MB solution. 

 
material size code high mass function 

 (mm)  (cm) (g)  

solution - Hsolution 15.5 (-) resting solution 

coarse sand 1.6 - 2.0 H1-sand 19.1 - 20.0 172.4 lower MB adsorbent 

Fe0 0.3 - 2.0 Hiron 4.5 – 5.4 100.0 tested material 

fine sand 0.25-0.30 H2-sand 8.0 60.0 stronger MB adsorbent 

627 
628 
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630 

 
 

 

 26



Table 2: Origin, name and main characteristics of tested Fe0 materials. 630 

631  

 origin original denotation  code  form ∅ 

(μm) (a)

 iPutec GmbH FG 0300/2000 ZVI1  filings 400-800 

G. Maier GmbH FG 0300/2000 ZVI2  filings 300-2000 

Connelly-GPM ETC-CC-1004 ZVI3 filings 1000-3000 

iPutec GmbH FG 0300/2000 ZVI4  filings 300-3000 

G. Maier GmbH Graugußgranulat ZVI5 chips 350-1200 

Connelly-GPM ETC-CC-1004 ZVI6 filings 500-1000 

MAZ, mbH Sorte 69(b) ZVI7  filings 80-4000 

Würth Hartgußstrahlmittel ZVI8  spherical 1200 

Pometon S.p.A. Ferblast RI 850 ZVI9 filings 500 

Peerless Metals Unknown ZVI10 filings 450-550 (c)

(a) Average values from material supplier; (b) Scrap iron material, (c) values from ref. [41]. 632 

633 

634 

635 
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Table 3: Corresponding correlation parameters (kEDTA, b) for the 10 metallic iron materials. 

As a rule, the more reactive a material is under given conditions the larger the k

635 

636 

637 

638 

639 

640 

EDTA 

value. General conditions: initial pH 5.2, initial EDTA concentration 2 mM, room 

temperature 23 ± 2 °C, and Fe0 mass loading 2 g L−1. kEDTA and b-values were 

calculated in Origin 6.0. “n.d.” stands for not determined. 

 

Material Origin kEDTA b 

  (μg/h) (μg) 

ZVI1 iPutec 24 ± 1 136 ± 15 

ZVI2 G.M.GmbH 29 ± 1 117 ± 15 

ZVI3 Connelly 32 ± 1 193 ± 25 

ZVI4 iPutec 23 ± 1 73 ± 9 

ZVI5 G.M.GmbH 27 ± 1 108 ± 10 

ZVI6 Connelly 24 ± 4 1685 ± 289 

ZVI7 MAZ, mbH 27 ± 1 173 ± 13 

ZVI8 Würth 13 ± 1 65 ± 20 

ZVI9 FERBLAST 36 ± 3 185 ± 69 

ZVI10 Peerless 37 ± 2 210 ± 159 

641 

642 

643 

644 
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Table 4: Results of the Fe0 characterization in batch (kEDTA) and column experiments. v0 is 

the initial flow velocity, [Fe]

644 

645 

646 

647 

648 

649 
650 

0 the level of dissolved iron after 4 days, Σ[Fe] the total 

mass of leached Fe, Σ[MB]f the cumulative extent of MB dicoloration and kEDTA the 

dissolution kinetics of Fe0 in 2 mM EDTA. It should be noticed that less than 0.02 % 

of the initial amount of Fe0 (100 g) has been leached during the experiment. 

 
 
Material Size k0 [Fe]0 Σ[Fe]f E kEDTA

 (mm) (mm min-1) (mg L-1) (mg) (%) (mg h-1) 

ZVI1 0.40 - 0.80 7.7 2.7 8.0 97.2 24 ± 1 

ZVI10 0.45 - 0.55 43.2 1.4 15.9 94.4 37 ± 2 

ZVI9 0.50 44.4 2.2 18.2 88.4 36 ± 3 

651 
652 
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Figure 1 652 
ZVI 1 (iPutec GmbH) ZVI 2 (Gotthart Mayer GmbH) 

 
ZVI 3 (Connelly iron GPM) ZVI 4 (iPutec GmbH) 

 
ZVI 5 (Gotthart Mayer GmbH) ZVI 6 (Connelly iron GPM) 

  
ZVI 7 (MAZ, mbH) ZVI 8 (Würth) 

  
ZVI 9 (Ferblast) ZVI 10 (Peerless) 
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Figure 2 654 
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Figure 3 658 
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Figure 4 681 
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Figure 5 683 
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Figure 6 686 
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Figure 7 691 
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Figure captions 695 
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Figure 1: Micrographs of the then tested granulated metallic iron materials. Distances of lines 

in the background are 1 cm in vertical and horizontal directions. 500 mg of each material was 

used. 

 

Figure 2: Schematic diagram of the experimental design. Due to the volumetric expansive 

nature of aqueous iron corrosion (Fe0), progressive increase in the filtration time during use 

(permeability loss) is expected. 

 

Figure 3: SEM images of the material particles used in column experiments: sand, ZVI1, 

ZVI9 and ZVI10. 

 

Figure 4: Iron dissolution from the three Fe0 materials by 2 mM EDTA under non-disturbed 

conditions for four days. Error bars denote the standard error for triplicate experimental 

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

visualization. 

 

Figure 5: Evolution of the dissolved iron concentration in the effluent as a function of time. 

Experimental conditions: 100 g Fe0 representing about 5 cm of a material layer; [MB] = 2.0 

mg L-1. Filling material: sand. Column length 50 cm, column diameter 2.6 cm. The lines are 

not fitting functions, they simply connect points to facilitate visualization. 

 

Figure 6: Evolution of the extent of methylene blue (MB) discoloration by Fe0 as a function 

of time: (a) E values, (b) mass of MB in the effluent, and (c) cumulative mass of MB in the 

effluent. Experimental conditions: 100 g Fe0 representing about 5 cm of a material layer; 
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[MB] = 2.0 mg L-1. Filling material: sand. Column length 50 cm, column diameter 2.6 cm. 

The lines are not fitting functions, they simply connect points to facilitate visualization. 
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Figure 7: Evolution of the hydraulic conductivity (permeability) by Fe0 column as a function 

of time: (a) absolute permeability, and (b) relative permeability. Experimental conditions: 100 

g Fe0 representing about 5 cm of a material layer; [MB] = 2.0 mg L-1. Filling material: sand. 

Column length 50 cm, column diameter 2.6 cm. It can be seen that after 12 days the initial 

permeability has decreased by more than 80 % in all systems. The lines are not fitting 

functions, they simply connect points to facilitate visualization. 
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