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Abstract 10 

The amendment of the subsurface with nanoscale metallic iron particles (nano-Fe0) has been 11 

discussed in the literature as an efficient in-situ technology for groundwater remediation. 12 

However, the introduction of this technology was controversial and its efficiency has never 13 

been univocally established. This unsatisfying situation has motivated this communication 14 

whose objective was a comprehensive discussion of the intrinsic reactivity of nano-Fe0 based 15 

on the state-of-the art knowledge on the mechanism of contaminant removal by Fe0 and a 16 

mathematical modelling. It is showed that due to limitations of the mass transfer of nano-Fe0 17 

to contaminants, available concepts can not explain the success of nano-Fe0 injection for in-18 

situ groundwater remediation. It is recommended to test the possibility of introducing nano-19 

Fe0 to initiate the formation of roll-fronts which propagation would induce the reductive 20 

transformation of both dissolved and adsorbed contaminants. Within a roll-front, FeII from 21 

nano-Fe0 is the reducing agent for contaminants. FeII is recycled by biotic or abiotic FeIII 22 

reduction. While the roll-front concept could explain the success of already implemented 23 

reaction zones, more research is needed for a science-based recommendation of nano-Fe0 for 24 

subsurface treatment by roll-fronts. 25 

Keywords: Environmental remediation, Material reactivity, Nanoscale iron, Roll-front, 26 

Zerovalent iron. 27 
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1 Introduction 28 

The development of new methods and materials for environmental remediation is a real 29 

challenge for the scientific community. Such technologies will only be adopted by industry if 30 

they can exhibit marked improvements in efficiency, affordability or eco-compatibility 31 

compared to conventional techniques. The use of metallic iron (Fe0) in subsurface reactive 32 

permeable barriers has been identified as such a technology [1-4]. Since this discovery almost 33 

20 years ago, extensive research of Fe0/H2O system has been performed in an attempt to 34 

understand the controlling mechanisms behind the remediation of redox-amenable 35 

contaminant species using Fe0-based materials [5-14]. Two different tools are commonly used 36 

to optimise the efficiency of Fe0 for aqueous contaminant removal: (i) reducing the particle 37 

size of Fe0 down to the nanoscale (nano-Fe0) [15,16], and (ii) using bimetallic systems 38 

[17,18]. In recent years there has been considerable interest into combining the two methods 39 

[19-23]. 40 

Since the original proof of concept study into the application of nano-Fe0 for water treatment 41 

at Lehigh University, USA [15], research within this field has boomed. On April 23th 2011, a 42 

search at “Science Direct” using key words “nanoscale” and “zerovalent iron” yielded 208 43 

peer-reviewed articles in 6 selected journals (Table 1). The same search at “Environmental 44 

Science and Technology” resulted in 157 articles. According to Table 1, 59 articles have 45 

already been published in the first quarter of 2011 in the 7 selected journals. This clearly 46 

demonstrates the interest within academia for this technology. 47 

In recent years, several review articles and critical views on nano-Fe0 for environmental 48 

remediation have been published [20, 24-40]. However, the original discussion on the 49 

suitability of nano-Fe0 for in-situ field applications [25] has not been satisfactorily addressed 50 

[28,36]. Moreover, a recent comparison between field applications of Fe0 of different particle 51 

sizes (nm, µm, and mm) for field applications has clearly demonstrated the superiority of mm-52 

Fe0 (average efficacy 97 %) [11]. The decreasing order of reactivity was mm-Fe0 (97 %) > 53 
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µm-Fe0 (91 %) > nano-Fe0 (65 %). Expectably, the lower efficiency of nano-Fe0 is due their 54 

high reactivity [25,34]. Therefore, the question arises on the fundamental necessity to further 55 

increase the reactivity of nano-Fe0 by using a noble metal combination. 56 

1.1 The problem 57 

Nano-Fe0 technology for environmental remediation was introduced as an alternative to the 58 

conventional Fe0 walls mostly for inaccessible aquifers [27,41]. The very small particle size 59 

of nano-Fe0 (1–100 nm) would allow the material to penetrate deep into soil networks 60 

[11,12,20,39,40,42].  61 

Due to the exponential relationship between specific surface area (SSA) and radius (R = d/2) 62 

of a perfectly spherical object (SSA = 4πR2), as a rule, a decrease in Fe0 particle size increases 63 

the surface area per gram by up to 3 orders of magnitude [22,29]. In other words, the inverse 64 

relationship between Fe0 particle size and reactivity is due to a greater density of reactive sites 65 

on the particle surface at smaller scale. The following three claims have been made with 66 

regard to the use of nano-Fe0 for aqueous contaminant removal (ref. [12] and ref. therein): (i) 67 

some aqueous contaminant species that have been proven as unsuccessful for remediation 68 

using µm-Fe0 and mm-Fe0 can be effectively removed using nano-Fe0, (ii) nano-Fe0 can be 69 

used for more rapid degradation of contaminants, and (iii) the formation of some undesirable 70 

by-products during remediation using µm-Fe0 and mm-Fe0 can be avoided by using nano-Fe0. 71 

Such processes whilst correct are all linked to the greater reactivity nano-Fe0 possesses due to 72 

its size (reactive surface area). When performed in conditions without a large nano-Fe0 73 

stoichiometric excess, e.g. a system analogous to the environment, it may prove that such 74 

claims will be unfounded [21,34,36,43,44]. 75 

An undisputed drawback with regards to the use of nano-Fe0 for environmental applications is 76 

their strong tendency to aggregate and adhere to solid surfaces [11,12,20,27,30,39,40,43]. 77 

Karn et al. [20] listed some parameters that influence nano-Fe0 adsorption onto soil and 78 

aquifer materials: (i) the surface chemistry of soil and Fe0 particles, (ii) the groundwater 79 
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chemistry (e.g., ionic strength, pH and presence of natural organic matter), and (iii) the 80 

hydrodynamic conditions (pore size, porosity, flow velocity and degree of mixing or 81 

turbulence). Several methods have been developed for the stabilization of nano-Fe0 particles 82 

over the past decade and proven efficient to sustain the reactivity of nano-Fe0 [11,12,20,43]. 83 

One factor that has been overlooked, however, is the impact volumetric expansion has on the  84 

mobility of (i) residual Fe0, (ii) primary corrosion products (FeII and H2) and contaminants. 85 

The volume of any corrosion product (Fe hydroxide or oxide) is higher than that of the 86 

original metal (Fe0). The ratio between the volume of expansive corrosion product and the 87 

volume of iron consumed in the corrosion process is called "rust expansion coefficient" (η) 88 

[45-47]. Volumetric corrosion products are likely to: (i) contribute to porosity loss, (ii) impact 89 

the retention of contaminants and transformation products, and (iii) increase the particle 90 

agglomeration. 91 

Another area of heightened research is with regard to the determining the toxicity of nano-92 

Fe0, with mixed results reported [12,48]. For example, Barnes et al. [49] reported minimal 93 

change to the structure of a river water community due to the addition of nano-Fe0, while 94 

Diao and Yao [50] reported nano-Fe0 particles as highly cytotoxic towards both gram-positive 95 

and gram-negative bacteria species.  96 

While taking into account all known influencing parameters, the following seven features 97 

have to be systematically studied in order to optimise the general applicability of this 98 

technique [12,20,51]: (i) mobility changes due to nano-Fe0 volumetric expansion during 99 

corrosion, (ii) the bioavailability of Fe0 and corrosion products (FeII/FeIII species, H/H2), (iii) 100 

the ecotoxicity of Fe0 and its corrosion products, (iv) the bioaccumulation of Fe0 and its 101 

corrosion products, (v) the translocation potential of nano-Fe0, (vi) the long-term reactivity of 102 

nano-Fe0 particles, and (vii) the speciation, persistence and fate of contaminants and their 103 

transformation products. A major contributing factor to the latter point is that little is known 104 



 5

(compared to permeable reactive barrier technologies) about the extent contaminants are 105 

removed via size exclusion using nano-Fe0. 106 

Only when all seven “operational drivers” have been determined can the global community 107 

have full faith in the technology. 108 

1.2 Objectives of the study 109 

The present communication is focused on the “field persistence” or reactive “life span” of 110 

nano-Fe0 particles. For in-situ applications a keen understanding of nano-Fe0 reactive fate is 111 

essential for effective and prudent site clean-up. The knowledge of which is likely to largely 112 

underpin decisions as to the (i) the choice of material selected, (ii) the mechanism of 113 

application and, (iii) the strategy (if any) for repeated treatments. 114 

In the current work a multidisciplinary approach is used to analyse the relationship between 115 

nano-Fe0 reactivity and its performance for in-situ field applications. The discussion is based 116 

on the contemporary knowledge of the mechanism of aqueous contaminant removal by Fe0 117 

[52-54]. Much of the impetus for this work has come from the work of Noubactep and Caré 118 

[34], who have challenged the concept that nano-Fe0 is a strong reducing agent for 119 

contaminant reductive transformation.  120 

2 Nanoscale metallic iron or environmental remediation 121 

To date, nano-Fe0 particles have been reported as largely successful for water and soil 122 

treatment [11,31,32,55,56]. A wide variety of redox-amenable organic and inorganic species 123 

and non-reducible species (e.g. Cd, Zn) have been efficiently treated. Similar to µm and mm-124 

Fe0, adsorption is considered important only for non-reducible species [52-54, 57-60]. For 125 

example, Boparai et al. [59] reported that heavy metals are either reduced (e.g. Cu2+, Ag2+) at, 126 

or directly adsorbed (e.g. Zn2+, Cd2+) onto the Fe0 surface. They further argued that “the 127 

controlling mechanism is a function of the standard redox potential of the contaminant”. 128 

Recent work has however challenged this concept [36,54], which is explained below. 129 

2.1 Contaminant reduction by nano-Fe0 130 
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The chemical reaction between Fe0 and redox-amenable aqueous species is considered to 131 

involve three steps: (i) direct electron transfer from Fe0 at the metal surface or through a 132 

conductive oxide film on Fe0 (direct reduction), (ii) catalyzed hydrogenolysis by the H/H2 133 

(indirect reduction mechanism 1), and (iii) reduction by FeII species resulting from Fe0 134 

corrosion (indirect reduction mechanism 2). In this constellation, H2 is supposed to result 135 

from H2O reduction during anoxic iron corrosion [22,61]. However, evidence exists in the 136 

literature, e.g. Stratmann and Müller [62], that even under external oxic conditions, Fe0 is 137 

oxidized by H2O (or more precisely by H+) and O2 by FeII (Table 2). Despite the significant 138 

reaction rate exhibited by nano-Fe0 due to its high surface area, such processes are considered 139 

to occur (discounting any quantum size effects) independent of particle size.  140 

Table 2 summarizes the half reactions for the aqueous oxidation of Fe0 under both anoxic and 141 

oxic conditions. Thermodynamically, the major cathodic reaction depends on the availability 142 

of molecular O2 (E0 = 0.81 V). In the absence of O2, Fe0 is oxidized by H+ (E0 = 0.00 V). It 143 

can therefore be stated that the rate of Fe0 oxidation is dictated by the concentration of 144 

dissolved O2, H+ and H2O in proximity to Fe0 surfaces. Le Chatelier's principle also states that 145 

the consumption of FeII (via oxidation to FeIII) will also result in an increase in Fe0 oxidation. 146 

The electrode potential of the redox couple FeII/Fe0 is -0.44 V, a value which is independent 147 

of the particle size (nm, µm or mm). The value -0.44 V is considered largely unchanged due 148 

to the presence of alloying materials (e.g. low alloy steel, bimetallic systems). 149 

As a consequence, statements including “nano-Fe0 are more reactive than µm-Fe0 and mm-150 

Fe0” are misleading; as the reactivity of Fe0 (discounting quantum size effects), is independent 151 

of the particle size. Any enhanced reactivity reported is likely to be due to the significantly 152 

high surface area of nano-Fe0 compared to other forms. A second statement “bimetallic nano-153 

Fe0 is more reactive that monometallic nano-Fe0” is also a qualitative statement, as the 154 

reactivity of the materials depends on numerous factors associated with the materials 155 

synthesis route and varies depending on the chemistry of the chosen alloying metal. Ideally, 156 
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comparisons should be made versus standard reference materials using established standard 157 

experimental protocols [63], which once established, will significantly improve the design of 158 

future field applications. 159 

2.2 Limitations of the nano-Fe0 technology 160 

The efficiency of nano-Fe0 for aqueous contaminant reduction faces some key issues for in-161 

situ applications in porous media. These challenges include: (i) the strong tendency of 162 

aggregation/agglomeration, (ii) the rapid settlement on subsurface solid phases, (iii) the 163 

porosity and permeability loss of porous media [23,35,64,65]. Aggregation and settlement 164 

limit nano-Fe0 transport through porous media. Porosity and permeability loss limit nano-Fe0 165 

transport to target contaminants. It was demonstrated that nano-Fe0 may travel only a few 166 

centimetres in porous media from the injection position under typical groundwater conditions 167 

[11,12,30,66]. Accordingly, recent efforts have been made to (i) increase the porosity of 168 

porous media, (ii) mechanically increase the distribution of nano-Fe0, and/or (iii) chemically 169 

modify nano-Fe0 for improved aqueous mobility in porous networks.  170 

2.3 Improving the efficiency of the nano-Fe0 systems 171 

2.3.1 Dispersion agents 172 

Methods to improve the aqueous mobility of nano-Fe0 have received the greatest research 173 

interest. It has been determined that the key to improving particle mobility is found in 174 

modifying their surface properties such that the nano-Fe0 have significantly improved 175 

colloidal stability and a commensurate reduction in the likelihood of adherence to mineral 176 

surfaces. Several synthetic methods are now available to produce more mobile nano-Fe0. 177 

Efficiently tested dispersants include anionic surface chargers (e.g. polyacrylic acid), non-178 

ionic surfactants, starch, and oil [23,67-70]. 179 

2.3.2 Bimetallic combinations 180 

In recent years, noble metals have been used to increase the reactivity of monometallic nano-181 

Fe0 [21,23,71-73]. As mentioned above, this appears counterintuitive as nano-Fe0 is already 182 
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high reactivity due to its size [15,26,29,42] and is unstable during synthesis, storage and 183 

application [69]. This chemical instability has been documented as a key reason for the 184 

observed lower efficiency exhibited by nano-Fe0 systems compared to µm and mm-Fe0 [11]. 185 

Accordingly, it is questionable whether further enhancing the reactivity of nano-Fe0, e.g. by 186 

plating with more noble elements, may be of any benefit. The reactivity of nano-Fe0 will be 187 

discussed in the next section on the basis of mathematical modelling. 188 

3 Significance of increased reactivity 189 

3.1 The problem 190 

The increased Fe0 reactivity from mm to nm size should be better characterized. The relative 191 

reactivity of four different materials is discussed on the basis of 1 kg Fe0: one nm-Fe0 (d0 = 25 192 

nm), one µm-Fe0 (d0 = 25 µm), and two mm-Fe0 (d0 = 250 and 1000 µm). Calculations for the 193 

number particles (N) in 1 kg of each material and the number of layers (N’) in each particle 194 

are made after the Eq. (1) and Eq. (2) presented in details elsewhere [9,74].  195 

 
R034

M=N 3
Fe ./. πρ

        (1) 196 

 197 

N’ = 2.[4/3(πR0
3)]/a3        (2) 198 

where M is the mass of Fe0 (here 1 kg), Feρ is the specific weight of Fe (7,800 kg/m3), R0 is 199 

the initial radius of the Fe particle (d = 2*R0) and a the lattice parameter (a = 2.866 Å). 200 

The results are summarized in Table 3. It can be seen that the number of layers of Fe0 in 201 

individual particles varies from 87.2 for nano-Fe0 to more than 3*106 for mm-Fe0 (d = 1 mm). 202 

In the meantime, the number of particles in 1 kg decreased from 1.96*1018 for nano-Fe0 to 203 

only 3.1*104 for mm-Fe0. The ratio of the number of Fe0 layers in each particle to the number 204 

of Fe0 layers in nano-Fe0 varies from 1 to 4*104. This ratio corresponds to the relative time (τ) 205 

as defined later (section 3.2). On the other hand, the ratio of the number of particles in 1 kg of 206 

nano-Fe0 to the number of particles in the same mass of each other materials varies from 1 to 207 
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6.4*1013. These results are summarized in Fig. 1. Instead of the mass of Fe0, the number of 208 

electrons released by the conversion of Fe0 to FeII is used to assess the kinetics of Fe0 209 

consumption. This is discussed in the next section. 210 

3.2 Relative corrosion kinetics of Fe0 materials  211 

For the discussion in this section, uniform corrosion for spherical particles is assumed. 212 

Individual particles corrode independently until material depletion. It is further assumed for 213 

simplicity that individual layers corrode with the same kinetics independent of particle size (d 214 

= 2*R0). The latter assumption is conservative as larger particles react slower than smaller 215 

[24,29,61]. With these assumptions, a relative time (τ) can be defined while taking the time 216 

for the corrosion of the smallest particle (here 87.2 layers of nano-Fe0) or t∞,nano as unit.  217 

 τ = t/t∞,nano      (3) 218 

Accordingly, one unit of time corresponds to the time to nano-Fe0 depletion. Remember that 219 

all 1.96*1018 particles in the 1 kg of nano-Fe0 simultaneously corrode with the same kinetics. 220 

The results of the calculations are presented in Fig. 2. From Fig. 2a and Tab. 3 it can be seen 221 

that after nano-Fe0 depletion, the material with 1000 µm (or 1 mm) diameter will still react for 222 

more than 3*104 times longer than the time necessary for nano-Fe0 depletion (τ = 4*104, see 223 

Tab. 3). Fig. 2b shows that the mm-Fe0 with 250 µm diameter is depleted after about 224 

104*t∞,nano.  225 

Based on the assumptions above, the service life of a nano-Fe0 particle can be estimated. 226 

Table 4 summarizes the results of such estimations while varying the service life of a 1 mm 227 

Fe0 particle from 5 to 40 years. This assumption is based on the fact that conventional Fe0 228 

walls are supposed to function for several decades (here up to 4 decades). Results show (Tab. 229 

4) that the maximum life-span of a nano-Fe0 is about 8.8 hours (less than one day). In other 230 

words, following approximately 9 hours from subsurface deployment it is suggested that all 231 

nano-Fe0 would be reactively exhausted. The success of this is dependent on three key 232 
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factors: (i) the hydrodynamic conditions: pore size, porosity, flow velocity and degree of 233 

mixing or turbulence, (ii) the water chemistry and the affinity of nano-Fe0 and its 234 

transformation products to the soil materials, and (iii) the reactivity of Fe0. 235 

It is certain, that the dynamic process of transformation of concentric layers of Fe0 atoms to 236 

concentric layers of iron (hydr)oxides can not be linear [34]. In fact, effects similar to "case 237 

hardening" for food- and wood-drying will lead to "surface hardened layers" [75, 76] leading 238 

to differential kinetics/extents of Fe0 passivation for different particle size ranges. In other 239 

words, the extend of restricted corrosion rates through resulting surface hardened layers will 240 

be different for nm-, µm- and mm-Fe0. Bearing this in mine, the very short relative life-span 241 

of a nano-Fe0 estimated above will be used for the discussion in this work. It is certain that  242 

"case hardening"-like effects will prolong this hypothetical life-span to some days or weeks. 243 

3.3 Extent of iron corrosion from Fe0 materials 244 

A discussion as to the extent of Fe0 consumption is limited in the present section to τ = 1 or 245 

t∞,nano. It is considered for simplification that the sole iron corrosion product is Fe3O4. The 246 

corresponding coefficient of volumetric expansion is ηFe3O4 = 2.08 (Eq. 4) [46]. Using ρ = 247 

M/V, the volume of Fe corresponding to 1 kg Fe0 is calculated as 127.0 mL (V0). This is the 248 

initial volume of Fe0 (V0). Following corrosion, this volume is partly or totally consumed. 249 

The volume (∆V) corresponding to the volume of pores occupied by the volumetric expansion 250 

of corrosion products can be estimated. 251 

Assuming that the coefficient of volumetric expansion  (η) ("rust expansion coefficient" or 252 

“specific volume”) [45-47] of the reaction products is: 253 

η = Voxide/VFe     (4) 254 

where Voxide is the volume of the reaction product and VFe the volume of the parent Fe0. 255 

The volume ∆V characterizing the extent of porosity loss due to volumetric expansion is 256 

given by Eq. 5:  257 
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  ∆V = (η - 1) * Vconsumed Fe    (5) 258 

∆V = V∞ - V0 = ν*(ηFe3O4 – 1)*V0   (5a) 259 

Where Vconsumed Fe is the volume of consumed Fe0 at time t∞, V0 is the volume occupied by the 260 

initial Fe0 particles and ν (ν ≤ 1) is the fraction of the initial amount of Fe0 (1 kg) which has 261 

reacted at t∞,nano. V∞ is the total volume occupied by residual Fe0 and in-situ formed corrosion 262 

products. t∞ corresponds to nano-Fe0 depletion (25 nm in this section). In the discussion on 263 

the reactivity at nano-scale, t∞ corresponds to the depletion of the material with 10 nm 264 

diameter (section 4).  265 

V∞ = η * V consumed Fe + (V0 - V consumed Fe)  (6) 266 

V∞ = V0 [1 + ν*(ηFe3O4 - 1)]    (6a) 267 

The volumetric expansion (∆V, Eq. 5) can be characterized as percent of the initial volume 268 

(V0) using Eq. (7): 269 

∆V (%) = 100*ν*(ηFe3O4 – 1)    (7) 270 

Table 5 summarizes the results. It is shown that at τ = 1 (nano-Fe0 depletion), a volume 271 

augmentation of 108 % has occurred in the nano-Fe0 system, with volume augmentations in 272 

all other systems lower than 0.5 %. This clearly shows that the porosity of the subsurface will 273 

be significantly influenced by nano-Fe0 at t∞. Remember that 100 % reactive exhaustion of 274 

nano-Fe0 is predicted to occur by approximately 9 hours time. During this same period the 275 

porosity loss due to expansive iron corrosion is likely to be negligible for all other Fe0 particle 276 

size fractions. Calculations for Akageneite β-FeOOH (ηFeOOH = 3.48) as sole corrosion 277 

products shows that V∞,nano = 448.7 mL, ∆V = 320.5 mL or 250.4 %. The examples of Fe3O4 278 

(anoxic) and FeOOH (oxic) demonstrate the crucial importance of the nature of formed 279 

corrosion products for the discussion of the extent of porosity loss. 280 

Another important aspect of Fe0 consumption is given by the number of moles of Fe0 that 281 

have been oxidized (Tab. 5). Assuming contaminant reduction, Tab. 5 shows that after τ = 1, 282 
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35.71 moles of electrons have been released in the nano-Fe0 system but less than 0.11 moles 283 

in all other systems. In other words, up to 35.71 moles of electrons are available for 284 

contaminant reduction per kg nano-Fe0 within a few hours of reaction (< 9 hours). But what 285 

proportion of the electrons produced would reach the contaminant within this period? That is 286 

the major question to be answered for the further development of the nano-Fe0 technology for 287 

in-situ applications. 288 

4 Reactivity of nano-Fe0 materials 289 

The presentation until now has discussed the reactivity of nano-Fe0 in comparison to larger 290 

scale Fe0. Section 4 will focus only on the nanoscale size fraction (d ≤ 100 nm). Equations 1-7 291 

will be used and the particle size will vary from 10 to 100 nm. As stated above t∞ is for a 292 

nano-Fe0 of 10 nm diameter and the reaction proceeding until 100 % reactive exhaustion has 293 

been achieved.  294 

4.1 Fe0 reactivity at nanoscale 295 

Table 6 summarizes the results of calculations for the number of Fe0 particles and number of 296 

layers of Fe0 in each nano-Fe0. It is shown that 1 kg of the material with d = 100 nm contains 297 

1000 times more particles than a material of d = 10 nm.  298 

Table 6 also shows that the maximum value of the relative time (τ) is 10 (or 101). This is more 299 

practical for graphical representations than situations where nano-Fe0 are compared to larger 300 

particles (t ≤ 104). The physical significance of τ is more important, it means that if a nano-301 

Fe0 with a diameter of 10 nm depletes after 2 days, the material with a diameter 100 nm will 302 

deplete after 20 days. For field applications the selection of the particle size to be used should 303 

be dictated by site specific characteristics. Which diameter could quantitatively reach the 304 

contaminants before depletion? And what fraction of the material will have already oxidized 305 

on the path? What is the impact of this oxidation on the transport of nano-Fe0 in the porous 306 

aquifer? These are some key questions to be answered in order to give this possibly very 307 

efficient technology a scientific basis. 308 
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Fig. 3 summarizes the evolution of the volumetric expansion in all 5 nano-Fe0 systems. It can 309 

be seen from Fig. 3a that the smallest material (d = 10 nm) experiences the 108 % volumetric 310 

expansion within a short time (τ = 1) while the larger materials (d = 100 nm) needs 10 more 311 

time for the same expansion. Accordingly, beside the question whether the material will reach 312 

the contaminant under site specific conditions, the question has to be answered how the 313 

volumetric expansion will impact the aquifer porosity (and permeability).  314 

Fig. 3b compares the variation of the volumetric expansion for two different iron corrosion 315 

products, Fe3O4 and FeOOH, which are considered the most likely products in anoxic and 316 

oxic aquifers respectively. It also shows that when designing a nano-Fe0 injection strategy, 317 

however, the availability of oxidizing species (e.g. MnO2, O2) must also to be taken into 318 

account. Fig. 3a shows that under both conditions the trend of porosity loss is similar but the 319 

extent is proportional to the coefficient of volumetric expansion (η). In particular, at τ = 1, the 320 

system with the material d = 10 nm experiences 250 % volumetric expansion under oxic 321 

conditions and only 110 % under anoxic conditions. As a result the kinetics of more rapid Fe0 322 

corrosion in an oxygen-rich environment must also be considered for an effective treatment 323 

strategy.  324 

4.2 Fe0 reactivity of nano-bimetallics 325 

The reactivity of monometallic nano-Fe0 can be improved by combining it with a noble metal. 326 

Assuming α (α > 1) the coefficient of reactivity enhancement, the relation between the 327 

relative time of a bimetallic system (τFe/M) and that of a non plated metal (τFe) is given by Eq. 328 

6: 329 

τFe = α∗ τFe/M      (8) 330 

To characterize the impact of plating on nano-Fe0, the material with the largest size (d = 100 331 

nm) will be plated by three hypothetical metals (M0
1, M0

2 and M0
3) to yield a reactivity factor 332 

of 2.5 (for Fe0/M0
1), 5 (for Fe0/M0

2) and 10 (for Fe0/M0
3). The considered α values of (α ≤ 10) 333 
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are realistic and even conservative. In fact, reported reactivity enhancement is essentially 334 

larger [22,77]. For example, Zhuang et al. [77] reported that palladized nano-Fe0 promoted 335 

the dehalogenation kinetics for polybrominated diphenyl ethers by orders of magnitude equal 336 

to 2, 3 and 4 (α ≥ 100). The results of the calculations for the four systems (d = 10 nm) are 337 

summarized in Fig. 4. The system with  d = 10 nm is represented for comparison. It can be 338 

seen that system Fe0/M0
3 (d = 100 nm) is as reactive as Fe0 (d = 10 nm). Given that the 339 

reactivity of nano-Fe0 (d = 100 nm) could already significantly been too high in some 340 

situations, the results from Fig. 4 strongly question the suitability of plating at nano-scale. 341 

Accordingly, while the application of bimetallic Fe0 is definitively useful at µm- and mm-342 

scale, it usefulness at nano-scale is likely inappropriate. It can also be noted that by increasing 343 

the reactivity of the material the rate at which volumetric pore clogging also increases. As a 344 

consequence it should be acknowledged that there exists a conceptual play-off between 345 

increased reaction rate and increased porosity loss, the impact of which will vary depending 346 

on the physiochemical conditions of each contaminated site. 347 

4.3 Characterizing the process of reactivity loss 348 

To better characterize the process of porosity loss due to the volumetric expansion of nano-349 

Fe0, the evolution of the porosity of a sand column filled with nano-Fe0 will be discussed as 350 

volumetric expansion proceeds. A laboratory column with a height h (h = 75.0 cm) and 351 

diameter D (D = 5.0 cm) is composed of spherical sand particles (d = 5.0 mm). The 352 

compactness of the column is ideally C = 0.64 [9,74]. The pore volume is given by Eq. 9:  353 

Vpore = V * (1 - C)      (9) 354 

where V is the apparent volume of the sand column (V = h * π *D2/4). 355 

It is supposed that the nano-Fe0 particles fill the inter-granular porosity of the sand column 356 

Vpore without modifying the compactness C and the apparent volume V of the sand column. 357 

The residual porosity of the sand column (V’pore) is given by Eq. 10:  358 

V’pore = V*(1-C) - V0      (10) 359 
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where V0 is the volume of the Fe particles.  360 

The evolution of the residual porosity (V’pore) as nano-Fe0 particles undergo volumetric 361 

expansive corrosion is considered by introducing the specific volume (η) of the reaction 362 

products according to Eq. 11:  363 

V’pore= V*(1 - C) - (V0 - Vconsumed Fe) - η * Vconsumed Fe  (11) 364 

V’pore= V*(1 - C) -V0 – (η-1) * Vconsumed Fe    (11a) 365 

where Vconsumed Fe is the volume of nano-Fe0 particles which is consumed at a given time. 366 

Equations 9 through 11 are very useful to design reactive zone. However, they are limited to 367 

describe the initial (Vpore) and a final conditions (V’pore) regardless on the nature of iron 368 

corrosion products and the kinetics of the process. 369 

Using a sand column comparable to one of those used by Moraci and Calabrò [78] and 1 kg of 370 

nano-Fe0, the process of pore filling (porosity loss) can be better characterized. For simplicity 371 

nano-Fe0 considered as transported by a biodegradable dispersant which does not significantly 372 

contribute to porosity loss. As shown in section 3.3, 1 kg of nano-Fe0 occupies a volume of 373 

127 mL. The initial pore volume of the sand column calculated after Eq. 9 is 530.36 mL (100 374 

% porosity), i.e. a capacity for approximately 4.17 kg of nano-Fe0. Filling the initial pore 375 

volume of the sand column (530.36 mL) with 1 kg of nano-Fe0 (127.00 mL) yields a 23.9 % 376 

porosity loss (Tab. 7). This, however, does not take into account the expansive nature of iron 377 

during oxidative corrosion.  378 

Using the 8 possible iron corrosion products documented by Caré et al. [46] and their 379 

respective coefficient of volumetric expansion (2.08 ≤ η ≤ 6.40), the extent of porosity loss is 380 

calculated and summarized in Table 7. The results show that the residual volume of pores 381 

(V’pore) decreases with increasing η values and is zero for Fe(OH)3 and Fe(OH)3.3H2O (100 382 

% porosity loss). Ferrihydrite (Fe(OH)3.3H2O) is the largest known iron corrosion products. 383 

In other words, depending on environmental conditions as little as 1 kg of nano-Fe0 could 384 

clog the tested column. Although this discussion considers the nature of the corrosion 385 
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products, there are other important factors which must be considered. The negative values (-386 

3.04 and -282.4 mL) corresponds to the mass of Fe0 which will not oxidized because of lack 387 

of space for expansion [9,74]. 388 

The extent of porosity loss (∆V in %) given in Tab. 7 assumes uniform distribution of nano-389 

Fe0 in the whole column. This is, however, not a very good field representation. For example, 390 

if 1 kg of nano-Fe0 (V0 = 127 mL) is uniformly distributed only in the first third of the column 391 

(V1/3
pore = 176.8 mL), with Fe3O4 as the primary corrosion product (∆V = 137.16 mL) a 78 % 392 

porosity loss can be expected. For all other oxide phases it is calculated that complete porosity 393 

loss (100 %) will precede nano-Fe0 reactive exhaustion. However, in the practice a system 394 

with 78 % porosity loss is considered as clogged. One possibility to avoid the clogging of the 395 

entrance zone  of a porous system is to intermittently inject calculated amounts of nano-Fe0. 396 

The volume to be injected at each event and the time scale between two injections are 397 

necessarily determined by site specific characteristics (e.g. aquifer porosity, water flow rate).  398 

5 Discussion 399 

A primary reason behind the interest into the use of nano-Fe0 particles over µm-Fe0 and mm-400 

Fe0 particles for water treatment is ascribed to a significant increase the materials efficiency 401 

[11,12]. For example, as reported by Vodyanitskii [79], Kanel et al. [80] reported near-total 402 

remediation of a 1 mg L-1 AsV solution within only 10 min by a nano-Fe0 with a specific 403 

surface of 24 m2/g, whereas the same goal was achieved by mm-Fe0 (1–2 m2/g) after only 4 404 

days or 5760 min (ratio of time 570; average ratio of surface 16). However, this experimental 405 

evidence is highly qualitative as neither the number of atoms directly accessible at the surface 406 

nor the intrinsic reactivity of individual materials are considered in both cases [34]. For a 407 

better comparative result, the following three key conditions must be considered: (i) the 408 

intrinsic Fe0 reactivity should be characterized, (ii) the amount of used materials should be 409 

based on the reaction stoichiometry, and (iii) the experimental conditions should be relevant 410 

for field applications. In particular, the driving force for the transport of contaminants and Fe 411 
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species should be relevant for field situations: (i) mixing operation (type and intensity) in 412 

batch studies, (ii) flow rate and column dimensions in column studies [63]. 413 

5.1 Transport of nano-Fe0 to the contaminants 414 

The efficiency of nano-Fe0 for the in-situ treatment of a contaminated aquifer body is 415 

intrinsically linked to the extent of physical contact between Fe0 and any aqueous 416 

contaminant species present. In some circumstances, contaminants could diffuse to the 417 

suspended Fe0 particles and be degraded in the aqueous phase. However, typically the 418 

suspended Fe0 particles must migrate to the contaminants. As Fe0 particles are transported 419 

from the injection zone to the target contaminant plume by natural groundwater, diffusion 420 

experiments under relevant groundwater velocity, using site specific aquifer materials are 421 

essential in order to effectively assess the suitability of nano-Fe0 for in-situ applications [81]. 422 

Contaminants are typically partitioned between sediment and water phases in a “pseudo-423 

equilibrium” state. Therefore, it is likely that Fe0 particles whilst acting to reduce any soluble 424 

contaminants are also likely to promote the dissolution of a range of adsorbed chemical 425 

species (Le Chatelier’s principle). However, as water is also a redox-amenable species the 426 

specific mechanism for nano-Fe0 reactivity in a range of conditions is difficult to resolve [30]. 427 

In other words, nano-Fe0 is readily oxidized by H2O during subsurface migration to the target 428 

contaminant plume and also competes with any other redox-amenable (including 429 

contaminants) present in the groundwater. Additionally, expansive iron corrosion will yield 430 

voluminous iron (hydr)oxides (Tab. 7) with limited aqueous mobility due to (i) an increased 431 

size and weight, and (ii) a possible increased affinity to aquifer material. 432 

This discussion has intentionally neglected the segregation between parent compounds, the 433 

reaction products and their relative affinity to Fe0 and Fe (hydro)oxides. The fact that the core 434 

Fe0 is always covered by oxide layers is also neglected for simplification. The process of 435 

preferential flow which is crucial in predicting mass transfer in the subsurface is also not 436 

considered [82-84]. However, it is clearly shown, that due the acute redox sensitivity of nano-437 
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Fe0 and the subsequent significant formation of highly voluminous oxidative corrosion 438 

products it is likely that for environmentally relevant distances (m), a significant proportion of 439 

the originally injected nano-Fe0 will remain “clogged” in pore spaces.  440 

Beside the transport of nano-Fe0 to contaminants, the possibility of quantitative contaminant 441 

desorption and their subsequent transformation by suspended Fe0 could be considered. 442 

However, it is not likely that concentration-gradient-driven mass transfer could be 443 

quantitative at considered distances (m). It should be recalled that the slow kinetics of 444 

contaminant desorption form aquifer materials is the major cause of the ineffectiveness of the 445 

pump-and-treat technology for groundwater remediation [87-89]. 446 

This section has shown that it is likely that the success of nano-Fe0 for in-situ remediation is 447 

seriously limited by the intrinsic formation of voluminous iron corrosion products 448 

[11,12,30,39,40]. Bearing this in mind, the next section suggests an alternative nano-Fe0 449 

subsurface deployment mechanism that more effectively takes into account the 450 

aforementioned nano-Fe0 hydraulic mobility issues than conventional injection processes: the 451 

formation of a nano-Fe0 “redox-front” injection array system for progressive contaminant 452 

reduction. The geochemical process of redox-front migration is a well-documented one 453 

[83,90,91]. 454 

5.2 Nano-Fe0 as source of FeII for a redox-front? 455 

5.2.1 The concept 456 

The progressive consumption of mm-Fe0 (Fig. 1; Tab. 3) is the guarantee for the long-term 457 

efficiency of reactive barriers [11]. In fact, continuously generated small amount of high 458 

reactive iron minerals [36,52-54,92-95] are sufficient for the removal of contaminants which 459 

are present in trace amounts [96]. As discussed above, for nano-Fe0 however, (i) Fe0 reactive 460 

exhaustion typically occurs in a relatively short time scale (< 9 hours) and, (ii) it is likely that 461 

nano-Fe0 subsurface mobility is significantly retarded or even prevented due to the volumetric 462 

expansive nature of iron corrosion [46]. As a consequence an alternative method of 463 



 19

subsurface deployment is suggested in the current work: the deployment of a linear nano-Fe0 464 

injection array orientated perpendicular to the flow direction of the contaminant plume. The 465 

injected nano-Fe0 can effectively form a redox-front (roll-front) which migrates through the 466 

contaminated zone and transforms the contaminants during its migration as illustrated in Fig. 467 

5. The FeII/FeIII roll-front travels across the contaminated zone with all possible mechanisms 468 

(e.g. diffusion, dispersion, convection, preferential flow) and the contaminants are 469 

transformed and immobilized during the cycle FeII ⇔ FeIII. In other words, it is a plume of 470 

FeII/FeIII formed from injected nano-Fe0 which migrates through the contaminated zone and 471 

“sweeps” the contaminants. As a consequence this method considers all nano-Fe0 mobility 472 

issues. 473 

5.2.2 Nano-Fe0 as FeII generator  474 

Nano-Fe0 in the aqueous phase is certainly a FeII/FeIII producer. FeII-species are the main 475 

reducing agents for contaminants under both anoxic and oxic conditions [62]. The reducing 476 

capacity of FeII-species nominally depends on the pH value [54,77,97,98]. Microbial activity 477 

could regenerate FeII (bio-corrosion) for more contaminant reduction [79]. In this case, more 478 

contaminant is reduced than can be predicted from the reaction stoichiometry. In order words, 479 

the operating mode of nano-Fe0 for contaminant reduction can be summarized as follows: (i) 480 

Fe0 is oxidized to produce FeII, (ii) FeII reduces the contaminant and is oxidized to FeIII, and 481 

(iii) a proportion of FeII is regenerated by the biological reduction of FeIII. Accordingly, 482 

before Fe0 depletion, there are three sources of FeII: (i) the Fe0 mediated abiotic oxidation by 483 

H2O, (ii) the Fe0 mediated abiotic oxidation by FeIII, and (iii) the biological reduction of FeIII. 484 

After Fe0 depletion, the only remaining source of FeII is the biological reduction of FeIII. 485 

Provided that the appropriate micro-organism species are present in the subsurface, this 486 

process, however, could conceptually proceed for a significantly long time period [35].  487 

Evidence suggests that such micro-organism colonies can be sustained by a consistent supply 488 

of FeII, FeIII and molecular hydrogen (H/H2). Another further process that is worth noting is 489 
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the generation of atomic or molecular hydrogen (H/H2) by Fe0 mediated hydrolysis reactions, 490 

which is likely to aid and the aforementioned biotic processes [35]. 491 

The abiotic conversion of FeIII to FeII has been successfully utilised in the hydrometallurgy 492 

industry, for example Lottering et al. [99] reported on the sustainable use of MnO2 for the 493 

abiotic regeneration of FeIII for UIV oxidation. 494 

The fate of contaminant reduction products is discussed in the next section. 495 

5.3 Mechanism of contaminant removal by injected nano-Fe0 496 

The successful application of nano-Fe0 injection technology for in-situ remediation is highly 497 

dependent on a comprehensive understanding of the fundamental processes governing the 498 

processes of contaminant removal. The hitherto discussion has focused on reductive 499 

transformations by nano-Fe0. However, contaminant reductive transformation is not a 500 

guarantee for contaminant removal [52-54]. Additionally, certain reaction products are more 501 

toxic than their parent compounds [100]. Accordingly, efforts have to be focused on the 502 

specific mechanism of aqueous contaminant removal. Relevant removal processes include: (i) 503 

adsorption, (ii) chemical precipitation, (iii) co-precipitation, (iv) size exclusion or straining, 504 

and (v) volatilization [52-54,79,101-104]. Chemical precipitation is a characteristic of 505 

inorganic compounds when the solubility limit is exceeded [101,102,105]. Volatilization is 506 

subsequent to chemical transformation yielding gaseous species like AsH3, CH4, CO2, H2, N2. 507 

In Fe0 reactive barrier systems, contaminants are efficiently removed by the combination of 508 

adsorption, co-precipitation and size exclusion within the engineered barrier [14,106]. As a 509 

result the current discussion concentrates on such processes.. 510 

With Fe0 (< 1 m2/g) first transformed to voluminous hydroxides species (> 100 m2/g) and 511 

subsequently transformed to oxides (< 40 m2/g), contaminant size exclusion (straining) is 512 

driven by the dynamic cycle of expansion/compression accompanying the corrosion process 513 

[14,107]. During these cycles contaminants are enmeshed and sequestrated in a “matrix” of 514 

iron corrosion products. 515 
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For conventional nano-Fe0 injection arrays, size exclusion may play an important role (i) in 516 

proximity for Fe0 particles, and (ii) by reducing the pore space during expansive corrosion of 517 

the materials. However, if roll-fronts are formed as discussed above, the extent of 518 

permeability loss in aquifer will be limited. The roll-front could act as a colloidal reactive 519 

barrier for the removal of parent contaminants and reaction products. Species are removed or 520 

immobilized by colloids and not because they are reduced. More research is needed to test 521 

this hypothesis. 522 

5.3.1 FeII/FeIII redox-front as a colloidal reactive barrier 523 

Aqueous contaminants have been reported to be quantitatively removed both during abiotic 524 

and biotic (i) oxidation of FeII and (ii) reduction of FeIII [107-109]. On the other hand, 525 

injection of FeIII salts for adsorptive contaminant removal has been reported [110,111]. 526 

Accordingly, the migration of the FeII/FeIII-redox-front may be coupled to quantitative 527 

contaminant removal by adsorption and co-precipitation. 528 

The primary reason for contaminant removal during these redox reactions is the colloidal 529 

nature of in-situ generated Fe species [Fe(OH)2, Fe(OH)3] [112], which necessarily 530 

experience volumetric contraction to form oxides (of FeII or FeIII). Contaminants are first 531 

adsorbed by highly reactive colloids and are co-precipitated during transformation to 532 

amorphous and crystalline oxides [79,113] 533 

6 Concluding remarks 534 

Constructed geochemical barriers of metallic iron (Fe0) have been used for groundwater 535 

remediation since 1996 [1,5,6,79,114]. In recent years, however, nano-Fe0 has received 536 

proclaim as a new tool for water treatment due to (i) improvements in reactivity and 537 

associated aqueous contaminant removal performance compared to conventional materials, 538 

and (ii) the option of subsurface deployment via injection for targeted in-situ treatment of 539 

contaminant plumes [11,12].  540 
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Considering reactivity first, the current work has highlighted the need for prudent use of 541 

terminology. Discounting any quantum size effects, which are only prevalent for Fe0 less than 542 

approximately 10 nm in diameter, the reactivity of nano-Fe0 as a function of surface area is no 543 

more reactive than larger forms. Nano-Fe0 only exhibits such high reactivity due to it 544 

significantly high surface area as a function of mass/volume. Despite this, a recent trend in 545 

research has been the development of bimetallic nano-Fe0 wherein the combination of a noble 546 

metal acts to further increase the reactivity of nano-Fe0. It is argued in the current work that as 547 

reactive exhaustion is already achieved by monometallic nano-Fe0 in the order of minutes this 548 

seems counterintuitive for the majority of environmental applications. 549 

Considering the nano-Fe0 subsurface injection procedure, in the current work it has been 550 

highlighted that the hydraulic mobility of the particles is likely to be significantly retarded by 551 

voluminous expansion due to particle corrosion. An alternative nano-Fe0 injection procedure 552 

has been suggested herein. The injected nano-Fe0 effectively forms an in-situ migrating front 553 

which possibly reductively transforms contaminant and removes reduced species by 554 

adsorption and co-precipitation. 555 

It is also outlined in the current work that a number of studies with experiments "proclaimed" 556 

as analogous to environmental systems are largely overlooked a range of operational drivers 557 

including changes in nano-Fe0 (i) reactivity, and (ii) voluminous as a function of time. It is 558 

hoped that the huge literature on redox-front migration [115-118] and the cycle of iron in the 559 

hydrosphere ([79] and ref. therein) will now be used for the further development of nano-Fe0 560 

injection technology. 561 
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Table 1: Results of a web-search in 7 selected relevant journals demonstrating the current 870 

interest within academia for the nano-Fe0 technology. 871 

 872 

 873 

Journal Impact Issues Search’s results 

 Factor (year-1) Period Total 2011 

Environ. Sci. Technol. 4.630 24 1995 to 2011 157 13 

J. Hazard. Mater. 4.144 33 2004 to 2011 86 15 

Chemosphere 3.253 44 2000 to 2011 49 5 

Water Res. 4.355 20 2005 to 2011 31 9 

Chem. Eng. J. 2.816 30 2008 to 2011 15 6 

Desalination 2.034 48 2008 to 2011 12 9 

Environ. Pollut. 3.426 12 2007 to 2011 12 1 

Appl. Catal. B 5.252 32 2009 to 2011 3 1 

   Total 365 59 

 874 
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Table 2: Relevant redox couples for the process of aqueous Fe0 dissolution and oxide scale 875 

formation in a passive remediation Fe0/H2O system. These processes are thermodynamically 876 

the same for all Fe0 particle sizes. Observed differences are due to kinetics aspects. 877 

 878 

    

Electrode reactions Eq. 

Fe0 ⇔ Fe2+ + 2 e- (1) 

Oxic conditions 

O2 + 2 H2O + 4 e-  ⇔ 4 OH- (2a) 

2 H2O + 2 e- ⇔ H2 + 2 OH- (2b) 

Anoxic conditions 

O2 + 4 H+ + 4 e- ⇔ 2 H2O (3a) 

2 H+ + 2 e- ⇔ H2 (3b) 

 879 
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Table 3: Summary of the values of the number of particles contained in 1 kg of each material, 880 

the number of layer making up each particle and estimation of the relative time (τ). 881 

The life span of nano-Fe0 is operationally considered as the unit of time while 882 

assuming uniform corrosion. τ coincides with the ratio of the number of layers of Fe 883 

in each particle to that of nano-Fe0. The ratio of the number of particles in individual 884 

systems is also given. 885 

 886 

Size d nparticles nlayers nlayers/nnano nnano/nparticles τ 

 (µm) (-) (-) (-) (-) (-) 

Nano-Fe0 25*10-3 1.96*1018 87.2 1.0 1.0 1.0 

µm-Fe0 25 1.96*109 87.2*103 103 109 103 

mm-Fe0 250 1.96*106 87.2*104 104 1012 104 

mm-Fe0 1000 3.06*104 3.49*105 4*104 6.4*1013 4*104 

 887 

 888 

 889 
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Table 4: Estimation of the value of the life span (t∞) of a nano-Fe0 particle with 25 nm 890 

diameter for barrier life spans (t) from 10 to 40 years. The considered conventional reactive 891 

wall contains granular Fe0 with a diameter of 1 mm. For comparison the relative life span (in 892 

days and years) of the micrometric particles is given. 893 

 894 

t (years) 5 10 15 20 25 30 35 40 

tµm (days) 45.7 91.3 137.0 182.6 228.3 273.9 319.6 365.3 

tµm (years) 0.2 0.3 0.5 0.7 0.9 1.0 1.2 1.4 

t∞ (hours) 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 

 895 

 896 

  897 
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Table 5: Estimation of the extent of porosity loss (∆V) due to the volumetric expansion of 898 

iron corrosion for Fe0 particles of different sizes. The operational unit of time is 899 

arbitrarily the time to nano-Fe0 depletion (t∞). V0 is the volume occupied by the 900 

initial Fe0 particles; V∞ is the volume occupied by residual Fe0 and in-situ formed 901 

corrosion products. ∆V corresponds to the volume of pore occupied by the 902 

volumetric expansion of corrosion products. mconsumed = mass of Fe0 consumed; ν = 903 

percent of Fe0 depletion, nFe(II) = number of moles of corroded Fe0; nFe3O4 = number 904 

of moles of generated iron corrosion products, nelectrons = 2*nFe(II) = number of 905 

electrons released by corroded iron; and nnano/nelectrons is the ratio of the number of 906 

electrons produced in by nano-Fe0 to nelectrons. 907 

 908 

Size mconsumed ν V∞ ∆V ∆V nFe(II) nFe3O4 nelectrons nnano/nelectrons

 (kg) (%) (mL) (mL) (%) (moles) (moles) (moles) (-) 

nm-Fe0 100 100.00 264.16 137.16 108.00 17.857 5.9524 35.714 1 

µm-Fe0 3*10-3 0.30 127.41 0.41 0.32 0.053 0.0178 0.107 335 

mm-Fe0 3*10-4 0.03 127.04 0.04 0.03 0.005 0.0018 0.011 3342 

mm-Fe0 7.5*10-5 0.01 127.01 0.01 0.01 0.001 0.0004 0.003 13369 

 909 

 910 

 911 
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Table 6: Summary of the values of the number of particles contained in 1 kg of each nano-912 

Fe0, the number of layer making up each particle and estimation of the relative time 913 

(τ). The life span of the material with the smallest particle site (d = 10 nm) is 914 

operationally considered as the unit of time while assuming uniform corrosion. The 915 

ratio of the number of particles in 1 kg of d = 10 nm to that of other d values is also 916 

given. 917 

 918 

d nparticles nlayers nlayers/n10 n10/nparticles τ 

(nm) (-) (-) (-) (-) (-) 

10 3.06*1019 34.9 1.0 1.0 1.0 

25 1.96*1018 87.2 2.5 16 2.5 

50 2.45*1011 174.5 5.0 125 5.0 

75 7.25*1016 261.7 7.5 422 7.5 

100 3.06*1016 348.9 10.0 1000 10.0 

 919 

 920 
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Table 7: Summary of the extent of porosity loss (∆Vpore in %) as 1 kg of nano-Fe0 (V0 = 127 921 

mL) is corroded to various iron oxides. V∞ is the volume of iron oxide at Fe0 922 

exhaustion. The initial volume of pore (Vpore) is 530.4 mL and V’pore is the residual 923 

pore volume at Fe0 exhaustion. The absolute value of negative values for V’pore 924 

corresponds to the mass of nano-Fe0 which can not oxidize because of lack of space 925 

for volumetric expansion.  926 

 927 

Fe species η V∞ ∆V V'pore ∆Vpore 

 (-) (mL) (mL) (mL) (%) 

Fe0 1 127 0 403.4 23.9 

Fe3O4 2.08 264.2 137.2 266.2 49.8 

Fe2O3 2.12 269.2 142.3 261.1 50.8 

α-FeOOH 2.91 369.6 242.6 160.8 69.7 

γ-FeOOH 3.03 384.8 258.0 145.6 72.6 

β-FeOOH 3.48 442.0 315.0 88.4 83.3 

Fe(OH)2 3.75 476.3 349.3 54.1 89.8 

Fe(OH)3 4.2 533.4 406.4 -3.0 100.0 

Fe(OH)3.3H2O 6.4 812.8 685.8 -282.4 100.0 

 928 

  929 

 930 
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Figure 1 931 
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Figure 2 934 
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Figure 3 941 
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Figure 4:  947 
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Figure 5 951 

 952 

 953 

 954 

 955 

 956 

 957 



 48

Figure captions 958 

 959 

Figure 1: Comparison of the evolution of the kinetics of electron release and the number of 960 

layers in each Fe0 particle as a function of the particle size. It is shown that smaller particles 961 

release huge amounts of electrons within a very short time. Calculations are made for 1 kg of 962 

Fe0 material. 963 

Figure 2: Kinetics of the process of Fe0 exhaustion at nano-, micro- and millimetre scale as 964 

for: (a) d ≤ 1000 µm, and (b) d ≤ 200 µm.  965 

Figure 3: Kinetics of the process of porosity loss at nano-scale as characterized by: (a) the 966 

percent volumetric expansion for the five considered particle sizes, and (b) the absolute value 967 

of ∆V (mL) at τ = 1 for two different iron corrosion products (Fe3O4 and FeOOH). 968 

Figure 4: Calculated extent of Fe0 exhaustion as a function of the relative time (τ) for three 969 

ideal bimetallic systems based on the material with 100 nm diameter. The material with 10 970 

nm diameter is represented for comparison. 971 

Figure 5: Schematic diagram of the flow process of the U-shaped redox-front through a 972 

contaminated zone. Despite the relative importance of preferential flow paths, contaminants 973 

are “swept” by the roll-front. 974 
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