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Abstract

The Mdossbauer spectroscopy was used to monitor the mineralogical transformations of
ferrihydrite (F), lepidocrocite (L) and goethite (G) into magnetite as a function of aging time.
Ferric oxyhydroxides were reacted with soluble Fe' and OH in stoichiometric amountsto
form magnetite at an initial pH of ~ 9.7. Observed transformation extent into magnetite
followed the order: F > L > G with almost 30 % of untransformed G after 1 month. The
departure from stoichiometry, §, of magnetite (Fes 504) generated from F (6 ~ 0.04) and L (o
~ 0.05) was relatively low as compared to that in magnetite from G (6 ~ 0.08). The analysis
by transmission electron microscopy and BET revealed that generated magnetite was also
different in terms of morphology, particle size and surface area depending on the nature of
initial ferric oxyhydroxide. This method of preparation is a possible way to form nano-sized

magnetite.

Keywords: Ferrihydrite; Lepidocrocite; Goethite; Magnetite; Mdssbauer
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1. INTRODUCTION

Iron oxyhydroxides are abundant in the environment and influence the biogeochemical
cycling and availability of elements. In soils and sediments, iron oxides and oxyhydroxides
are commonly found as ferric minerals like goethite, ferrinydrite, hematite and lepidocrocite
with different characteristics such as crystallinity, stability, specific surface area and reactivity
[1, 2].Due to their high specific surface area, iron oxyhydroxides act as important sorbents for
dissolved species. They strongly influence the transport and availability of various nutrients
(e.g., C, N, and P) [1, 2] and the mobility of organic and inorganic contaminants [3, 4]. In
reduced soil zone, they exist as mixed Fe'-Fe'"' compounds such as fougerite, the mineral
counterpart of the Fe'-Fe'"" green rust or magnetite (Fe"'Fe'"',0,) [5, 6]. Due to the presence of
structural Fe", magnetite is considered as reactive and is involved in the reductive

transformations of inorganic [7] as well as organic pollutants [3, 8].

Magnetite can be synthesized in laboratory by various biotic and abiotic pathways. Formation
of biogenic magnetite was reported as a result of microbial reduction of iron oxyhydroxides
[9-12]. Abiotic procedures to form magnetite include partial oxidation of hydroxylated Fe"

solution [13] or co-precipitation of Fe" and Fe'"

salts in aqueous solutions [14]. Magnetite can
also be formed by interactions of ferric minerals with aqueous Fe'" that induce their structural
modifications and bulk phase transformations. These solid state transformations are controlled
by various factors like molar ratio x(Fe') = Fe'/[Fe" + Fe'"] [15-18], pH [18, 19], anionic
media [20], OH/Fe ratio [17, 21] and structure of initial iron oxyhydroxide substrate [22].
The interaction of iron oxides with aqueous Fe' may lead to their transformations into ferric
and/or mixed Fe"-Fe'' phases. Due to its poor cristallinity, solid state transformations of

ferrihydrite are more widely reported. In the presence of low concentration of Fe' species,

ferrihydrite was transformed either into goethite [14, 18-20, 23], lepidocrocite [18, 20, 22]or
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hematite [18, 24]. At high Fe' amount, mixed Fe'- Fe""" minerals such as magnetite [15-18,
22, 25] or green rust [17, 26] were formed from ferrihydrite or lepidocrocite. But, formation
of magnetite from goethite by Fe'' induced transformations has not been reported yet probably
because of its higher thermodynamic stability. Also a comparative quantification of magnetite
formation by using stoichiometric conditions from various ferric oxyhydroxides versustime
has seldomely been performed. In this study, Mdssbauer spectroscopy was used to determine
the transformation extent of ferric oxyhydroxides when reacted with hydroxylated Fe' species
in stoichiometric quantities to form magnetite. Mdssbauer spectroscopy is a potentially useful
tool for an accurate quantitative determination of the relative proportions of magnetite and
remaining ferric oxyhydroxides. A special attention was devoted to determine the evolution of

stoichiometry during transformation by determining Fe' and Fe'"

contents in magnetite
structure where nonstochiometric compound can be written Fes.s O4 [7, 27]. Indeed, the
reactivity and stability of magnetite is dictated partly by its stoichiometry defined by x =
Fe'/(Fe" + Fe"") where 0.67 < x < 1, with stoichiometric magnetite (x = 0.67 or & = 0) being
the most reactive composition [7]. It was shown that stoichiometric magnetite had a lower

reduction potential than that of non-stoichiometric magnetite, consistent with higher reactivity

toward pollutants such as nitrobenzene compounds [7].

Experiments were conducted on three different iron oxyhydroxides including ferrihydrite,
lepidocrocite and goethite. Their transformation extent into magnetite was quantified as a
function of aging time (1 hour, 1 day and 1 month). Morphological properties of initial and
final products were determined by transmission electron microscopy and multipoint N, BET

analyses.
2.EXPERIMENTAL SECTION

2.1. Sample preparation
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2.1.1. Initial ferric oxyhydroxides substrates

Experiments were conducted with three synthetic iron oxyhydroxides: 2-line ferrihydrite (F),
lepidocrocite (y-FeOOH) (L) and goethite (a-FeOOH) (G). The 2-line ferrihydrite (F) was
synthesized according to the method of Schwertmann and Cornell [28]. It was prepared by
neutralizing a 0.2 M ferric chloride solution with 1 M NaOH to a pH of around 7.5. The
lepidocrocite sample (y-FeOOH) was synthesized by vigorous air oxidation of the (0.228 M
FeCl,.4H,0 + 0.4 M NaOH) aqueous mixture under a constant neutral pH adjustment [28].
All the Fe"" precipitates were washed several times to remove electrolytes, centrifuged and
then dried. The goethite (G) sample was prepared by air oxidation of a hydrolyzed FeSO,

solution following a procedure described by Olowe et al. [29].
2.1.2. Transformation experiments

The mineralogical transformations of synthetic ferric oxyhydroxides were examined in batch
experiments at room temperature (20 £ 1 °C). To ensure the exclusion of O,, experiments
were conducted in glove box, an anoxic chamber (N2:H; = 98:2). Stoichiometric magnetite
(Fe" Fe'', 04) contains the Fe': Fe'' ratio of 1:2, so the quantities of ferric oxyhydroxide

(Fe'"") and Fe" were chosen accordingly. Firstly, a suspension of Fe'' oxyhydroxide was

prepared (100 mM as Fe'"

molar concentration) and purged for 1 hour with filter-sterilized N,
(99.99%) in order to ensure the evacuation of dissolved oxygen which is known to rapidly
oxidize Fe" in the presence of oxides at circumneutral pH [30]. The reaction was started by
adding FeSO,.7H,0 with Fe' molar concentration corresponding to 50 mM. An appropriate
amount of NaOH (1 M) was then added to the mixture (Fe'/Fe'"'-oxyhydroxide) to provide the

ratio n (OH") / n (Fe'"") = 1 where n represents the number of moles. Such a quantity of NaOH

was required to form stoichiometric magnetite (Reaction 1), thus the starting pH was very
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high (~ 9.7). The expected transformation of L and G into magnetite can be achieved through

the following reaction:
2Fe"'OOH + Fe'' + 20H= Fe''Fe",04 + 2H,0 (1)

The suspensions were vigorously stirred for 1 hour, and then aged without stirring at room

temperature for 1 hour, 1 day and 1 month.

At specified aging time, the corresponding batch was withdrawn from the series, centrifuged
and the solid was dried in glove box for further analysis. To measure the agueous
concentration of Fe' at each time point, aliquots were sampled from the batches, filtered
through 0.22 pum filters and added to a tube that contained 2 N HCI. The Fe" concentration in
a given solution was determined colorimetrically by the ferrozine assay as previously reported
[31]. Total Fe" concentration was measured by performing the ferrozine assay after a full
dissolution of the suspension in a concentrated HCI acidic solution. The pH of the

suspensions was also measured at each time point.
2.2.Sample characterization

Solid samples were analyzed by Mdssbauer spectroscopy. BackscatteringMaéssbauer
spectroscopy using the miniaturized Mdssbauer spectrometer MIMOS |1 [32]was employed to
determine the oxidation state of iron and the iron mineralogy of the samples. The filtered
samples were inserted into a ~ 3 cm? holder specially designed to perform backscatter
Maossbauer analyses at room temperature. Reemitted backscattered y-rays (14.4 keV) were
selected by four Si-PIN-diodes detectors. Centre shifts CS were reported with respect to that
of a-Fe at room temperature. Mdssbauer spectra were computer-fitted with either a sum of

Lorentzian shape lines or a VVoigt profile analyses [33].
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Transmission electron microscopy (TEM) observations were carried out with a Philips CM20
TEM (200 kV) coupled with an EDX energy dispersive X-ray spectrometer. The solid powder
was re-suspended in 2 mL ethanol under ultrasonication, and a drop of suspension was

evaporated on a carbon-coated copper grid which was placed on filter paper.

The specific surface area of synthesized solids was determined by multipoint N,-BET analysis
using a Coulter (SA 3100) surface area analyzer and was found to be 190, 59 and 38 m? g™

for F, L and G respectively.

3. RESULTS AND DISCUSSION
3.1. Initial ferric oxyhydroxides

The Mdossbauer spectroscopy was used to characterize ferric oxyhydroxides (F, L and G).
Hyperfine parameters corresponding to their spectra recorded at room temperature (Fig. 1) are

reported in Table 1. The F and L displayed typical Fe""

paramagnetic doublet and G spectrum
consisted of a sextet with asymmetrically broadened lines corresponding to a magnetically

ordered goethite.

Morphology of initial ferric oxyhydroxides is displayed by TEM images (Fig. S1) where F
particles are very small and heavily aggregated. The L crystals are lath-like and elongated
with gradually tapering ends like spindles. The length of the crystals is almost homogeneous
and varies between 200-300 nm. Crystal needle shapes were identified for G. These crystals

vary between 300 and 400 nm in length.
3.2. Transformation products

3.2.1. Mossbauer spectroscopy
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Quantification of formed magnetite

The Mdossbauer spectra of resulting products obtained by abiotic transformations of initial
ferric oxyhydroxides are shown (Fig. 2) along with hyperfine parameters (Table 1). Magnetite
formation was quantified after specified aging times of 1 hour, 1 day and 1 month.
Stoichiometric magnetite (Fe'" Fe'', 04) at room temperature (RT) has a spinel structure
whose Madssbauer spectrum at RT is constituted by a superposition of two subspectra
associated with the distribution of the iron in the octahedral (B) and tetrahedral (A) sites
represented by Sg and Sa respectively. The two valence states on octahedral sites are not
distinguishableabove the Verwey transition (125 K)due to a fast electron hopping between
Fe" and Fe'' in octahedral sites [34, 35]. The different Mossbauer spectra (Fig. 2) are
presented here to show the transformation of ferric oxyhydroxides into magnetite at each time
point. It was easy to distinguish the appearance of magnetite sextets (S) produced from F and
L substrates as both are characterized by doublets (D) in Mdssbauer spectra at RT. In contrast,
G at the same temperatureis characterized by magnetically ordered component that consist of
a sextet with lines that are asymmetrically broadened. The value of G magnetic hyperfine

field at room temperature (~ 378 kOe) [34]is much lower than the one obtained for sextets Sa

and Sg of magnetite (~ 490 and 460 kOe respectively; see Table 1).

The Mdossbauer spectra of the F-M transformations are shown in Fig. 2a. After 1 hour of
reaction, a doublet is present in the center of spectrum which reveals the presence of
untransformed F, along with magnetic sextets corresponding to a spinel (magnetite). The
relative abundance of doublet decreases with the increase in time (Fig. 2a). The magnetic
components are very broad and the spectrum is fitted with a distribution of sextets. The
broadening of sextets probably corresponds to the crystal growth of a poorly crystallized

magnetite. These sextets become more resolved and narrow as the time proceeds from 1 hour
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to 1 month that could be linked to the increase in the crystallinity of magnetite. Therefore,
only two sextets Sa and Sg are used to fit the spectrum after 1 month. Same trend is observed
in case of L (Fig. 2b), except that the transformation extent is lower. The sextets
corresponding to magnetite are also more resolved and narrow as compared to magnetite

formed from F. No other intermediate minerals are observed during magnetite formation.

The Mdossbauer spectra of the G-M transformation exhibit a different trend, in particular in the
initial step of the reaction (Fig 2c, G-1 hour). The spectrum is constituted by the sextet Sg of
untransformed goethite and two additional components: (i) sextet Sa (H = 491 KOe) and (ii) a
Fe"" paramagnetic doublet (4 = 0.71 mms™). These two last components are attributed to the
initial growth of nanocrystalline magnetite, which could be described as the early stages of
spinel phase formation on the goethite surface. Indeed, traces of magnetite was also observed
by XRD analyses (Fig S2). Small crystal size of magnetite may induce drastic changes in the
Massbauer spectrum (Fig 2c, G-1 hour) which reveals distinct components when compared to
the spectrum of the initial goethite (Fig 1). We observe the appearance of a paramagnetic
doublet D in the center and a sextet Sa which is superimposed upon those of Sg butwith a
magnetic hyperfine field much larger than the one obtained for goethite. The doublet D

resembles that of many other paramagnetic Fe'"

bearing species and is therefore generally not
applicable for identification of a spinel phase. However, the concomitant presence of doublet
D and sextet Sa similar to that obtained for iron in the tetrahedral site of the spinel inverse
structure indicate the presence of nanocrystalline magnetite should not be excluded. This
observation could explain consequently the spectral behavior which reveals the collapse of
magnetic ordering in octahedral sites governed by a superparamagnetic relaxation [36]. These
results could be interpreted by adsorbed Fe' species transforming themselves into growing

epitaxial nano-magnetite layer with magnetically short-range ordering. Doublet D could be

attributed to Fe'"' species formed by an electron transfer between adsorbed Fe' species and
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Fe'' species present on the goethite surface. Such Fe'-Fe'"' exchange was clearly
demonstrated by Williams et al. [37], by using the isotope specificity of *’Fe Mossbauer
spectroscopy. Increasing the aging time (1 day to 1 month) enhances the spinel ordering as
confirmed by the vanishing of doublet D and the appearance of the classical magnetic
components (Sa and Sg). Sextets of magnetite are now clearly resolved and the partial

conversion of goethite proceeds by solid-state reaction [17].

All these results consistently show that the F was more reactive to transform into magnetite.
Almost 90% of F was transformed into magnetite after aging time of 1h, as compared to 75%
of L and 11% of G. After 1 month, almost whole of F and L was transformed (Table 2). Large
amount (~ 70%) of G was transformed into magnetite after 1 month, although, goethite is one
of the highly stable oxides.The order of reactivity can be classified as F > L > G, which is
consistent with previous findings [22]. Pedersen et al. reported that the transformation extent
decreases by approximately one order of magnitude going from ferrihydrite to lepidocrocite to
goethite and the main control on the transformation yield appears to be affiliated with the
properties and crystallinity of the iron oxide mineral. This order of reactivity found in present
work (F > L > G) is in accordance with surface area, solubility, thermodynamic stability and
dissolution data previously reported in literature [22, 23, 38-40]. Size and order of crystal are
important determinative factors, affecting dissolution rate of iron oxides as ferrihydrite, an
unstable Fe oxide with a large specific surface is more soluble, whereas crystallized iron
oxides such as goethite are thermodynamically stable with a relatively low dissolution rate

[22, 23, 40].

Stoichiometry of final magnetite

10
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The degree of stoichiometry (8) of magnetite Fes.sO4 was quantitatively determined by using
the Mdossbauer data obtained during transformations (Table 1). The stoichiometry is defined
by x = Fe""/(Fe" + Fe"") where 0.67 < x < 1 with stoichiometric magnetite corresponding to
X = 0.67 and & = 0. Stoichiometry of magnetite was calculated as a function of aging time
from experimental values of relative areal (RA) of both sextets, Sa and Sg, as explained by
Zegeye et al.[9]. Because Mdssbauer spectroscopy was not always able to detect
unambiguously the presence of low amount of hematite ( < 10 wt%) in the presence of
magnetite [41], XRD was used to confirm the absence of aFe,Os in the final products (Figure
S2). A slight departure from stoichiometry was observed for final magnetite obtained from F
(6 ~ 0.04) and L (6 ~ 0.05) after 1 month. Magnetite formed from G was the least
stoichiometric as the transformation was not fully accomplished. A higher departure (3 ~ 0.2)
was observed for G product after 1 day that evolved towards lower value (6 ~ 0.08) in 1
month. On the contrary to magnetite formed from G, slight increase in departure from
stoichiometry of magnetite (6 = 0.005-0.05) in L product was observed with an increase in
aging time. Stoichiometric magnetite (6 = 0) was not obtained in any of the final product
regardless of initial ferric oxyhydroxide, although, the stoichiometric conditions were
imposed in the initial suspension. It suggests that small part of the initial soluble Fe" did not
incorporate in the final solid product leading to a non-stoichiometric magnetite. Similarly it
was reported elsewhere that excessive washing of stoichiometric magnetite caused the
magnetite to become oxidized due to Fe' dissolution [7, 8]. On the other hand, biogenic
magnetite was stoichiometric with 3 ~ 0 when the mineralogical transformation of L was
investigated in a Shewanella putrefaciens culture under anaerobic conditions using
methanoate as the electron source for almost 1 month [9]. Thus, stoichiometry of final
magnetite could vary according to the nature of initial ferric oxyhydroxide, aging time and the

pathway of magnetite formation. Stoichiometric magnetite may form directly by

11



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

coprecipitation [14] or bioreduction of lepidocrocite [9], while topotactic formation from
ferric oxyhydroxide leads to non-stoichiometric phases.Stoichiometry of magnetite is an

important characteristic as it can influence its reactivity.

3.2.2. Evolution of pH and concentration of soluble Fe"

Total and soluble Fe" concentration, pH in the oxide suspensions at specified aging times
during transformation process are reported in Table 2. The pH at the start of reaction was
almost same for F, L and G (~ 9.7). This value is significantly higher than the pH of
precipitation (~ 7) of Fe(OH), corresponding to the initial Fe' concentration. As the reaction
proceeded, a decrease in pH was observed as the OH™ species were consumed to form
magnetite as shown in reaction (1). Decrease in pH could positively be correlated to the
dissolution of the initial Fe(OH), precipitates into hydroxylated Fe' species adsorbed on the
ferric oxyhydroxides. After 1 month, the pH observed for F and L suspension was ~ 5.5 while
pH was higher (~ 7.5) for partially transformed G. The total Fe' concentration of the final
suspension (transformation product and solution) was measured during experiment and it was
almost the same as the initial concentration (50 mM) suggesting the absence of Fe' oxidation
(Table 2). On the other hand, concentration of soluble iron was very low after 1 hour of aging
time. Almost 98% of the input Fe' amount was rapidly removed from the aqueous solution
although the extent of transformation of F, L and G was different. It is probably due to
sorption of Fe' species on iron oxide surface as reported elsewhere [25, 38]. In this case, Fe'-
to-Fe'" electron transfer and precipitation processes are contributing to the observed sorption
phenomena. These observations are consistent with literature [40] stating that the Fe"
adsorption edge was the same for the three oxyhydroxide phases: goethite, hematite and

ferrihydrite. At pH > 7.5, the adsorption of Fe"' onto iron oxyhydroxide phases reach 100 %

12
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regardless of the tested oxide. Calculations using PHREEQC2 [42] of the pH dependence of
adsorption of Fe''on F, L or G confirms that all Fe'is adsorbed at a pH higher than 7. A
progressive release of Fe' in solution (~ 5-8 mM) was observed during the formation of
magnetite from F and L when the pH reached a value lower than 7 (Table 2). This
phenomenon could be attributed to a progressive desorption of previously sorbed Fe' species.
After 1 month of aging time, the transformation extent of F and L was very close to 100%
(Table 1). The departure from stoichiometry of the obtained magnetite is 6~ 0.04, its chemical

composition is therefore Fe',qgFe'0 504 (Fe'" : Fe'' of 2.36 instead of 2 for 5~ 0). By

considering that all the initial Fe'"

species (100 mM) were present inside the magnetite, 42.4
mM of Fe' are taking part in the formation reaction. Therefore, a concentration of 7.6 mM of
unreacted Fe' species is expected, which is in good agreement with that measured in solution
after 1 month of reaction for F and L (Table 2). On the other hand, pH was still higher than 7

after one month of G transformation therefore soluble Fe'" was almost negligible.

3.2.3. Morphological properties of transformation products

The morphology of the particles produced is available to clarify the transformation of ferric
oxyhydroxides into magnetite as shown by transformation products after 1 month (Fig. 3).
TEM findings were consistent with Mdssbauer results. Variations in size and shape of
magnetite particles were observed among the products of tested ferric oxyhydroxides.
Magnetite particles resulting from F transformation (Fig. 3, F-1 month) were smaller with
non-uniform size or shape. The shape of magnetite particles was between hexagonal to
octahedral in the transformation products of both G and L substrates (Fig. 3, G-1month, L-
1month). TEM images showed that there was still large amount of G which was not

transformed into magnetite, while traces of L were also visible. A difference in morphology
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and particle size of generated magnetite was observed dependent on the nature of initial
substrates. Indeed, the transformation of ferrihydrite produced small magnetite particles (< 50
nm) while those found in the transformation products of L or G have larger particles
(magnetite particles with 70-80 nm and 200-300 nm in L and G products respectively). It
seems that magnetite, formed by reaction with Fe", has morphology and particle size similar
to those of the initial oxyhydroxides which occurs in topotactic conversion of initial
compounds to magnetite [14, 43]. In addition, the Mdssbauer spectra of magnetite formed
from ferrihydrite displays broad lines, often caused by a structural disorder. This observation
is also in favor of a topotactic formation of magnetite onto poorly crystallized ferrihydrite. In
contrast, well ordered magnetite with sharp Mdssbauer lines was obtained from crystallized

iron oxides (i.e. L and G) (Fig. 2&3).

Since final product of G transformation is a mixture of goethite and magnetite, only magnetite
produced from F and L were characterized by N, adsorption isotherm. The specific surface
area (SSA) experimental value of magnetite, formed from F or L, determined by the BET
method was found to be 40 + 2 and 20 + 2 m? g, respectively. The radius of the supposed
spherical particles (the density of magnetite, p = 5.15 x 10° g/m®) can be related to the surface
area as A = 6/ (p.d). Thus, the calculated average diameter of a supposed spherical particle is
~ 30 nm and ~ 60 nm for magnetite from F for L respectively, which is consistent with the
average size estimated by the TEM observations. The size of magnetite particles in F product
falls in the size range of nano-particles of magnetite observed for commercially available

nano-magnetite (i.e. 48 m? g-1, 30 nm) [44].

5. CONCLUSION
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The transformation of ferric oxyhydroxides into magnetite was investigated in the present
work which contributes to our understanding of the magnetite formation in natural
environments. Order of reactivity to transform into magnetite was F > L > G. The evolution of
stoichiometry of final magnetite was also monitored. This study demonstrates that the
transformation of ferric oxyhydroxides in the presence of Fe''can be affected by many factors
including mineralogy of initial oxyhydroxide, aging time and solution chemistry. Magnetite
was the product, with variable stoichiometry, particle size and surface area, obtained from
different ferric oxyhydroxides. Magnetite was non-stoichiometric regardless of the initial
ferric oxyhydroxide although stoichiometric conditions were imposed. In the case of goethite,
it is more striking as observed by Madssbauer spectroscopy over aging time. The results
suggest a solid-state transformation of goethite into magnetite with an electron transfer
driving the spinel ordering between adsorbed Fe' and the ferric oxide. Moreover, reactivity of
the magnetite could be different depending on its source of ferric mineral which need to be
explored for remediation purposes. For example, magnetite produced from ferrihydrite was
more close to stoichiometry with smaller particles and higher surface area; all these factors
could possibly contribute towards its high reactivity. Fe"-induced transformations of ferric
oxyhydroxides could be a novel way to synthesize nano-sized particles of magnetite. These
findings have important implications for remediation technologies using magnetite as catalyst,

and also for the natural attenuation of contaminants in soils and sediments.
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Figure captions

Figure 1: M0ssbauer spectra of original ferric oxyhydroxides, ferrihydrite (F), goethite (G)
and lepidocrocite (L). Hyperfine parameters corresponding to these spectra are presented in
Table 1.

Figure 2: Mdossbauer spectra of the transformation products of (a) F-ferrihydrite, (b) L-
lepidocrocite and (c) G-goethite, obtained after aging time of 1 hour, 1 day and 1 month.
Hyperfine parameters corresponding to these spectra are presented in Table 1. The percentage
corresponds to the relative emission of the most intense lines.

Figure 3: Bright field TEM images showing the transformations products after an aging time
of 1 month where M stands for magnetite, L for lepidocrocite and G for Goethite.

20



437

438

Tables

Table 1:Mdssbauer hyperfine parameters of the spectra presented in Figure 1 and Figure 3.

CS: centre shift with respect to metallic a-Fe at room temperature; A: quadrupole splitting in

the paramagnetic state or & quadrupole shift; H: Hyperfine magnetic field; RA: relative area

and &: departure from stoichiometry of non-stoichiometric magnetite (Fes.sO4) determined by

classical Mossbauer analysis (6 = 0 for stoichiometric magnetite, Fe3Oy).

* § calculation is possible only when fitting of magnetite spectrum is done with two sextets;

Sa and Sg.
CS Aoreg H RA Stoichiometry
Sample Component (mm s (mms?Y)  (kOe) (%) 5
Ferrihydrite D 0.35 0.68 - 100 -
F-1 hour D 0.38 0.71 - 9
S1 0.30 0.20 459 13
S2 0.42 -0.07 430 68 *
S3 0.25 0.01 485 10
F-1 day D 0.34 0.61 - 4
S1 -0.01 0.005 476 12 *
S2 0.346 0.02 407 59
S3 0.678 0.02 462 25
F-1 month D 0.30 0.77 - 2
Sa 0.27 0 479 40 6=0.04
S 0.64 0 444 58
Goethite Sc 0.38 -0.13 351 100 -
G-1 hour D 0.39 0.72 - 7
Se 0.37 -0.13 364 89 *
Sa 0.37 0 491 4
G-1 day Sc 0.38 -0.13 378 68
S 0.64 -0.02 460 7 6=0.23
Sa 0.32 -0.004 491 25
G-1 month Sa 0.31 0.008 491 32
S 0.66 -0.003 458 35 6=0.08
S 0.38 -0.14 377 33
Lepidocrocite D 0.48 0.54 - 100 -
L-1 hour D 0.39 0.56 - 26
Sa 0.32 0.01 484 25 0 =0.005
S 0.61 -0.05 452 49
L-1 day D 0.39 0.56 - 2
Sa 0.33 0.006 488 47 6 =0.045
S 0.63 0 453 51
L-1 month D 0.40 0.53 - 2
Sa 0.33 0.01 490 41 6 =0.05
S 0.58 -0.02 456 57
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Table 2: Percentage of magnetite formation measured by Mdssbauer spectroscopy and

variousconcentrations measured in the supernatant.

Magnetite Total Fe" Soluble Fe"
Sample formation pH concentration concentration
(%) [mMM] [mM]

Ferrihydrite
F-t=0* - 9.7 -
F-1 hour 91 6.9 49 Not detected
F-1 day 96 6 48 2
F-1 month 98 5.6 49 8
Goethite
G-t=0* - 9.8 -
G-1 hour 11 8.4 47 Not detected
G-1 day 32 8.2 48 Not detected
G-1 month 67 7.5 49 Not detected
Lepidocrocite
L-t=0* - 9.6 -
L-1 hour 74 7.8 49 Not detected
L-1 day 98 6.4 48 2
L-1 month 98 5.6 47 55

* The pH was measured just after the addition of NaOH into the Fe""'-Fe' suspension
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Figure 3:
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Figure S1: Bright field TEM images showing initial ferric oxyhydroxides (F-ferrihydrite, L-

lepidocrocite and G-goethite).
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Figure S2:Evolution of the X-ray diffraction patterns of the various samples as a function of
aging time. Initial substrate is Ferrihydrite F (a), Lépidocrocite L (b) and Goethite G (c). M
stands for magnetite
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