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Abstract

Fell_pelll hydroxysalt green rusts (GR), {FeHz/3FeHIl/3 (OH)Z}(1/3)+~{[(1/3)/n]A”_-~ (m/n)HZO}(1/3)_, are prepared by
oxidising a Fe(OH), precipitate in presence of anions A"~ (CI—, S042-, C032_). Electrode potential E}, and pH recorded during
aerial oxidation depend on the initial ratio R = {[OH™]/ [Fell]}. For R = Ry =2, i.e. Fe(OH), stoichiometry, two stages are
observed and magnetite Fe3O4 forms. In contrast, an excess of FeZt ions, i.e. R < Ry, gives rise to 3 stages described in a mass
balance diagram: A around pH 7.2 ends at inflection point g, B around pH 6.5 at #r and C around pH 3.5 for strong acids
and 9 for buffered solutions. GR forms alone at fg if initial ratio R = Rg = 1.67. Fast oxidation by H;O», dry oxidation or
voltammetry lead to deprotonated GR whereas bioreduction yields deprotonated {FeH6(1_x)FeHIﬁxO]2H2(7_3x)}2+-[CO32_-
~3 H2O]2_ fougerite with x € [1/3,2/3]. Ey,—pH diagrams for hydroxycarbonate, chloride, or sulphate are presented. To cite this
article: J.-M.R. Génin et al., C. R. Geoscience 338 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Synthése des rouilles vertes par oxydation de Fe(OH),, leurs produits d’oxydation et réduction des oxyhydroxydes
ferriques ; diagrammes Eyp—pH. Les rouilles vertes, hydroxysels ferreux—ferriques de formule [Feuz /3Feml /3 (OH)Z](I/ I+,
{[(1/3)/n]A"~ -~ (m/n)Hpy0}1/3)~ se préparent par oxydation d’un précipité de Fe(OH), en présence d’anions A"~ tels que
Cl, SO42_, CO32_. Potentiel d’électrode E}, et pH enregistrés au cours de 1’oxydation a I’air dépendent du rapport initial
R={[OH™]/ [FeH]}. A stoechiométrie de Fe(OH), si R = Ry, = 2, deux étapes s’observent formant Fe3O4. En revanche, I’exces
d’ions Fe?t si R < Ry, entraine trois €tapes : A autour de pH 7,2 finit au point d’inflexion tg, B autour de pH 6,5 a #¢ et C autour de
pH 3.5 pour les acides forts et 9 pour les solutions tamponnées. A tg, larouille verte se forme seule, si initialement R = Rg = 1,67.
Ces étapes s’inscrivent dans un diagramme bilan matiere. Oxydation rapide par HyO,, séche ou voltampérométrie conduisent a une
rouille verte déprotonée, alors que la bioréduction donne la fougérite {FeH6(1_ x)FeHIﬁxO 12H(7-3 x)}2+-[CO327-~3 H20]27,
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ou x € [1/3,2/3]. Enfin, sont présentés les diagrammes Ep—pH des rouilles vertes des especes carbonate, chlorure et sulfate. Pour

citer cet article : J.-M.R. Génin et al., C. R. Geoscience 338 (2006).

© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Fel™ I hydroxysalt green rusts (GR) were long ago
recognised as transitory intermediate products during
the wet corrosion of iron-base materials. For instance,
Girard, entitling his thesis work in 1935 “de la consti-
tution des rouilles” [10], attributed a green compound
forming in a sulphated medium to a hydrated mag-
netite. Thus, the preparation of GRs by oxidation of
Fe(OH); was the predilection of corrosion scientists that
essentially tried to simulate the process of oxidation
of Fe species. It was used extensively for many years
in several aqueous solutions containing the major an-
ions C1~, SO4>~, CO3°~, but also F~, 17, Br™, SO3°~,
$203%7, C204%7, Se04%™ [2,5,6,14-18,24,25]. In con-
trast, NO3 —, PO43_ or OH™, never gave successful re-
sults. During aerial exposure of the solution, the elec-
trode potential Ey, and pH of the aqueous solution are
recorded and the precipitates are filtered and analysed
by XRD and Mossbauer spectroscopy. In particular, any
salient point in the curves is carefully analysed since it is
assumed to correspond to particular conditions in the re-
action process. This method for preparing GRs became
very reliable but is obviously cumbersome and not so
efficient in comparison with the coprecipitation method
[3,22,23]. However, the Ey and pH curves gave very
valuable thermodynamic information that allowed us to
draw the Ey,—pH Pourbaix diagrams. These experiments
were completed by determining the end products of ox-
idation, which were very various and were essential
for understanding the properties of corroded materials.
A comparison with a fast oxidation of GR as done with
H>0; or a slow oxidation after drying or by voltamme-
try or by bacterial reduction of ferric oxyhydroxides is
also made in this article for clarity. It is the clue of the
formation of partially deprotonated Fe'"™ ! hydroxycar-
bonate fougerite in anoxic gleysols that could be written
in its general form [FeHG(],X)FeHI6x012H2(7,3x)]2+~
[CO3%~-~3H,01]?~, where x lies in the [1/3,2/3] in-
terval.

2. Aerial oxidation of Fe(OH), within solution
2.1. Experimental Ey, and pH versus time curves

Ferrous hydroxide precipitated into solution by mix-
ing a ferrous salt comprising anion A"~ with caustic
soda. In most studies, initial conditions were given by
a ratio {[F62+]/[OH_]} = {[FeA2/n)]/[NaOH]} of the
concentration of ferrous salt over that of NaOH most of-
ten comprised between 0.2 and 0.4 mol1~!. Tt is equiv-
alent to R~! as named in the coprecipitation method
where R was defined as {[OH_I]/[Femtal]} [3,22,23].
Then, the solution was stirred in the presence of air
at constant velocity in a beaker with a magnetic rod
and two electrodes recorded pH and potential using
a calomel electrode as a reference, even though the po-
tential Ey, was reported with respect to the standard hy-
drogen electrode (SHE). Ferrous chloride FeCl,-4 H,O
and melanterite FeSO4-7 H,O were appropriate for C1~
and SO4%~, but it became much less easier for CO32~
anions, since carbonate salts were not soluble; Fe(OH);
precipitated with ferrous sulphate before adding sodium
carbonate to obtain GRI(CO32_) [5]. The same was
done for GR1(S0327) [24], GR2(S;0327) [17], and
GR2(SeO42_) [18]. In presence of an excess of fer-
rous salt to precipitate Fe(OH),, typical curves of Ey
and pH vs. time curves display three stages (Fig. 1).
A first one (A) ends at the inflection point #; where
all ferrous hydroxide is transformed into GR incorpo-
rating present anions A"~. During a second stage B
ending at inflection point #;, the GR oxidises into the
usual ferric rusts and disappears completely. A third
stage C from f to 5 corresponds to the oxidation of
Fe!l ions left within the solution. Fig. 1 reports specifi-
cally the case of the sulphate medium, which is chosen
here since it was the most widely studied system, set-
ting the initial concentrations at R = Ry = (5/3) = 1.67
to obtain solely GRZ(SO42’) [6]. Samples of transient
compounds during oxidation were analysed by Moss-
bauer spectroscopy at 15 K (Fig. 2) where they were set
in a holder inside the cryostat only a few seconds after
filtration.
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Fig. 1. (a) Zero-current potential E}, (SHE) and pH vs. time curves
recorded during the oxidation of an aerated suspension of fer-
rous hydroxide in a sulphate containing medium for initial ratio
R = {[OH™]/[Fetotal]} = Rg = 1.67. Three stages A, B and C illus-
trated by plateaus when Ey}, and pH stay constant correspond to three
equilibrium reactions. At tg, 100% of GR2(SO42*) forms and at ¢
there exist only one solid phase, lepidocrocite y-FeOOH with Fell
ions within solution. Points (a)—(g) indicate the times at which the
precipitates analysed by Mossbauer spectroscopy were sampled [6].
(b) Transmission electron micrograph of sample of GR at g [6].

Fig. 1. (a) Courbes du potentiel d’électrode a courant nul Ey, (SHE) et
pH, enregistrées en fonction du temps au cours de 1’oxydation a I’air
d’une suspension d’hydroxyde ferreux dans un milieu contenant du
sulfate pour un rapport initial R = {[OH™]/[Feioall} = Rg = 1,67.
Trois étapes A, B et C, illustrées par des plateaux ou E}, et pH restent
constants, correspondent a trois réactions a I’équilibre. A tg, 100% de
rouille verte se forme et & #r existe une seule phase solide, la 1épido-
crocite Y-FeOOH, en compagnie d’ions Fell en solution. Les points
(a)—(g) indiquent les moments ou ont été prélevés les échantillons en
vue de I’analyse par spectrométrie Mossbauer [6]. (b) Micrographie
électronique en transmission d’échantillon de rouille verte prélevé
atg [6].

2.2. Mass-balance diagram

2.2.1. Formation of green rust (Ry = 1.67)
Interpretation of the Ey and pH versus time curves
is easy within the frame of the mass-balance diagram
where R = {[OH™J/[Feial]} is plotted versus x =
{[Fe™)/[Few]} (Fig. 3) [22,23]. Initial conditions are
shown in the diagram by a point on the co-ordinate axis

that corresponds to a mixture of the initial precipitate of
Fe(OH); at point G, (R, x) = (0, 2), and Fe!' within so-
Iution at F, (0, 0). During the overall oxidation process,
Fe(OH), transforms into FeOOH and reaction paths fol-
low straight lines with a slope of 1 (Fig. 3). Therefore,
the straight line that goes directly through the point rep-
resenting GR2(S04%7) at (0.33,2) has for co-ordinate
atorigin (0, 1.67); Ry = (5/3) = 1.67 is the initial value
of R to obtain 100% of GR with an excess of Fe!l with
respect to Fe(OH);, at R = Ry = 2. Stage A that starts
at point A (fog) to end at B (#g) is thus the oxidation of
Fe(OH); (cf. Fig. 2a) into GR2(SO427) (cf. Fig. 2d) us-
ing this initial excess of Fell and anions at R = Ry:

5Fe'l(OH), + SO4>~ + Fe?t + (1/2) 0> + H,0
= Fe!l,Fe"l, (OH) 1,504 (1a)

Then, stage B that elapses from point B (z3) to C
(#) is the oxidation of GR2(SO427) into FeOOH, here
lepidocrocite, that releases Fe2* ions and anions into
solution:

Fe'lyFe!,(OH) 2S04 + (3/4) O,
= 5FeMOOH + S042~ + Fe?t + (7/2)H,0  (1b)

Then, during stage C, Fe?* within solution gets ox-
idised into FeOOH (cf. Fig. 2g) for one third of it and
2/3 in solution; the solution gets acidic gradually (cf.
Fig. la):

3Fe’t 4+ (3/4) 05 + (1/2) H,0 = FeOOH + 2 Fe*+

(1c)

As a whole, the initial Fe(OH), at point A becomes

ferric oxyhydroxide a-FeOOH goethite and Fe** ions
in acidic solution at point D according to:

5Fe''(OH), + Fe?* + (3/2) 0,
= (16/3) Fe"OOH + (2/3) Fe** + (7/3) H,0
(1d)
At D on tie-line EI, the mixture of FeOOH and Fe3*
is in the 8:1 proportion (Eq. (1d)).

2.2.2. Formation of magnetite (R, =2)

The direct oxidation of Fe(OH); at stoichiometry, i.e.
initially at R = Ry, = 2, that starts at 7o, (point G) corre-
sponds to the 2 reactions D and E where the Ey, and pH
vs. time curves present only one inflection #,, (point H)
(Fig. 3). Fe(OH), becomes directly magnetite Fe304
and then magnetite gradually transforms in situ into
v-Fe> 03 maghemite (point E) rather than into FeOOH,
since maghemite has the same spinel structure. Reac-
tions are respectively:

3Fe'(OH), + (1/2) 0, = Fel'Fe,04 + 3H,0  (2a)
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Fig. 2. Transmission Mossbauer spectra measured at 15 K of the solid phases sampled at various times of the oxidation of ferrous hydroxide. Times
(a)—(g) of sampling are indicated on the E}, vs. time curve of Fig. 1 [6]. (a) Ferrous hydroxide prepared in basic medium, (b) and (c) in plateau A
during the first stage: a mixture of ferrous hydroxide and GR, (d) at zg, GR is alone, (e) and (f) during the second stage in plateau B, y-FeOOH
and then «-FeOOH increase at the expense of GR, (g) during the last plateau C, there are only x- and y-FeOOH as solid phases.

Fig. 2. Spectres Mossbauer par transmission mesurés a 15 K des phases solides prélevées a diverses périodes de I’oxydation de 1’hydroxyde
ferreux [6]. Les instants de prélevement de (a) a (g) sont indiqués sur la courbe Ey}, en fonction du temps de la Fig. 1. (a) Hydroxyde ferreux
préparé en milieu basique, (b) et (¢) mélange d’hydroxyde ferreux et de rouille verte sur le plateau A au cours de la premiere étape, (d) la rouille
verte est seule a Ig, (e) and (f) au cours de la seconde étape sur le plateau B, y-FeOOH, puis «-FeOOH croissent au dépens de la rouille verte,
(g) au cours du dernier plateau C ne se trouvent que les phases solides «- and y-FeOOH.

Fel'lFe'",04 + (1/4) 0, = (3/2) y-Fe',0;3 (2b)

It is clear that no route exists to go merely from a GR
to magnetite by aerial oxidation within solution. It has
been claimed sometimes in corrosion science that a GR
should be the precursor of magnetite [13]. If this would
occur it could not be simply by aerial oxidation.

2.2.3. Trigger value R. =1.714

It has been carefully established by coprecipitation
of Fell and Fel jons in the presence of SO42~ that
the formation of GR2(SO4%~) necessitates an excess
of OH™ ions [22,23]. This surprising result at a first
glance comes from the mechanism of formation of the
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Fig. 3. Mass-balance diagram of iron species in a sulphate containing medium where GR2(SO42*) forms. Three routes are drawn to illustrate the
aerial oxidation of Fe(OH), where initial values of R are R =2, Rc = 1.714 and Rg = 1.67.

Fig. 3. Diagramme bilan matiére des especes du fer dans un milieu contenant des ions sulfate ol se forme GR2(SO42_). Trois cheminements sont
représentés pour illustrer I’oxydation a I’air de Fe(OH); ou les valeurs initiales de R sont R, =2, Rc = 1,714 et Ry = 1,67.

GR where Fe(OH); layers grow parallel to the sur-
face of the solid ferric oxyhydroxide by trapping an-
ions in between and electron transfer takes place from
Fell to the ferric substrate [23]. The GR2(SO427) par-
ticle grows progressively and will separate from the
shrinking FeOOH crystal sooner or later. Line R =
7 x x thus plays a specific role and its intersect with
R = 2 separates two different behaviours correspond-
ing to a value R = R, = (12/7) = 1.714 (Fig. 3). When
Ry =2 > R > R, = 1.71, the straight line cuts tie-
line GB joining Fe(OH), and GR2(S0427) before that
joining GR2(S0427) and Fe30y, i.e. BH. This mixture
evolves into FeOOH and some magnetite may remain.
If Re =171 > R > Ry = 1.67, all Fe(OH); transforms
into GR2(S04%7) and no magnetite is observed.

2.3. Products of oxidation within solution

2.3.1. Lepidocrocite and goethite for GRI(Cl™) and
GR2(S0.4%7) in acidic medium

The determination of the products of oxidation of
GRs are of major importance for some technological

% AN W G L ‘/
|
| 80 WF93°4 ofecon W~
60 : AA~A
|
L 40 | / B-FeOOH
A . /.
20 1/ l sy A n
| yaee® Y, Al
P! V_T T T T T
5 75 1 15 2 3 4 5 67 8

R’={[CIT/[OHT}=2/R

Fig. 4. End-products of the aerial oxidation of Fe(OH), in
chloride containing medium with respect to the initial ratio
={[CI"]/[OH™ ]} =2/R [13,14]. ¥ M: Magnetite, A G: goethite,
B L: lepidocrocite, @ A: akaganeite.
Fig. 4. Produits finals de 1’oxydation a I’air de Fe(OH); en milieu
chloruré en fonction du rapport initial R’ = {{CI"]/[OH"]} = 2/R
[13,14]. ¥ M : Magnétite, A G : geethite, B L : Iépidocrocite,
@ A : akaganéite.

issues involving corrosion and environmental science
as well. It is also a topic by itself for explaining the
genesis of minerals. Early works were devoted to the
final products of oxidation of Fe(OH), when vary-
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Fig. 5. Aerial oxidation of Fe(OH), in the carbonate-containing solution and corresponding Mdssbauer spectra showing the formation of ferrihydrite
at the end of stage B before transforming into goethite. The solution is buffered by HCO3 ™~ ions around pH 9. D1, D5, D3: GR1 (CO32_) doublets,
Sy: ferrihydrite sextet, Sy, S3: goethite sextets, Dy: ferrihydrite doublet, zg: some GRI(C032*) alone, #1: GR1 (C032’) + some ferrihydrite,
tr: GR1 (CO32_) + goethite + ferrihydrite, 73: goethite + ferrihydrite. After #¢: goethite alone.

Fig. 5. Oxydation a I’air de Fe(OH); en solution carbonatée et spectres Mossbauer afférents montrant la formation de ferrihydrite en fin d’étape B,
avant transformation en goethite. La solution est tamponnée par les ions HCO3 ™~ aux alentours de pH 9.

ing the initial ratio R = {[OH™]/[Fea]}. This is il-
lustrated for the chloride-containing medium where
R’ = {[CI"]/[OH™]} = 2R~ [16]. M&ssbauer spec-
troscopy was used for analysing the final products
(Fig. 4). Magnetite is obtained for R’ ~ 1, i.e. R ~ 2,
then goethite «-FeOOH is maximum for R’ ~ 1.67.
Then lepidocrocite y-FeOOH is overwhelming around
R’ =3.5, whereas akaganeite 3-FeOOH begins to ap-
pear for R" =4 and is alone for R’ = 8. A comparable
result is observed for the sulphate containing medium,
i.e. magnetite for R ~ 2, then an increase of goethite
that drops suddenly at R = R, = 1.714 where lepi-

docrocite appears at 75% and decreases slowly along
with a new increase of goethite. In both examples,
lepidocrocite appears at the end of stage B before it
transforms into x-FeOOH according to reaction (1c) in
acidic conditions if GRs form as its precursor in the
pathway.

2.3.2. Ferrihydrite and goethite for GR1(CO3°~) in
basic medium

The carbonate-containing medium behaves differ-
ently at R; = 5/3; GR1(CO3%7) transforms into ferri-
hydrite, which itself transforms into goethite later on
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A : Fe(OH), + Fe"

* 4 B:Fe",Fe",(OH)2COs
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Fig. 6. Mass-balance diagram comprising Fell-HI hydroxycarbonate green rust GRl(CO;Z_) at stoichiometry, i.e. x = 1/3. The path followed
during the aerial oxidation of Fe(OH), with an excess of Fez+aq is stressed displaying the three stages, AB, BC, CE, as observed in E}, or pH vs.
time curves (inset). The final ferric oxyhydroxide is ferrihydrite at point C (stage B) that transforms slowly into goethite (stage C) from C to E.

Fig. 6. Diagramme bilan matiere comportant I’hydroxycarbonate ferreux—ferrique GRl(CO32_) rouille verte a la steechiométrie, c’est-a-dire
x = 1/3. Le chemin suivi au cours de I’oxydation a I’air de Fe(OH), en exces de Fe2+aq est souligné, montrant les trois étapes, AB, BC, CE,
observées sur les courbes E}, ou pH en fonction du temps (encart). L’ oxyhydoxyde ferrique final est la ferrihydrite au point C (étape B), qui se

transforme lentement en geethite (étape C) de C a E.

(Fig. 5) [1]. It was demonstrated that the evolution
could be stopped by the adsorption of anions such
as phosphate onto ferrihydrite. Field observations that
ferrihydrite of reddish brown colour forms in water-
logged soils where bluish green fougerite lies are a good
indication that the hydroxycarbonate is indeed con-
cerned.

Fig. 6 allows comparing the reaction path in the case
of the carbonated medium with those of chloride and
sulphate media. The two first stages are similar and cor-
respond to the same reactions: stage A is the oxidation
of Fe(OH); into the GR at #; incorporating the afferent
anion and stage B the oxidation of GR giving FeOOH
(ferrihydrite or lepidocrocite) by releasing Fe!' ions and
intercalated anions into solution at #;. However, stage C
is quite different, since the solution is now buffered by
the released HCO3~ ions; CO3%~ ions within the solid
GR become HCO3 ™ ions by consuming protons of the
solution and thus the pH increases. This is illustrated
by the pH curve that remains basic around 9 (inset of

Fig. 6). Consequently, Fel ions can only get oxidised
into Fel' ions that immediately precipitate and the path
is line CE that reaches 100% of o-goethite. Finally the
three stage reactions become:

Stage A: Fe(OH), gets oxidised by incorporating
carbonate ions:
5Fe'(OH), + CO3%~ + Fe?tyq + (1/2) 02 + H,0
= Fell,Fe!', (OH) ,CO3 (32)

Stage B: GR1(CO327) gets oxidised into ferrihydrite
releasing Fez+aq and CO32~ ions:
Fe'l,Fe'l, (OH)1,CO3 + (3/4) 05

= 5FeOOH + CO3*~ + Fe*"yq + (7/2) H,0
(3b)

Stage C: FeHaq gets oxidised participating to the
transformation of ferrihydrite into goethite by consum-
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ing OH™ ions:

Fe’,q 4 (1/4) 02 +20H™ = FeOOH + (1/2) H,0
(3¢)

As a whole, Fe(OH), gets oxidised into «x-FeOOH
with oxygen by incorporating the excess of Fe>+ aq from
solution along with some OH™ ions in stage C:

5Fe''(OH), + Fe?* 4q + (3/2) 02 + 20H™

= 6Fe""O0H + 3H,0 (3d)

Note that for strong acids, e.g., for CI~ or SO42’,
stage B yields lepidocrocite and Fe!l ions partially oxi-
dising into Fe!'l within acidic solution (Fig. 1), whereas
for buffering carbonate, ferrihydrite forms since Fell
ions cannot become Fe!'! within a solution that remains
basic. Formations of lepidocrocite or ferrihydrite are
consequences of the pH of the ending solution.
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3. Deprotonation of green rusts
3.1. Fast or dry oxidation

The fast oxidation of GRs by hydrogen peroxide or
an aerial oxidation of previously dried GRs gives rise
to the fully deprotonated ‘ferric GR’. For instance, in
the case of GR1(Cl7), instead of getting the XRD pat-
tern of lepidocrocite or ferrihydrite as for the aerial
oxidation in solution, the oxidised product has a pat-
tern quite similar to that initially observed and only
lattice parameters are slightly different with blurred
and broadened lines [19]; however, its Mdssbauer spec-
trum displays only ferric sextets at 12 K and no fer-
rous quadrupole doublet at 78 K. Thus, its formula
is [Fe;OgHs]"-[C1™-~2H,01%>~. Moreover, the com-
pound has a bright orange colour [19]. In the case of
GR1(CO3%7), we obtain also a “ferric GR1(CO3%7)*’,
[Fels01,Hg]**-[CO3%~-~3 H,0]>~. How to represent

Ferroxyhite & FeOOH

Violent or dry oxidation

{non-1 (Neeqy + Neeqny)}

1.67
1.5

R

B: Fe'', Fe", (OH)1, GOs
D: Fe'"s (OH)4 (OOH); CO

BD: Fe”6(1-x) Fe's (OH)4(4-3x) (OOH)3z(34.1) CO3
C: Fe(OH), j?

E: Ferroxyhite & FeOiOH

GR1(CO;*)*
Ferric GR

0 0.2 T 04

0.67
0.6

| Fe(m%.)

0.8 1

Xreany = {Nreany/ (Nreqy + Mrequ))}

Fig. 7. Mass-balance diagram comprising Fell-I hydroxycarbonate green rust GRl(CO32_) at stoichiometry, i.e. x = 1/3 (point B) and ferric
GRl(CO32_)* (point D). The path followed during the fast oxidation of GRl(CO32_) by HyO5 is stressed. The final ferric oxyhydroxide is the
fully deprotonated green rust GRl(CO327)*. A similar deprotonation process may occur with Fe(OH); to form $-FeOOH-feroxyhyte mineral.
Fig. 7. Diagramme bilan matiere comportant I’hydroxycarbonate ferreux—ferrique GRI(C0327) rouille verte a la steechiométrie, c’est-a-dire
x =1/3 (point B) et sa forme ferrique GRI(CO32_)* (point D). Le chemin suivi au cours d’une oxydation rapide de GR](CO32_) par HyO; est
souligné. L’ oxyhydroxyde ferrique final est la « rouille verte » completement déprotonée, de couleur orange, GRI(CO32_ )*. Un processus similaire
de déprotonation peut survenir avec Fe(OH), pour former le minéral feroxyhyte 6-FeOOH.
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this compound in the mass-balance diagram? The initial
GR1(CO327) was represented by point B [1/3,2] and
GRI1(CO32)* by point D [1, 8/3] (Fig. 7). The oxida-
tion path is consequently line BD of slope 1 that joins
these two points. A partial deprotonation of GR can be
obtained by adjusting precisely the amount of H,O; to
aim at an intermediate value of x in the way between
1/3 and 1. Mo6ssbauer spectra have been shown and any
point in line BD (Fig. 7) represents such a GR of for-
mula Fel'(1 ) Fe'6,012Hy(7-3,CO3 [9].

The same type of phenomenon occurs if oxidising vi-
olently Fe(OH), with HyO». A phase named 6-FeOOH
forms. Its mineral counterpart is feroxyhyte [4]. In both
cases, the original crystal lattice is conserved; each
Fell(OH)g octahedron becomes a Fe'l(OOH); octahe-
dron while the Fe!l gets oxidised. Reactions are quite
similar as shown in the mass-balance diagram (Fig. 7).
Starting at point G [0, 2], Fe(OH), for ferrous hydrox-
ide, one ends at point E [1, 3], $-FeOOH for feroxyhyte,
by consuming some OH™ and following path GE ac-
cording to:

Fe(OH), + (1/2) H,0, — 5-FeOOH + H,0 4)

For its part, the fast oxidation of GR1(CO3%7) that
starts at B [1/3,2] and ends at D [1, 8/3] with also
a consumption of OH™ follows accordingly path BD:

Fell,Fe!'', (OH) 1,CO3 + 2 H,0,
— Fe'401,H3CO3 + 4 H,0 (5)

3.2. Voltammetry

Voltammetric curves have been drawn to form
GRI1(CO3%7) and obtain electrode potential data by
using an iron foil [11]. The curve is reversible and
a hysteresis occurs in situ during oxidation and reduc-
tion (Fig. 8a). SEM picture displays hexagonal orange
ferric GR1(CO327)* crystals (Fig. 8b); a continuum
{Fellg(1—)Fellle, O12Ha(7-31) >+ [CO32~ -~3 H,01%~
exists where x lies all over the [1/3, 1] interval. Us-
ing voltammetric curves is common in corrosion science
giving valuable information. In this extremely important
case — since it deals with the corrosion of iron-made ma-
terials and steels —, products and processes can be quite
different, due to the various conditions of oxidation that
can be encountered. This renders any prediction more
difficult.

4. Reduction of FeOOH

The mass-balance diagram was very useful for illus-
trating the three reaction stages that evolve during the

ol --- - Isteyele

— 4th eyele
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o
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Fig. 8. (a) Voltammograms obtained on iron disc at 10 mV s Lin
0.4 M NaHCOj5 solution at 25°C and pH = 9.6. (b) SEM image of
the orange ferric compound resulting from the oxidation by air of elec-
trochemically formed GR2(CO32*) after ageing at 30 °C for 50 days.

Fig. 8. (a) Voltampérogrammes obtenus avec un disque de fer a
10 mV s~! dans une solution 0,4 M NaHCOj3 a 25°C et pH = 9,6.
(b) Image au microscope a balayage du composé ferrique orange
résultant de I’oxydation a I’air de GR2(CO32_) formée électrochi-
miquement aprés vieillissement de 50 jours a 30 °C.

oxidation processes of Fe(OH); as discussed previously
for aerial oxidation, i.e. by following initially (stages A
and B) a straight line of slope 1 (Figs. 3 and 6). Simi-
larly, a fast oxidation as accomplished by using H,O;
gave rise to a deprotonation of GR, the ‘ferric GR*’
and the pathway followed also a line of slope 1 from B
to D as drawn for the carbonated medium (Fig. 7). How
to materialise the pathways when starting from the fer-
ric oxyhydroxides? From point E (1, 3) that represents
FeOOH, there are three possibilities (Fig. 9): (i) the
dissolution of Fe in an acidic medium illustrated by
a vertical line EI, x = 1, that is the tie-line between solid
FeOOH and Fe3t jons, (ii) a reductive dissolution fol-
lowing line EF of slope 3 that represents a mixture of
FeOOH and FeZt ions in solution, (ii7) a reduction of
the solid phase following line EH of slope 1 that reaches
Fe3Oq4.

4.1. Bioreduction of ferric oxyhydroxides

The second pathway EF is followed during the dis-
similatory reduction of FeOOH by bacteria (Fig. 9) [12].
The practical role of DIRB is to reduce ferric species
from solid state into Fe>* ions that are dissolved in cir-
cumneutral medium by enzymatic activity [20,21]. This
produces a mixture of Fe?> and FeOOH and the running
point migrates from E to F (Fig. 9).

The precipitate that forms depends on the position at
which the mixture of FeOOH and Fe!! is located be-
fore a coprecipitation occurs in relation with the pH
of the solution through the value of R. From E to C*
where x = 2/3, only off-stoichiometric magnetite may
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Fig. 9. Mass-balance diagram including Fell-HI hydroxycarbonate green rust GR](CO32*) at stoichiometry, i.e. x = 1/3 and ferric GR1(CO3

27)*.

The paths followed during the bacterial reduction of any ferric oxyhydroxide by dissimilatory iron reducing bacteria (DIRB) are stressed demon-
strating that magnetite or partially deprotonated hydroxycarbonate may form depending on the bacterial activity. Fougerite is GRI(C0327)* in the
range (1/3) < x < (2/3), whereas magnetite is in the range (2/3) < x < 1.

Fig. 9. Diagramme bilan matiére de I’hydroxycarbonate ferreux—ferrique GR](CO32_) rouille verte a la steechiométrie, c’est-a-dire x = 1/3 et
GRI(CO32*)* ferrique. Les cheminements suivis au cours de la réduction bactérienne d’un quelconque oxyhydroxyde ferrique par les bacté-
ries ferriréductrices dissimilatives sont soulignés, montrant que la magnétite ou I’hydroxycarbonate partiellement déprotoné peut se former selon
I’activité bactérienne. La fougérite se trouve dans le domaine (1/3) < x < (2/3), alors que la magnétite se trouve dans le domaine (2/3) <x < 1.

form following line C’ to B’ (Fig. 9). From C* to C**,
only GR1(CO3%™)* forms by coprecipitation (C”B”) in
circumneutral conditions. The domain of biogenerated
hydroxycarbonate corresponds to [1/3, 2/3] and the re-
action is:

6x Fe'OOH + 6(1 — x) Fe>* + CO3>~

4+ 2H,0+2(5 — 6x) OH™
— Fellg_)Fellls, 012Ha(7-3,)CO;3 (6)

4.2. The Fe'™ hydroxycarbonate fougerite

Occurrences of GRs in the Gr horizon of a gley
soil are consistent with the previous scheme. The min-
eral is formed by bacterial reduction of ferric oxy-
hydroxides [8]. Carbonate and Fe!l ions come from

the consumption and decomposition of humic sub-
stances, and the respiration of bacteria. Route EC”B”
of Fig. 9 is followed, giving rise to partially deproto-
nated GR1(CO327)* where x belongs to the [1/3,2/3]
interval. All fougerite minerals identified up today dis-
play Mossbauer spectra where x belongs to this interval.

Therefore, fougerite is [FeH6(1_x)FeHI<,x012
Ho(7-31)1*7-[CO32~-~3H,0]*~ where x € [1/3,2/3].
Some minor substitution of Fe!l and Fe'l! by Mg!! and
AI"l'in Nature cannot be excluded.

5. Eyw-pH Pourbaix diagrams of green rusts

Monitored aerial oxidation of Fe(OH); was exten-
sively utilised for preparing GRs, but also for deter-
mining their composition [5,6,14,17]. The preparation
by coprecipitation of Fe'l and Fell species has now
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Fig. 10. E,—pH Pourbaix diagrams for (a) carbonate-, (b) chloride- and (¢) sulphate-containing medium where GRl(CO32_) [51, GRI(C17) [14]
and GR2(SO42*) [6] have formulae set at Feq(OH)1,CO3, Fe4(OH)gCl and Feq(OH)12SOy4, respectively. The concentrations of anion species are
noted (—n) meaning 107" M.

Fig. 10. Diagrammes de Pourbaix Ey,—pH pour les milieux contenant (a) des carbonates, (b) des chlorures et (c) des sulfates, ou GRl(CO32_) 5],
GRI1(CI7) [14] et GR2(SO42*) [6] ont des formules établies respectivement a Feg(OH)[,CO3, Fe4(OH)gCl et Feg(OH)12SO4. Les concentrations
en especes anioniques sont désignées par (—n), signifiant 107" M.

supplanted it [2,22,23]. However, one major advan- jor GRs, i.e. GR1(CO32_) [5], GR1(CIl7) [14] and

tage of disposing of the Ey and pH vs. time curves GR2(S04%7) [6] from data collected over the years. Wa-
is that equilibrium data for various concentrations of ter molecules have been suppressed and formulae are
the solution allowed us to obtain the Ey—pH diagrams. set at Feq(OH)1,CO3, Fe4(OH)gCl and Feq(OH){2,SOy4.

Fig. 10 displays the Pourbaix diagrams of the 3 ma- Table 1 gathers the equations of the various reactions
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Table 1
Equilibrium equations of Ey,—pH Pourbaix diagram reactions for various green rusts: GRl(CO32_) [5], GRI(C1™) [14] and GR2(SO42_) [6].
Formulae are established without water molecules as: Feg(OH),COj3, Fe4(OH)gCl?, Feg(OH) 2SOy, respectively (cf. Fig. 9)

Tableau 1

Equations d’équilibre des réactions de diagrammes de Pourbaix Ep—pH pour diverses rouilles vertes : GRl(CO32_) [5], GRI(CI7) [14] et
GR2(SO42*) [6]. Les formules sont établies sans molécules d’eau, comme étant respectivement : Feg(OH)|,CO3, Fe4(OH)gClI?, Feg(OH)[,SO4
(cf. Fig. 9)

Water/Eau
(a) Hp=2HT+4+2e" Ey
Enp =0.000-0.0591 pH

Carbonate species/Espéces carbonatées
(A) HpCO3 =HCO3;~ +Ht

6.37 =1og[H,CO3] — log[HCO3 ] + pH
(B) HCO3~ =CO3%~ +H~

10.34 = 1og[HCO3 ] — log[CO32~] + pH

Iron species/Espéces du fer
(1) Fe?t +H,0=FeOHt +H*

8.98 = log[Fe2T] — log[FeOH™] + pH
(2) FeOHT 4+ H,;0 = FeOOH™ +2H™T

12.10 = 0.5log[FeOH '] — 0.5log[FeOOH ] 4 pH
(3) Fe?t +2H,0=TFe(OH); + 2H" +e~

Ep = 1.324 — 0.0591 log[FeZt] + 0.0591 log[Fe(OH), +] — 0.1182 pH
(4) FeOH' +HyO=Fe(OH), " +HT +e~

Ep = 0.79 — 0.0591 log[FeOHT] + 0.0591 log[Fe(OH)» ] — 0.0591 pH
(5) FeOOH™ +H' =Fe(OH), T +e~

Ep = —0.638 — 0.05911log[FeOOH™] 4 0.0591 pH 4 0.0591 log[Fe(OH)» ]
(6) Fe+2H,0 = Fe(OH), +2H1 4 2¢~

Ep = —0.080 — 0.0591 pH

(7) Carbonate-containing medium/Milieu contenant des carbonates
(a) 6Fe(OH), + CO32_ = Feq(OH),CO3 +2¢e~
Ep = —0.63 — 0.02961og[CO32~]
(b) 6 Fe(OH), + HCO3~ = Feg(OH),CO3 + HT 4 2¢~
Ep = —0.33 —0.029610g[HCO3~] — 0.0296 pH
(7) Chloride-containing medium/Milieu contenant des chlorures
4Fe(OH)) + ClI~ = Fe4(OH)gCl 4+ e~
Ep =—0.57 - 0.05911og[C1™]
(7) Sulphate-containing medium/Milieu contenant des sulfates
6Fe(OH), + SO4~ = Feq(OH) 2S04 +2¢™
Ep=-0.55— 0.029610g[SO42_]

(8) Carbonate-containing medium/Milieu contenant des carbonates
6Fe + HCO3~ 4 12H,0 = Feg(OH)1,CO3 + 13HT + 14e~
En =—0.12 — 0.004210g[HCO3 ] — 0.0549 pH

(8) Chloride-containing medium/Milieu contenant des chlorures
4Fe + Cl~ 4 8 HyO = Feq (OH)gCl + 8HT +9e~
Ep = —0.13 — 0.00661og[C1~] — 0.0525 pH

(8) Sulphate-containing medium/Milieu contenant des sulfates
6Fe + SO427 + 12H,0 = Feg(OH) 1,504 + 12HT + 14e~
Ep =—0.15—0.0042 10g[SO42_] —0.0507 pH

(9) Fe(OH); = FeOOH +Ht +e™
Ep = E° —0.0591 pH, with E° =0.097 and 0.197 V for - and y-FeOOH, respectively

(10) Carbonate-containing medium/Milieu contenant des carbonates
(a) Feg(OH) ,CO3 = 6 ot — FeOOH + CO32~ + 6HT +4e™
Ep, = 0.46 + 0.014810g[CO32~] — 0.0887 pH
(b) Feg(OH)1,CO3 = 6 a-FeOOH + HCO3 ™ + 5H 4+ 4e™
Ep =0.3140.014810og[HCO3 ] —0.0739 pH
(c) Feg(OH) 12CO3 = 6 x-FeOOH + HyCO3 + 4Ht 4 4e~
Ep =0.21540.01481og[H,CO3] — 0.0591 pH
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Table 1 (continued)

(10) Chloride-containing medium/Milieu contenant des chlorures
Fe4(OH)gCl = 4y-FeOOH + Cl~ + 4HT +3e~
E =0.4540.01971og[C1™] — 0.0788 pH

(10) Sulphate-containing medium/Milieu contenant des sulfates
Feg(OH) 2S04 = 6y-FeOOH + SO42~ + 6H +4e™
Ep = 0.57 4 0.014810g[S042~] — 0.0887 pH

(11) Fe=FeXt +2e~
Ep = —0.474 + 0.0296 log[Fe2 ]
(12) Fe?t +2H,0 = Fe(OH), +2HT
13.33 = log[Fe?*] + 2 pH
(13) FeOHT +H,0 = Fe(OH), + Ht
4.35 = log[FeOH "] + pH
(14) Fe(OH), = FeOOH™ +H™T
19.85 = —log[FeOOH ] + pH
(15) FeOOH™ = FeOOH + e~

En = E° —0.05911og[FeOOH ™ ], with E° = —1.08 and —0.98 V for «- and y-FeOOH, respectively.

(16) Carbonate-containing medium/Milieu contenant des carbonates

(a) 6Fe2T + HCO3~ + 12H,0 = Feg(OH) ,CO3 + 13H' +2¢~

Ep = 2.04 — 0.1773log[Fe2+] — 0.0296 1og[HCO3 ~] — 0.3842 pH

(b) 6Fe*t + HyCO3 + 12H,0 = Feg(OH) ,CO3 + 14HT + 2~
Ep =2.23 — 0.1773 log[Fe?t] — 0.0296 log[H,CO3] — 0.4137 pH

(16) Chloride-containing medium/Milieu contenant des chlorures
4Fe2t 4+ ClI™ 4 8HpO = Fey (OH)gCl + 8HT + ¢~
Ep, =2.58 — 0.2364log[Fe2t] — 0.0591 log[C1~] — 0.4728 pH
(16) Sulphate-containing medium/Milieu contenant des sulfates
6Fet + 80,42 + 12H,0 = Feg(OH) 2S04 4+ 12HT 4 2¢~

Ep, = 1.82 — 0.1773 log[Fe? ] — 0.0296 og[SO42~] — 0.3546 pH

(17) Fe?T +2H,0 = FeOOH + 3H" +e~

Ep = E° —0.0591log[Fe2] — 0.1773 pH, with E° = 0.89 and 0.99 V for «- and y-FeOOH, respectively.

(18) Fe+H;0 =FeOHT +H*" +2e~
E}, = —0.21 4 0.0296 log[FeOH ] — 0.0296 pH

(19) Carbonate-containing medium/Milieu contenant des carbonates
6FeOH' 4+ HCO3 ™~ + 6 HyO = Feg(OH)|,CO3 + 7THT +2e~

Ep = 0.45 — 0.1773log[FeOH™ ] — 0.0296 1og[HCO3 ™ ] — 0.2068 pH

(19) Chloride-containing medium/Milieu contenant des chlorures
4FeOHT 4 ClI~ +4H,0 = Fey (OH)gCl +4Ht e~

Ep, = 0.46 — 0.2364 log[FeOH+] — 0.0591 log[C1~] — 0.2364 pH

(19) Sulphate-containing medium/Milieu contenant des sulfates
6FeOH" + S042~ 4 6HyO = Feq(OH) 2S04 + 6HT + 2~

Epp = 0.23 — 0.1773 log[FeOH+] — 0.0296 10g[SO42~1 — 0.1773 pH

(20) FeOHT 4+ H,0 = FeOOH 4 2HT + e~

Ep = E° —0.0591 log[FeOHT] — 0.1182 pH, with E° = 0.35 and 0.45 V for «- and y-FeOOH, respectively.

4 The formula of GR1(Cl™) experimentally obtained is often at x = 0.25 even though 0.33 can be reached after long aging [13,14]/La formule
de GR1(C1™) obtenue expérimentalement est souvent a x = 0,25, méme si 0,33 peut étre atteint apres vieillissement prolongé [13,14].

in the Pourbaix diagram, which are extensively used in
corrosion studies but also for predicting thermodynamic
possibilities to reduce other species in natural environ-
ments [7].

6. Conclusion
The aerial oxidation of Fe(OH), in the presence of

anions, e.g., CI~, SO4%~ or CO3>~ depends strongly
on the initial value of R = {[OH™]/[Feota]}. At stoi-

chiometry of Fe(OH),, i.e. at Ry, =2, only two plateaus
are observed whatever the anions and pH starts around 9
to drop down to about 4-5; the final product is mag-
netite, which hardly evolves to maghemite. In con-
trast, with an excess of Fell and typically for Ry =
(5/3) = 1.67, three plateaus A, B and C are observed,
each corresponding to a reaction equilibrium: in A,
between Fe(OH),, Fez+aq and GR(A"7), in B, be-
tween GR(A"7), Fez“'aq and FeOOH, and in C, be-
tween Fe2+aq, FeOOH and Fe3+aq, e.g., for SO4%~,
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or Fe2+aq, FeOOH, e.g., for CO32_, depending on the
pH of the solution due to the dissolved anion. GRs ap-
pear in circumneutral conditions (Fig. 10) thus play-
ing a major role in the corrosion of steels and nat-
ural environments. The ratio x = {[Fem]/[Fetmal]} can-
not exceed 1/3 for an ordered structure and x be-
longs to [0.25,0.33]. The general formula of GRs is
{Fe' /34y Fe (1 /3y (OH)2} 13~ {[(1/3 — y)/n]
A" (m/n)H0}13=9~ with0< y < ~1/12.

Other ways of oxidation, e.g., fast oxidation by
H,0,, dry oxidation or voltammetry give rise to a de-
protonation of the GR in situ, which can be com-
plete, giving the ‘ferric GR’ that keeps essentially
the initial structure. Biotic reduction of ferric oxy-
hydroxides by DIRB leads also to partially deproto-
nated GR1(CO3%7)* but the range is limited to x €
[1/3,2/3] due to a competition with magnetite. It is
[Fells(1 ) Fellg, O1oHa (735 1*T-[CO3%~-~3 H,01*7,
which renders the fougerite mineral isomorphous with
pyroaurite and hydrotalcite, belonging to the R3m space

group.
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