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Bacterial activity is commonly thought to be directly
responsible for denitrification in soils and groundwater.
However, nitrate reduction in low organic sediments occurs
abiotically by Fe''ions within the fougerite mineral (IMA 2003-
057), giving the bluish-green color of gleysols. Fougerite,
the mineral counterpart of Fe''"=!"" oxyhydroxycarbonate,
Fe'lg1_xFe'sx012Hy7-34C03, provides a unique in situ redox
flexibility, which can adapt x = {[Fe"]/[Feyl} between
1/3 and 2/3 as shown using Mdsshauer spectroscopy.
Chemical potential and E,—pH diagrams for this system
were determined from electrode potential monitored during
deprotonation of hydroxycarbonate Fe';Fe''l,(OH);,C03 to
assess the possibility of reducing pollutants in the field.
Bioreduction of ferric oxyhydroxides in anoxic groundwater
yields dissolved Fe', whereas HCO3;~ anions produced from
organic matter are incorporated into fougerite layered
double oxyhydroxide structure. Thus, fougerite is the solid-
state redox mediator acting as electron shuttle that

helps bacterial activity for reducing nitrate by coupling
dissimilatory Fe' reduction and oxidation of Fe' with reduction
of NOs~. It is proposed that this system could be used in
the remediation of soils and nitrified waters.

Introduction

Preservation and/or remediation of groundwater are of
utmostimportance because human activities need ever-more
water resources. Industry and agriculture sometimes threaten
these resources, and remediation often becomes necessary.
Nitrate is a major nonpoint source pollutant responsible for
many dangers, e.g., blue baby syndrome, algae proliferation,
etc. Microbial denitrification is commonly accepted as the
main nitrate-reducing process in sediments with high
bioavailable organic matter content, where nitrate acts as
electron acceptor for respiration (I—4). The capacity for
microbial denitrification is limited in sediments poor in
organic matter, where, however, abiotic denitrification
becomes the major factor (5—7). Thus, reduced Fe' iron in
various minerals belongs to the pool of reductants that are
active for abiotic nitrate reduction.

Hydromorphic soils have typical depth profiles (8) pre-
senting (i) an organic top cover of a few tens of cm thick
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comprising humic substances, (i7) beneath, an upper mineral
layer getting progressively ochrous with scattered orange dots
from top to bottom and that can reach meters in depth at
the water level, and (ii7) underneath, the gley, which is pale
bluish-green resembling celadon porcelain and looking
homogeneous and ductile. The color change from ochrous
to bluish-green has been associated long ago with the change
from ferric to ferrous iron, creating a redox front that follows
the water level (6—9). The mineral incorporating Fe'' cations
remained a mystery until 5’Fe Mossbauer spectra showed
that it was an Fe!' " green rust (GR) as encountered in the
corrosion of iron base materials, named fougerite (IMA 2003-
057) because samples were first extracted from the forest in
Fougeres (Brittany-France) (10—12).

Such Fe'" ' hydroxysalts belonging to the layered double
hydroxide (LDH) family consist of [Fe';_yFe,(OH),]**
brucite-like layers and interlayers, [(x/n)A"-(mx/n)H,01*",
containing A"~ anions and water molecules balancing the
cation layer charge (12, 13). Although spectra of fougerite
display a quadrupole doublet with large splitting (A ~ 3 mm
s~ attributed to Fe' cations and a doublet with small splitting
(A ~ 0.4 mm s~!) attributed to Fe!, doublet intensities did
not match those of any known synthetic GR, which, e.g.,
incorporates Cl-, SO4*~, or COs?>~ anions (12). This creates
ambiguity for interpreting data and an old ferrosic hydroxide
Fe(OH) 2+ assumption (14) was offered as plausible expla-
nation (12, 15), but X-ray diffraction (XRD) used in these
studies was inappropriate for identifying a mineral in
minority. Moreover, its reactivity and lability made analysis
difficult. 5’Fe Mdssbauer spectroscopy delivers the most
reliable information concerning ratio x = {[Fe"]/[Feal}.
Asfor all LDH, trivalent cations are distributed in a hexagonal
pavement surrounded by six divalent cations due to elec-
trostatic repulsion (16). Therefore, x cannot exceed (1/3),
and GRs that have been synthesized, either by oxidizing Fe-
(OH); in air in the presence of various anions or by
coprecipitating a mixture of Fe' and Fe!" salts, have an x
ratio between (1/4) and (1/3) (17—20). In contrast, this
mineral, once extracted from soils and sediments, has an x
ratio always exceeding (1/3) that varies continuously up to
(2/3) within the redox front depending on the depth of
extraction (6, 11, 12, 21). Deprotonation of OH™ ions at the
apexes of the octahedrons surrounding iron cations was
recently pointed out (22), and orange-brown “ferric green
rust” GR(COs?>7)* was obtained at x = 1 by violent oxidation
of GR(CO3?") with H,0, or aerial oxidation of carefully dried
GR(COs*).

This article aims at demonstrating that deprotonation
takes place in situ and hydroxycarbonate GR(CO3?7) con-
tinuously transforms into oxyhydroxycarbonate GR*(x),
Fe'ls1—y Fe'lls, O12 Hy7-30 COs, characterized by an x value in
agreement with Mossbauer spectra of natural samples.
Chemical potentials are determined for each composition x,
and E,—pH diagrams are drawn showing whether certain
pollutants could be reduced by this GR. Redox flexibility of
fougerite, limited to x € [(1/3), (2/3)] (6, 11, 12, 21), which
forms in anoxic waterlogged soils by bioreduction likely
participates to, e.g., nitrate reduction. This becomes a clue
for designing large-scale remediation strategies for polluted
aquifers by copying and enhancing the way Nature does it.

Experimental Section

Preparation of Stoichiometric GR(COs2"). Stoichiometric
GR(CO3?7) at x = 1/3, Fe''4Fe'",(OH),,CO;3, was obtained by
coprecipitating Fe!! and Fe'! ions in carbonate-containing
solution. It was necessary to first obtain a precipitate using
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FIGURE 1. Transmission electron micrographs and X-ray diffraction patterns of Fe'~'" (oxy)hydroxycarbonate. (a) GR(CO;2~) obtained by
coprecipitation of Fe'" and Fe'" species at x = 0.33. (b) GR(CO;2")* at x = 0.50 obtained by partial deprotonation with H,0,. (c) Total
deprotonation obtained by fast oxidation of GR(C0;>~) with H,0, leading to the fully ferric GR(CO;2")* at x = 1.

soluble species (e.g., SO4*7) before adding Na,CO; since
carbonate salts were not soluble. Such procedures were
previously documented for GR(SO4?7) (23) and GR(CO3?")
(24). FeS0,4+7H,0 and Fe,(S04)3-5H,0 salts were dissolved in
demineralized water ([Fe] = 0.4 M) with ferric molar fraction
x = {n(Fe")/n(Feww)} fixed at (1/3). Few Na,HPO, ([PO,37]
=2 x 1072 M) was dissolved in the initial mixture to stabilize
GR(COs*>7) (24). Sodium carbonate Na,COs (0.47 M) was
added to a 1 M NaOH solution with molar ratio R =
{n(NaOH)/n(Feww)} fixed at 2. Then, the basic solution was
mixed into the initial Fe""" solution and the resulting product
was stored in a glass flask sheltered from the air.

Preparation of Oxyhydroxycarbonate with Variable
Composition. Two methods for synthesizing fully ferric green
rust GR(COs?>7)* could have been chosen: (i) fast oxidation
of GR(COs?7) in an aqueous medium by hydrogen peroxide
solution; or (ii) oxidation in the air of a previously dried
GR(COs?") sample. The first method was chosen for providing
a controlled amount of oxidant. Thus, GR(CO3?) was first
synthesized as explained previously such that the suspension
contained well-crystallized hexagonal plates of about 200
nm diameter (Figure 1a). A 10.14 M H,0, solution was then
added to the GR(COs?") suspension at a targeted molar ratio
{n(H,0,)/n(Fewwm)}. For ratios larger than (1/3), the color
changes from bluish-green to brown-orange and all Fe''ions
are oxidized to yield “fully ferric green rust”:

Fe", Fe", (OH),,CO, + 2 H, 0, —
Fe''; 0,, Hy CO, + 4H,0 (1)

In contrast, for ratio smaller than (1/3), an adequate amount
of H,O; solution, i.e., {n(H20,)/n(Fewa)} = (3x — 1)/6, is
added with a micropipet so as to reach any x value:

Fe", Fe',(OH),,CO, + 3x — HH,0, —
Fe's, o Fe"s,0,H,; 5,CO; + 2(3x — DH,0 (2)

Values of x were targeted evenly between (1/3) and 1 at (1/2),
(2/3), and (5/6).

Continuous deprotonation was monitored by recording
electrode potential and pH with time whereas hydrogen
peroxide was poured at a rate of about 0.7 mL min~! in the

initial GR(CO3?") with a peristaltic pump. E, values, referred
to standard hydrogen electrode, allowed determining the
chemical potential of oxyhydroxycarbonate as function of x.

Characterization Methods. After a few minutes of settling,
solutions were filtered and dried in a glovebox filled with
nitrogen. X-ray diffraction (XRD) patterns (Mo Koy, 1 =
0.07093 nm) were measured on fully dried powder samples
introduced in 1 mm glass capillaries that were sealed to avoid
any oxidation during analysis. Transmission electron mi-
crographs (TEM) were obtained using a Jeol microscope
operating at 200 kV, and samples were prepared by depositing
a drop of dispersed suspension on a copper grid under 1078
mbar vacuum. Mdssbauer spectra were recorded at 78 K
using a constant acceleration spectrometer with 5’Co source
in Rh matrix. Absorbers were prepared in a glovebox from
finely ground powder introduced rapidly in the cryostat under
helium. Spectra were fitted to Lorentzian shape lines, or to
Voigt profile, the convolution of Gaussian distribution with
Lorentzian line. Isomer-shifts 6 refer to a-Fe spectrum at
room temperature.

Results

Fel' Oxyhydroxycarbonate Characterization. Samples
prepared at x = 0.50 and x = 1 were hexagonal platy crystals
similar to those of initial GR(CO3?") (Figure 1b and c). XRD
patterns confirmed that the main crystallographic features
were maintained: e.g., the most intense line of GR(CO327)*
corresponded to (003) of GR(CO3?7), butlines were broadened
with small contraction of the unit cell, ~5% (Figure 1b and
c). The oxidation process preserved the COs?>~ interlayers,
and the quantity of CO3?~ remained constant while rising x
up to 1 (25).

Mossbauer spectrum of initial GR(COs?") fitted with
Lorentzian lines displayed two ferrous doublets D; and D,
with large splitting A of 2.92 and 2.63 mm s™! and one ferric
D; with small A of 0.47 mm s~! in (1/2):(1/6):(1/3) intensity
ratio (Figure 2a and b, Table 1). Isomer shifts ¢ of 1.25 mm
s~! for D, and D, and 0.48 mm s~! for Ds characterize low
spin Fe!' and Fe!" states. Moreover, D; and D are due to Fe!
far from any CO3?~ and for Fe! in register with the central
C of CO3?, respectively (22).

When GR(COs?>") was oxidized by adding appropriate
amounts of H,O,, obtained x values were 0.50, 0.63, 0.78, and

VOL. 40, NO. 15, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 4697



S
&
= =z D,
@ @ 3 50 %
g g x=0.33 133%
=1 17 %
g1 78K | (b)
= [
[ T S T AT s N
-1 0 1 2 3
Quadrupole splitting 4 (mm s™')
1007 Ell I
R g6 g [ 3‘3?3% D, |
8 ] G 3a%||
= 92 g - X~ 050 D4
£ ] g [ 1165% pz|
g 881 = 28 K |'I 12.5 |
1 |
£ (@ 3 L@
L 1 1 L ! 1 L J o N A ,'-.,,,....II.I'.
4 -3 -2 1 0 1 2 .3 4 -
Velocity (mm s™) T w3
g
10 Fry
= 2
8 o $
g x~0.63 Z
' 5
2 g1
& 8 78 K =
= (e) a |
8 1 I 1 1 1 1 1 1
44 3 2 1 0 1 2 3 4
Velocity (mm s™)
B
® 1003 z
g o 5
g : X~ -
E 92 £
= 1 =
§ 88 1 78K (g) E
= 1
84 [ L 1 L } L 1 I 1 nE_ !
4 3 2 1 0 1 2,3 4
Velocity (mm s™')
" 100 g I
=
g 2t
£ x=1 gl
g z
g (1) 8|
- 78K S
- o
4 3 2 4

-1Velgcity1(mrn %‘1) 3

1 Z,
A{mms’)

FIGURE 2. Missbauer spectra measured at 78 K of (oxy)hydroxycarbonate GR(CO52-)*, which is obtained by fast oxidation with controlled
amounts of H,0, giving x = {[Fe")/[Few]} = 0.33, 0.50, 0.63, 0.78, 1 and Gaussian distributions of quadrupole splitting A (Table 1).

1 for targets at (1/2), (2/3), (5/6), and 1. Spectra measured
at 78 K were fitted by Voigt profile, giving mean values [A
and standard deviations [0 ACbf quadrupole splitting (Figure
2c—j, Table 1). Anew ferric component D, appeared, whereas
ferrous doublets D, and D, decreased with increasing x ratio.
Components D; and D, remained in the 3:1 ratio, a feature
that characterizes COs?~anions by comparison to other GRs
in which different anions are intercalated, e.g., ClI~ or SO~
(22). Deprotonation equally affected both types of Fe! ions.
GR(CO3*)*, Fellgq—yFe's012H,7-3/CO5 oxyhydroxycarbonate,
exists continuously in the [(1/3)—1] range of x giving four
doublets in Méssbauer spectra, D; and D, for Fe!' state and
Ds and D, for Fe'! state with relative abundances of (3/4)(1
—x), (1/4)(1 — x), 0.33, and (x — 0.33), respectively. Isomer
shift ¢ values are identical for D, and D, doublets around 1.2
mm s~ }, and for D; and D,, between 0.47 and 0.49 mm s~1.
Quadrupole splitting A values vary more widely due to
significant changes in electric field gradient, and in particular
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for Fe'l cations, those of D, are twice those of D; due to
distortion of octahedral sites resulting from a mixture of OH~
and O?~ ions at the octahedron apices.

Fe"I' Oxyhydroxycarbonate Chemical Potential. Ej
electrode potential variations (Vsyr) were recorded while
adding H,O, progressively to initial GR(COs?") precipitate
with a peristaltic pump at constant rate in terms of
experimental parameter { [2n(H,0,)/n(Few)] + (1/3)} (Table
2, Figure 3a). E; increased continuously from about —0.2 to
+0.25 V during experiment, staying constant after complete
oxidation was reached between 27 and 35 min from the start.
Abscissa is converted in x = {[Fe'"']/ [Feial} € [(1/3)—1]; pH
stayed constant at 10 + 0.2.

Half-reaction corresponding to reaction 1 written for
reduction if GR is oxidized to ferric GR* is

Fe".0,,H,CO, + 4H" + 4™ — FeH4FeHIZ(OH)12CO3(3)



TABLE 1. Hyperfine Parameters of GR(COs2)* for x =
[FEIII]/[FeInIaH e [(13)—-1P

quadrupole o [AO DAD RA
doublets (mms™)  (mms') (mms™) (%)
x=1033
Fel Dy 1.25 2.92 0 50
D, 1.25 2.63 0 17
Fell D3 0.48 0.47 0 33
x~ 050
Fe' Dy 1.21 2.98 0.14 38
D, 1.21 2.72 0.16 12.5
Fell Ds 0.49 0.40 0.15 33
D, 0.49 0.70 0.28 16.5
x~ 0.63
Fe' Dn 1.24 2.80 0.15 28
D, 1.24 3.05 0.05 9
Fell Ds 0.48 0.49 0.20 32
D, 0.48 0.90 0.21 31
x~ 078
Fell Dy + D, 1.21 2.89 0.31 22
Fell D3 0.47 0.45 0.32 35
Dy 0.47 0.95 0.34 43
x=1
Felll D3 0.47 0.60 0.30 33
D4 0.47 0.88 0.41 67

2 Values of x experimentally obtained are approximately 0.50, 0.63,
and 0.78, and precisely 0.33 and 1. Spectra are measured at 78 K (Figure
2) and fitting uses a Voigt profile. d : isomer shiftin mm s~ (reference
is a-iron at ambient); [AZ mean value of quadrupole splitting in mm
s~'; and DAL its standard deviation; RA (%): relative area

and half-reaction corresponding to reaction 2 going from
GR(1/3) to GR*(x) is

Fe's,_,Fe'"s,0,H,; 5,CO; +23x — 1) H +
23x — 1) e~ — Fe' Fe',(OH),,CO, (4)

Measurement of electrode potential Ej, proceeds continu-
ously vs x during deprotonation. We assumed equilibrium
between GR*(x) and GR*(x + dx) during the increase of Ej
if dx is the deprotonation increment leading to half-reaction

FeHG[l—(x+dx)]FeHIG(x+dx)O12H2[7—3(x+dx)]C03 + (6 x doH" +
(6 x dx)e” — Fe'y;_,Fe",0,H,; 5,CO5 (5)

That is to summarize per iron atom

GR*(x+dx) + dx H"+dx e — GR*(x) (6)

Because the numbers of electrons and protons are equal,
Nernst’s law becomes

E,(x) = E°(x) — 0.0591pH (7)

where E° is the standard counterpart of measured electrode
potential Ej,.

Chemical potentials are related at equilibrium in the
standard conditions to E°(x)

E°(x) = {u°[GR*(x + dx)] — u°[GR*(x)]}/[dx x F] (8)

where F is a Faraday and dx is the number of exchanged
electrons.

For dx — 0: {9u°[GR*(x)]/0ox} = E°(x) x F=
{E,(x) + 0.0591pH} x F (9)

TABLE 2. Electrode Potential E, Measured during the
Deprotonation of GR(CO;2") vs x = {[Fe"l/[Feyl} and

Computed Chemical Potential 2°[GR™(x)] [eq 11]
#°[GR*(x)] #°[GR*(x)]
X E (Vsie)  (kJ mole™) X En (Vsue)  (kJ mole™)
033 -0.2102 —600.27 0.66 0.1061 —582.11
0.34 —0.2085 —599.91 0.67 0.1063 —581.46
0.35 —0.1950 —599.55 0.68 0.1063  —580.81
0.36 —0.1637 —599.17 0.69 0.1158  —580.03
0.37 —0.1550 —598.76 0.70 0.1179  —579.37
0.38 —0.1446 —598.35 0.71 0.1183  —578.71
0.39 —0.1373 —597.93 0.72 0.1182 —578.04
0.40 —0.1116 —597.48 0.73 0.1198 —577.38
0.41 —0.0936 —597.03 0.74 0.1201 —576.59
0.42 —0.0858 —596.56 075 0.1240 —575.92
0.43 —0.0735 —596.08 0.76 0.1238  —575.26
0.44 —0.0586 —595.59 0.77 0.1296  —574.59
0.45 —0.0434 —595.08 0.78 0.1323  —573.92
0.46 —0.0351 —594.57 0.79 0.1326 —573.24
0.47 —0.0199 —594.04 0.80 0.1357 —572.43
0.48 —0.0121 —593.50 0.81 0.1378 —571.75
0.49 —0.0055 —592.85 0.82 0.1413  —571.07
050 0.0124 —592.29 0.83 0.1434 —570.39
051  0.0224 —591.72 0.84 0.1470  —569.70
0.52  0.0251 —591.15 0.85 0.1511  —568.87
0.53  0.0307 —590.58 0.86 0.1533  —568.18
0.54  0.0386 —589.87 0.87 0.1591 —567.49
0.55  0.0484 —589.28 0.88 0.1605 —566.79
0.56  0.0548 —588.68 0.89 0.1652 —566.08
0.57  0.0622 —588.07 0.90 0.1721 —565.38
058  0.0768 —587.33 0.91 0.1757 —564.52
059  0.0779 —586.71 092 0.1835 —563.80
0.60 0.0819 —586.09 0.93 0.1934 —563.08
0.61  0.0861 —585.48 0.94 0.2029 —562.34
0.62  0.0895 —584.82 0.95 0.2125 —561.59
0.63  0.0968 —584.18 0.96 0.2255 —560.84
0.64  0.1060 —583.41 0.97 0.2429  —559.91
0.65  0.1067 —582.76 0.98 0.2564 —559.13
0.66  0.1061 —582.11 0.99 0.2672 —558.33
0.67 0.1063 —581.46 1.00 0.2720 —557.53

Integrating from (1/3) to x, i.e., going from GR(1/3) to GR*(x)
one obtains

{w’[GR*@)] — w’[GRA/I)} = F x [E°()dx=
F x {fEh(x)dx+ f0.0591pH x dx} (10)

Finally, the standard chemical potential #°[GR*(x)] of depro-
tonated GR*(x) is computed from the measured electrode
potential Ej(x) with solution buffered at pH around 10

w’[GR*(x)] = u°[GR(1/3)] +
F x {fEh(x)dx + 0.0591pH x (x — 0.33)} (11)

From experimental measurements of E,(x) (Figure 3a),
chemical potentials #°[GR*(x)] are computed using eq 11
(Table 2, Figure 3b). Raw data for E,(x) (Table 2, Figure 3a)
display two domains: from x = (1/3) to (2/3), [AB], curvature
is negative whereas from (2/3) to 1, [BC], it is positive. This
originates from long range ordering when Fe'"' ions progres-
sively replace Fe'l. Approximate values of u°[GR*(x)] expressed
inkJ mole! are u°[GR*(x)] = (—618 + 54x) k] mole™! in range
[(1/3)—(2/3)], [AB], and x#°[GR*(x)] = (—632 + 75x) k) mole™!
in range [(2/3)—1], [BC].

Discussion

Fe"" " Oxyhydroxycarbonate E,—pH Diagrams. Having the
chemical potentials allows drawing E,—pH diagrams for
reactions involving GR*(x) by in situ deprotonation (Figure
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FIGURE 3. (a) Electrode potential £, when adding H,0, progressively
to a GR(CO;2") suspension leading to GR*(x) by deprotonation (values
in Table 2); (b) chemical potential z°[GR*(x)] vs x = { [Fe"")/[Feta}
during deprotonation.

4a). A set of parallel lines is drawn according to Nernst’s eq
7 where values of x are evenly distributed from 0.33 to 1.
Stoichiometric GR(CO3?") is below and fully ferric GR(CO5?")*
above these lines. Lines for various redox reactions are also
displayed for a few pollutants where activities are set equal
(15).

These pollutants could be reduced in situ by GR*(x) while
increasing slightly the ferric ratio within the [(1/3)—(2/3)]
range, that of fougerite. Lines (a) and (b) prove that nitrate
can be reduced into nitrite and ammonium whatever the pH
and line (c) into dichromate in acidic conditions only.

Domains of existence of various GR*(x) with regard to
oxidation into o.-FeOOH or formation from Fe(OH), (Figure
4b) explain with the insert the shape of the domains around
triple points T where equilibrium among three phases exists
(26). The dotted line corresponds to equilibrium between
Fe(OH); and o-FeOOH, i.e., half-reaction by reduction is

a-FeOOH + H™ + e~ — Fe(OH), and

E, =0.121 — 0.0591pH (12)

Triple point T on the dotted line migrates toward acidic
conditions when x increases. Points T;, T,, and Ts are
displayed for respective values of x = 0.33, 0.42, 0.50 giving
respective pH of 12.3, 11, and 7.5. For the two first x values,
the major soluble anion is CO32~, whereas for x = 0.50, the
most frequent value observed in the field for fougerite, HCO3~
is in the majority in circumneutral conditions.

Fougerite Identification. Fougerite formation comes from
bioreduction of ferric oxyhydroxides as proved in the
laboratory (27). Bacteria trapped in an anoxic aquifer, e.g.,
DIRB, replace oxygen by Felll as electron acceptor and ferric
oxyhydroxides dissolve gradually into Fe!' ions. Bacteria
produce concomitantly HCO3™ ions, and all constituents are
present to produce Fe!" "' oxyhydroxycarbonate, i.e.:

6xFe"OOH + 6(1 — x)Fe*" + HCO,™ + 12(1 — x)H,0 —
Feg0,,H,; 3, CO5+ (11 — 120)H" (13)
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a) NOz + 2H' + 2¢" — NOZ + H:0
b) NOg + 10H" + 8" — NH," + 3H,0
c) Crz0;% + 14H" + Be” — 2Cr*" + 7TH;0

: FeOOH

Fe(OHjs"

-
[

6 pH 8 10 12 14
fougerite

\/ \
\. NV

Cﬂs
Fougerite : Fell1.yFels012Hzr.39C 03

H.0

FIGURE 4. E,—pH diagrams of the Fe"~"" (oxy)hydroxycarbonate (a)
equilibrium lines of GR*(x) during deprotonation of GR*(x) as function
of x = {[Fe")/[Fewwm]} < [(1/3)—1] and reduction reactions of some
pollutants (equimolar activities) allowing prediction of the potential
of fougerite to reduce them in the field; (b) domains of GR*(x) with
Fe(OH), and a-FeOO0H for x < [(1/3)—(2/3)]; (c) Fe—N cycles coupling
in anoxic soils with fougerite acting as electron shuttle; organ-
otrophic NOs;~ reduction to N, (1) or NHs" (2); organotrophic
dissimilatory Fe'"' reduction (3); lithotrophic [Fe"-driven] NO;-
reduction to N (4) or to NH,* (5) [interpreted from ref 33].

Reduction of y-FeOOH by Shewanella putrefaciensyielded
large crystals (~5 um diameter) of well characterized
GR(CO3?7)* and the reduction rate was evaluated by Moss-
bauer spectroscopy (27). Quadrupole doublets D;, D,, and
D's (D; and D, are not resolved) belong to GR(CO3?>")* and
D, due to remaining y-FeOOH decreases from 100% to 35
and 15% during bioreduction from 1 to 6 days (Figure 5a)
(27). The ratio x of GR(CO327)* produced by bioreduction is
about 0.50.

Figure 5b displays the first spectrum when fougerite was
claimed to be a GR (10—12) whereas Figure 5c displays that
of controlled GR(CO327)* with x = 0.50. For the first time, a
sample prepared chemically in the laboratory presents a
Mossbauer spectrum identical to that found for a natural
sample, establishing that the chemical counterpart of foug-
erite is clearly Fe'"!" oxyhydroxycarbonate GR(COs?7)*. All
occurrences of the mineral in the field show that ratio x is
limited to the range [(1/3)—(2/3)] (6, 11, 12, 21, 22).

Coupling of Iron and Nitrogen Cycles. Fe'" ions within
solution can reduce many pollutants (28), e.g., nitrate,
selenate, chromate, aromatics, etc. Among all possible
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FIGURE 5. Missbauer spectra measured at 78 K of GR(COs?)* prepared in the lab and extracted from the field. (a) GR(COs?")* obtained
after 6 days by bioreduction of y-Fe00H with Shewanella putrefaciens (27), (b) fougerite (77, 12), and (c) synthetic GR(C03%")*.

reservoirs of Fe'in Nature, fougerite is unique since bacterial
activity may adjust its redox potential without changing the
crystal structure. Therefore, occurrences exist in which the
amount of fougerite is sufficient for soil remediation, the
way synthetic GRs reduce all these pollutants (29—32). Taking
the example of nitrate, the reaction is

Fe",Fe'',(OH),,CO, + (3/8)NO,” + (7/4)H" —
5Fe"'OOH + HCO,~ + Fe*", + (25/8)H,0 + (3/8)NH,"
(14)

Three Fe' ions out of four are oxidized whereas one is
released into solution; thus the reaction can proceed where
Fe?*,q can ultimately be incorporated into lepidocrocite in
acidic conditions or into ferrihydrite in a buffered medium
(19).

Cycles of iron and nitrogen are obviously coupled.
Oxidation of GR(COs?7)* by NO;~ is continuous by in situ
deprotonation, and a feedback between oxidation by nitrate
andreduction by, e.g., DIRB fixes the value of x within reacting
GR*. Both dissimilatory Fe'' reduction and oxidation of Fe!
with reduction of NOs;~ to NH,* have been recently docu-
mented (33) and the potential Fe—N redox pathways in anoxic
sediments must be completed by inserting fougerite, which
is the solid-state redox mediator acting as electron shuttle,
a feature unique among Fe-bearing minerals that allows
enhancing the efficiency of nitrate-reducing organisms
(Figure 4c). Finally, although NH," is obtained in the
laboratory (29), it likely becomes N in soils where NH,* is
unstable in sediments where anaerobic ammonium is
oxidized by specific bacteria in anoxic water columns
(anammox) (34).

Remediation of Waterlogged Soils. High concentrations
of nitrate observed in agricultural areas are usually diffuse
and scattered requiring the complete treatment of a given
river basin. Configurations exist where sediments made of
clay minerals mixed with fougerite (22) are viable for a natural
purification because of their abundance despite intense
agricultural activity (6, 7). Thus, even though nitrate con-
centrations are high in the soil upper cover, its absence under
the redox front is due to abiotic reduction by Fe' in gleysol
where organic matter and bacterial activity are orders of
magnitude lower. A Méssbauer spectrum at 78 K of a sample
extracted from the oxidized zone above the redox front
displays two types of ferric components: (i) magnetically
split sextets attributed to goethite and/or ferrihydrite with
abundance of 32%, and (i) paramagnetic doublets that might
be attributed to ferric GR(COs*)* (48%) with some Fel!
trapped within clayey till (10%) (Figure 17 of ref 22).

In contrast, in places such as Brittany (France) where
agriculture is also very intense, natural water purification is
insufficient. No solution has been found yet for major
disorders, such as the proliferation of algae Ulva armoricana
(35) in the sea at river-mouths, and nitrate concentration is
30—40 mg L' in the bay of Lieue de Gréves (Cotes d’Armor)

(36) whereas the trigger for algae proliferation is 8 mg L.
Any effort to decrease the amount of nitrate from livestock
is worthwhile, but no significant decrease in nitrate content
has been observed for the past 10 years. The remarkable in
situ redox flexibility of Fe!""' oxyhydroxycarbonate can be
used by mimicking what Nature does. A task of recovery is
envisioned by treating the catchments of rivers, creating
specific waterlogged areas with reinforced iron purification
(WARIP) where the present soil would be replaced by a
mixture of iron ore and organic compost to enhance fougerite
formation. Finally, should the catalytic effect of iron that
helps bacterial activity for reducing nitrate not be more
specifically attributed to fougerite that acts as electron shuttle
(Figure 4c)?
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