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Abstract

The reduction of chromate ions by Fe(OH); and the iron (II)-iron (III) hydroxysulphate green rust, GR(SO4?"), was studied to
evaluate whether such synthetic layered hydroxides and the corresponding natural green rust mineral could be involved in the
natural attenuation of contaminated environments. The resulting Cr (III) bearing phases, which would govern the subsequent
behaviour of chromium, were clearly characterised. Both compounds proved to be very reactive and oxidised instantaneously while
chromate ions were reduced to Cr (III) as evidenced by X-ray photoelectron spectroscopy. Mass balance (ICP-AES) demonstrated
that the Fe/Cr ratio inside the solid end product was equal to the initial Fe/Cr ratio. The solid phases, analysed by X-ray dif-
fraction, Raman and Mossbauer spectroscopies were identified as Cr-substituted poorly crystallised iron (III) oxyhydroxides in

both cases, more precisely 5-FeOOH when starting with Fe(OH), and ferrihydrite when starting with GR(SO4%).

Introduction

As the use of chromium spread over various industrial
applications such as metallurgy, electroplating or tanning
of leather, it became a common contaminant in many soils,
waste sites and ground and surface waters throughout the
world (Richard and Bourg, 1991; Puls ez al., 1994). Its
most stable oxidation states are Cr (III) and Cr (VI). While
Cr (III) is essential in human nutrition, and relatively
immobile in the environment, Cr (VI) moves easily
through the aquatic media and its compounds are toxic
and carcinogenic (Norseth, 1981; Nriagu and Nieboer,
1988; Puls ez al., 1994). It is thus clear that redox reactions
are very important in the environmental behaviour of
chromium.

The capacity for Fe(II) to reduce Cr (VI) in different
natural systems is clearly established (e.g. Eary and Rai,
1991; Masscheleyn et al., 1992; Anderson et al., 1994).
Several iron (II)-containing minerals had already been
considered for laboratory experiments, such as iron (II)
sulphide (Patterson et al., 1997) or magnetite (Peterson
et al., 1996). The recent discovery of a green rust (GR)
compound as a mineral in hydromorphic soils (Trolard ez
al., 1996, 1997) opens new paths for Cr (VI) reduction by

Fe(II). GRs are very reactive iron (II)-iron (IIT) hydroxy-
compounds where Fe(OH);-like sheets alternate with
interlayers composed of anions and water molecules.
Various types of anions can lead to the formation of a GR,
e.g. CO3%, CI or SO4*. This study investigated the
reduction processes of chromate ions CrO42~ by the
iron (II)-iron (IIT) hydroxysulphate GR(SO4%") and by the
iron (II) hydroxide; it aimed at a first overview of the
mechanisms involving this class of layered hydroxides and
an accurate identification of the resulting Cr (III)-bearing
phases.

Experimental methods

Fe(OH); was precipitated from a 023 mol L™
FeCl; - 4 H,O solution mixed with a 0.4 mol L1 NaOH
solution in a beaker set in a thermostatic bath at 25 £ 0.5 °C.
The solutions were not deaerated before precipitation
implying that the initial hydroxide was slightly oxidised,
containing up to 4% iron (III) as demonstrated previously
(Refait and Génin, 1996). The suspension was stirred vig-
orously during one minute before adding 50 ml of a
K>CrOy4 solution, leading to a total volume of 200 ml. The
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amounts of Fe (II) and Cr (VI) were chosen so that the
number of electrons provided by the oxidation of Fe (II)
to Fe (III) matches the number of electrons consumed
during Cr (V1) to Cr (III) reduction, i.e. Fe (II)/Cr (VI)
= FeCl; . 4 HyO/K;CrO4 = 3, corresponding to a CrO4%
concentration of 0.08 mo! L.

Aqueous suspensions of the iron (II)-iron (IIT) hydroxy-
sulphate GR(SO4*) were prepared according to the
methodology developed previously (Olowe and Génin,
1991), which involved the oxidation at 25 °C of iron (II)-
hydroxide in aerated sulphate containing solutions.
Fe(OH); was then first precipitated from 0.12 mol L
FeSO4 . 7 H70 and 0.2 mol L1 NaOH solutions and the
suspension stirred vigorously to ensure a homogeneous
oxidation. The process was monitored by recording the
pH and the redox potential £}, of a platinum electrode,
using the saturated calomel electrode as reference. The
oxidation led after 60 minutes to the complete transfor-
mation of Fe(OH); to GR(SO4%") which was ended by a
sharp increase of Ey (¢f. Fig. 1) and a sharp decrease of
pH. Thus, the 50 mL K;CrOy4 solution was added when
these variations occurred. Since the composition of
GR(SO4%) is Fel'y Fe'; (OH);; SO4 « n HO (Génin et
al., 1996), the amount of Cr (VI) added, chosen also to
verify Fe (II)/Cr (VI) = 3, corresponded to Feg,/Cr (VI)
=(4+2)/(4/3) = 9/2.
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Fig. 1. Electrode potential Ey (standard hydrogen electrode as refer-
ence) vs time curves during the following oxidation processes:
Aeration of Fe(OH); by stirring a solution containing initially
0.12 mol L7 FeSOy4 « 7 Hy0 and 0.2 mol L' NaOH, addition of
CrOf~ immediately in Fe(OH); addition of CrO#&~ in
GR(SO/).

All chemical products were provided by Prolabo® and
verified a 98% minimum purity. After the addition of
Cr (VI) to the Fe(OH); or GR(SO4%") suspensions, the
redox potential Ep, and the pH were monitored. The end
products resulting from the reaction between iron (II)

species and chromate ions were filtered, dried at room -
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temperature, ground to powder and analysed by X-ray dif-
fraction (XRD), micro-Raman and Maossbauer spectro-
scopies. XRD was performed using the MoK
wavelength (A = 0.70926 A). The Raman spectra were
recorded using a T64000 triple monochromator and a
charge coupled device (CCD) detector. Excitation of the
samples was carried out with 632.8 nm radiation from a
Spectra Physics® 2017 argon ion laser. The Raman spec-
tra were obtained via a confocal microscope (objective .50;
numerical aperture 0.55; spatial resolution of about 3 um)
in a back scattering geometry. The spectral resolution was
of 2 cm™ with a precision on the Raman wavenumber of
about 0.3 cm™. Transmission Maossbauer spectroscopy
(TMS) was performed by use of a constant acceleration
Massbauer spectrometer with a 50 mCi source of 57Co in
Rh. The spectrometer was calibrated with a 25 um foil of
o-Fe at room temperature. Analyses were performed at
15 K with a closed Mossbauer cryogenic workstation with
vibrations isolation stand manufactured by Cryo Industries
of America®. Surface analyses were performed by X-ray
photoelectron spectroscopy (XPS) using the MgKo radia-
tion (1253.6 €V), calibrated by means of the C (Is) bind-
ing energy of the contamination carbon at 284.6 eV.
Chemical analyses were finally performed by ICP-AES.
500 mg of the solids were dissolved using a triacid (HF +
HCIO4 + HCI) method. Fe and Cr concentrations were
calibrated by means of two series of four standard solu-
tions of FeSO4 . 7 H,0 and K;CrOy dissolved in 5% HCI
solutions.

Results and discussion

Oxidation states of Fe and Cr in the end products. The
evolutions of the redox potential Ey, and pH of the sus-
pensions after the addition of the chromate solution are
similar in the case of Fe(OH); and GR(SO4%") as well
(Fig. 1). Both E}, and pH present a sharp increase, stabilise
rapidly afterwards and do not change any longer. This
means that Fe (II) gets oxidised in a few seconds into
Fe (III) so that no Fe (II) remains to be oxidised later on
by atmospheric O;. When Cr (VI) is added to Fe(OH);,
E;, goes from about —0.5 V to +0.23 V (referred to the
standard hydrogen electrode) whereas pH varies from
about 7.8 to 11.8. When Cr (VI) is added to GR(SO4%),
Ey, goes from about —0.4 V to +0.27 V and pH from about
8 to 10.1. Finally, it must be noted that the kinetics
involved by the oxidising action of chromate ions is not
comparable to that observed with dissolved oxygen.
Whereas a few seconds are sufficient with chromate, the
oxidation of GR(SO4%") by dissolved O3 usually lasts for 2
to 3 hours (Qlowe and Génin, 1991 and 1991b; Génin et
al., 1996). It is then clear that the action of oxygen can be,
in this case, neglected.

The results of the mass balance analyses of Fe and Cr
performed by ICP-AES on the final products are listed in
Table 1. They show clearly that Cr is present in these



Table 1. Fe and Cr amounts measured by ICP-AES from
500 mg of the two end products.

Initial product Fe amount Cr amount Fe/Cr ratio
(mol kg'')  (mol kg!)

Fe(OH), 6.96 2.18 3.19

GR(S04*) 7.79 1.71 4.56

products. The Fe/Cr ratios are found at 3.19 when start-
ing from Fe(OH); and 4.56 when starting with
GR(SO4%), values that match the ratios of Fe and Cr ini-
tially introduced in solution, that is 3.0 and 4.5. This indi-
cates that the whole amount of chromium is incorporated
into the solid matrix.

XPS is a convenient tool to discriminate Cr (VI) from
Cr (III). The binding energy of the Cr (2p3/2) line is
reported at 577-577.5 €V in Cr (III) oxyhydroxides and
hydroxides while it is found at about 580 eV in Cr (VI)
salts such as NayCrO4 or NayCryO7 (Allen et al., 1973;
Ikemoto et al., 1976; Shuttleworth, 1980). Moreover, the
spin-orbit splitting between 2p1,2 and 2p3/2 peaks is gen-
erally reported at 9.7-9.9 €V in Cr (III) compounds and
8.7-9.4 ¢V in Cr (VI) compounds (Ikemoto ez al., 1976 ).
The values obtained with commercial Cr,03 and K;CrO4
(Fig. 2), used as references, are in good agreement with the
literature. Looking at the Cr (2p) spectra of the end prod-
ucts presented in Fig. 2, it can be seen that in each case,

Solids obtained after chromate reduction
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the Cr (2p3/2) or Cr (2p1/2) line could be adjusted with
only one component, implying that almost all Cr atoms
(> 95%) were in the same oxidation state. The corre-
sponding Cr (2p3/2) binding energies are found close to
577.2 €V, and the 2p spin-orbit splits at 9.8 eV, values
characteristic of Cr (III).

Identification of the end products. The XRD patterns
obtained (Fig. 3) are typical of poorly crystallised com-
pounds. The end product of Fe(OH), displays four diffrac-
tion lines that allow it to be identified as a 6-FeOOH-like
oxyhydroxide (Francombe and Rooksby, 1959). This is not
surprising, as 6-FeOOH is the compound usually obtained by
addition of hydrogen peroxide H,O; to Fe(OH); suspensions,
a process resulting in an instantaneous and violent oxidation
of Fe (II) (Glemser and Gwinner, 1939). The 6-FeOOH sam-
ple used as a reference for the XRD analyses (Fig. 3) was pre-
pared accordingly.

The end product obtained from GR(SO4%) is even
more poorly crystallised. Only two diffraction lines can be
distinguished, at about 0.255 nm and 0.148 nm. Such a
diffraction pattern is typical of the so-called €2-line
ferrihydrite’ (e.g. Carlson and Schwertmann, 1981).
Ferrihydrite is the least crystalline of the hydrous iron
oxides and oxyhydroxides and even its stoichiometry, often
assumed at FesHOg . 4H;0 (Towe and Bradley, 1967), is
somewhat uncertain. Its XRD pattern varies with crys-
tallinity; poorly crystalline samples lead to only two broad
diffraction peaks whereas better crystalline samples can
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Fig. 2. XPS analyses of the end products compared with those of CryO3 and K;CrOy4 : Cr 2p spectra.
(a) obtained from Fe(OH); and (b) obtained from GR(SOZ").
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Fig. 3. XRD patterns of the end products using the MoKoy wavelength (A = 0.70926 A ) compared with standard patterns of 6-FeOOH and

2-line ferrihydrite.
(a) obtained from Fe(OH); and (b) obtained from GR(SO#-).

The broad peak S is due to the adhesive tape on whick the samples are fixed, 1 and 2 are the diffraction lines of the ‘2-line ferrikydrite’.
Other lines are that of 3-FeOOH, indexed according to Francombe and Rooksby, (1959).

display up to six peaks. The reference sample of 2-line fer-
rihydrite (Fig. 3) was prepared according to the method
described by Cornell and Schwertmann (1996).
Mossbauer spectra of the end products obtained after
chromate reduction are presented in Fig. 4. Two sextets
S1 and S; were used to fit the experimental curve of the

6-FeOOH compound resulting from the oxidation of
Fe(OH),. The corresponding hyperfine parameters, listed
in Table 2, are consistent with those quoted in the litera-
ture (Persoons et al., 1986 ; Pollard and Pankhurst, 1991).
Both sextets are characterised by nil quadrupole splitting
AEq and large hyperfine fields H of 509 and 469 kQOe. The

Table 2. Mossbauer hyperfine parameters measured at 15 K of the end products.

0 = isomer shift with respect to metallic @~iron at room temperature in mm s7;
AEq = quadrupole splitting in mm s~'; H = hyperfine field in kOe; RA = relative abun-
dance in %; I' = full width at half maximum in mm s

(a) Product obtained from Fe(OH);

(b) Product obtained from GR(SO4%)

Site & AEq H RA
S; 050 0 500 74
S, 050 0 469 26
R —

0.85

0.85

8 AEq H RA T

0.50 0 489 53 08
049 0 456 34 08
046 0 42 13 08
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Fig. 4. TMS specira measured at 15 K of the end products.
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: global

415

415

compound resulting from the oxidation of GR(SO4*)
exhibits a different spectrum. Firstly, an additional sextet
S3 had to be used in order to reach a satisfactory fit of the
experimental curves. Secondly, the sextets are charac-
terised by smaller H values, the maximum being observed
for example at 490 kOe vs 509 kOe. The presence of these
various sextets must be interpreted as a distribution of
hyperfine fields due to poor crystallinity rather than three
distinct sites. The maximum absorption is observed near
480 kOe, a value indeed typical of ferrihydrite (Murad and
Schwertmann, 1980).

Micro-Raman spectroscopy study and formation of
Cr-substituted Fe(IlI)-oxyhydroxides (Fig. 5). The liter-
ature concerning Raman studies of 6~-FeOOH and ferrihy-
drite is scarce. In particular, no reference concerning
ferrihydrite could be found. According to de Faria et al.
(1997), the Raman spectrum of 6-FeOOH is mainly com-
posed of two broad bands around 400 and 700 cm™, a
description consistent with the spectrum of the end product
obtained from Fe(OH),. Nevertheless, the band at 700 cm™!
rather appears as the superimposition of three distinct
bands at 582, 670 and 705 cm™. In contrast, the spectrum
of ferrihydrite displays only two bands at 415 and 705
cmL. But the most interesting fact is that the bands char-
acterising these iron (III) compounds are the only bands
present. More precisely, neither the band of Cr(OH); at
525 cm™! (Melendres et al., 1992) nor those of CrOj; at
about 300, 350, 550 and 610 cm™! (Zuo et al., 1996) can be
seen, implying that Cr (III) is incorporated in each case in
the iron (III) compound. To confirm it, micro-Raman
analyses were performed on various spots of the samples,
and always led to the same spectrum. This homogeneity
was also confirmed by the optical observations through the
microscope.
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Fig. 5. Raman specira of the end products.
(a) obtained from Fe(OH); and (b) obtained from GR(SO4).
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The chemical composition of the solid phases obtained
at the end of the overall oxydoreduction processes can then
be written as follows :

If starting with Fe(OH);:  6-Fe3/4 Cri/4 OOH
If starting with GR(SO4?-): Fess/11 Cri9/11 HOg - 4HyO

Topotactic relationships between initial and end products.
It is well known from the work of Francombe and Rooksby
(1959) that the crystal structure of 6-FeOOH is closely
related to that of Fe(OH);. This structure consists of an
hexagonal close packed array of oxygen atoms with a stack-
ing sequence ABAB... The Fe(Il) ions of Fe(OH); occupy
half of the octahedral sites by leaving every other plane
completely empty, leading to the AcBODA... stacking
sequence where A,B are the planes of oxygen atoms, ¢ those
of iron atoms and O the empty octahedral sites. In the case
of 6-FeOOH, the Fe organisation among the available octa-
hedral sites is different and various models were proposed
(Okamoto, 1968; Patrat et al., 1983; Drits et al., 1993b). The
transformation of Fe(OH); into 6-FeOOH is then topotac-
tic in character and involves an s situ oxidation of Fe (II)
ions inside the crystal followed by a deprotonation of the
OH- ions into O?~ and minor rearrangements of the posi-
tions of the iron (III) ions. The appearance of this peculiar
phase indicates that the oxidation does not involve a disso-
lution-reprecipitation mechanism. The reduction of
Cr (VI) would then be a surface reaction rather than one
which occurs by dissolved iron (II) complexes.

To some extent, GR compounds are also structurally
similar to Fe(OH),. Since the work of Stampfl (1969), it
was generally admitted that these compounds were layered
hydroxides of the pyroaurite-sjogrenite group. They are
characterised by a crystal structure in which Fe(OH); like
hydroxide sheets, positively charged due to the presence of
Fe (III) cations, e.g. [Fel'4y Fel; (OH)2]?*, alternate reg-
ularly with negatively charged interlayers made of anions
and water molecules, e.g. [SO4 . n HyO]>. Therefore,
when AcBO is the elementary stratum in Fe(OH);, AcBj,
where 7 is the intercalated layer, is the elementary stratum
in a GR compound. Finally, the ‘2-line ferrihydrite’ cor-
responds to a poorly ordered material. A recent detailed
structural model has been proposed (Drits ez al.,, 1993a)
but it can be considered, for simplifying, that the crystal
structure would consist only of planar arrangements of
Fe(O, OH, OH;)4 octahedra without any precise stacking.

The action of hydrogen peroxide on GR compounds has
already been described (Bernal ez al, 1959; Refait and
Génin, 1993). It is similar to what is observed with
Fe(OH);, the XRD pattern of the resulting end product
showing the lines of 6-FeOOH plus an extra, very sharp
line corresponding to the distance 4 between Fe planes,
e.g.d~ 8 A in GR(CI) and 4 ~ 11 A in GR(SO4>). The
presence of this line proves that the intercalated anions of
the GR are trapped inside the interlayers of the crystal
structure during the process. The end product of the oxi-
dation of GR(SO4*") by chromate ions is different and
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clearly identified as ferrihydrite, which would imply that
the intercalated sulphate ions are removed from the crys-
tal. This is the main difference between the action of H;O;
and the action of CrO4? ions. This suggests that part of
the chromate ions, very similar to SO4%, could substitute
for the sulphate ions inside the interlayers before being
reduced. The kinetics of this substitution is unknown and
it is impossible to evaluate what proportion of the overall
amount of CrO4?* could be involved in this process. Such
a mechanism, even though it would concern only a minor
part of the chromate anions, would however explain (i) the
rejection of SO42~ and (ii) the destruction of the original
well defined stacking sequence of GR(SO4%) giving the
disordered stacking of ferrihydrite and, (iii) the presence
of Cr (III) in such an iron (IIT) compound.

Concluding remarks. The conditions of these laboratory
experiments differ from what could be found in natural
aquifers, especially concerning the nature and cristallinity
of the compounds (Génin ez a/., 1998) and the chromium
and iron concentrations. In contrast, the groundwater of
contaminated industrial sites can contain hexavalent
chromium with concentrations similar or even greater than
those chosen here (Henderson, 1994 ; Baron et al., 1996).
Nevertheless, it is clearly demonstrated that the reactivity
of iron (II) containing layered hydroxycompounds towards
Cr (VI) is very important. The redox processes produce
unusual iron (III)-based phases inside which large propor-
tions of Cr (III) can be incorporated.
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