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Abstract

The molecular-level processes that control green rust sodium sulphate (GRy,,S04) reaction with chromate were studied using high-res-
olution techniques. Changes in solid morphology, structure and composition were observed with atomic force microscopy, transmission
electron microscopy and X-ray diffraction. The results suggest the following mechanisms: Chromate replaces sulphate in the GR inter-
layer and is reduced by Fe(ll). Formation of sparingly soluble Cr(l11)-solid blocks further chromate entry, but Cr(V1) reduction contin-
ues at the GR solid/solution interface. Electron transfer from the centre of the GR crystals to the surface facilitates rapid reaction. Less
stable zones of the reacted GRy,,504 dissolve and amorphous Cr(HI),Fe(l11)-solid forms. During equilibration, Cr-substituted goethite
evolves in association with remaining GRya,s0,. fed by material from the amorphous phase and dissolving oxidised GR. In contrast,
previous Cr(VI) experiments with the carbonate form of GR, GRz0,» have suggested only reaction and deposition at the surface. From
the perspective of environmental protection, these results have important implications. Goethite is sparingly soluble and the inclusion of
Cr(I11) as asolid-solution makes it even less soluble. Compared to Cr adsorbed a the surface of an Fe(l11)-phase, Cr(I11) incorporated in

goethite is much less likely to be released back to groundwater.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Hexavaent chromium is toxic, carcinogenic, probably
mutagenic and highly soluble. It is released to the environ-
ment as a result of industrial products manufacturing and
processes such as metal surface trestment, wood impregna-
tion, pigments in paints and plastics and leather tanning.
Chromium displays severd oxidation states from O to +6
but of these, Cr(I1l) and Cr(VI) are by far most common
in nature. Cr(I11) is much less soluble, is considered non-
toxic and serves as an important trace dement in sugar
metabolism (Barceloux, 1999). In Cr(V1)-polluted ground-
water and soil, reduction of Cr(VI) to Cr(I1l) is therefore
desirable. Over a wide range of conditions and especidly
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in natural and engineered environments, effective reduc-
tants are zero-vaent iron (Fe(0)), aqueous Fe®* and struc-
turally bound Fe(ll) in minerals.

The term green rust (GR) refers to a series of com-
pounds that belong to the layered double hydroxide
(LDH) family. The green rust compounds are composed
of pogitively charged Fe(I1)-Fe(l11) hydroxide sheets that
aternate with interla%/ers of water molecules and anions,
such as SO,%, COs~ and Cl~ (Feitknecht and Kéler,
1950; Berndl et al., 1959). The newest revised formula that
S04-8H,0 (Smon et al., 2003). GR is stable at pH above
6 but destabilises at very high pH (Lewis, 1997) and under
oxidising conditions. Green rust is thought to be common
in anoxic groundwater and has been identified as a corro-
son product in zero-vaent iron reactive barriers (Roh
et a., 2000; Wilkin et ., 2005). An iron barrier often con-
sgs of a mixture of clay, sand and a few percent of findy
ground scrap iron that is deposited in the ground in a
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trench, dug perpendicular to a migrating plume. Some re-
dox active contaminants are reduced by the metalic iron
and immobilised, thereby decreasing biocavailability. A
good introduction to the environmenta applications of
GR can be found in Hansen (2001).

Green rust compounds are usudly dassified based on
the interlayer anion, but recent research indicates that
monovalent cations are a necessary part of the interlayer
structure for stability (Christiansen et a., 2004). The steric
nature of the interlayer anion and cation afects the stack-
ing of the hydroxide layers and results in different GR crys-
tal structures. Two main types have been recognised. GR1,
to which GR chloride (GR,) and carbonate (GRc03) be-
long, has a basd plane spacing of about 8 A, whereas
GR2, to which GR sodium sulphate (GRya,s0,) is assigned,
has a basal plane spacing of about 11 A (Bend et a.,
1959). The iron-hydroxide layers in LDH's are about 2 A
thick (Drits and Bookin, 2001). In GR1 and GR2, this
leaves about 6 and 9 A of interlayer space, which is occu-
pied by weekly bonded cations, anions and water. The
loose structure dlows exchange of components from solu-
tion, including oxidants. The interlayer region provides ra-
pid access to Fe(ll) in the bulk structure and consequently,
fest reduction rates.

During recent years, experimental interest has focused
on green rust because of its ability to reduce severa oxi-
dised compounds that are problematic in nature such as
NO," (Hansen et ., 1994), NOz" (Hansen, 2001), Se(VI)
(Myneni et a., 1997), U(VI) (O'Loughlin & a., 2003),
Tc(VI) (Pepper e d., 2003), trichloroethylene (TCE)
(Lee and Batchdor, 2002) and aso Cr(VI) (Loyaux-Law-
niczek et a., 1999; Loyaux-Lawniczek et a., 2000; Wil-
liams and Scherer, 2001; Bond and Fendorf, 2003;
Legrand et al., 2004). The reduction of Cr(VI) by GR
has been demonstrated by severd researchers, often with
focus on reduction rates. Although there is generd agree-
ment about the order of magnitude of the reaction rate, re-
ports on end products and mechanisms are conflicting.
Discrepancies may arise from differences in experimentd
setup and may be compounded further by assuming that
al forms of GR behave smilarly.

Bond and Fendorf (2003) compared the reduction rates
of GRsos, GRc0; and GR, and proposed one model for
al three, which may not be appropriate because of differ-
ences in their crystad structure. Furthermore, Bond and
Fendorf (2003) did not account for the differences in Fe(ll)
content in their three systems, which resulted from normal-
isng by mass rather than by mole equivaents of Fe(ll) as
the active reducing agent. Williams and Scherer (2001) and
Legrand et al. (2004) investigated Cr(VI) reduction by
GRcos- Both groups found that at low Cr(VI) concentra
tions, reduction rate was proportional to green rust surface
area, but at higher concentrations, reaction rate became
more complex. Legrand et a. (2004) proposed a heteroge-
neous reaction mechanism where successive Cr(I11) mono-
layers precipitate on the surface of reacting GRcose This
modd could explain the early, very fast reduction rate

and then a prolonged period (~16h) before Cr(VI) de-
creased below detection.

The application of different procedures for treatment of
green rust after synthesis, during characterisation, storage,,
and experiments is a likdy cause of inconsistent results
among the previous studies. Common practice is to wash
freshly synthesised material with deionised water but this
takes it out of equilibrium with its solution. GR responds
by spontaneousy decomposing to iron oxides such as
magnetite. Thus, experiments made with rinsed material
probably incorporate artefacts from a solid that is not at
equilibrium with its solution and possibly unexpected solid
phases have formed. Some researchers dso freeze-dry the
GR before experiments to determine the amount of start-
ing material by weight. However, Lewis (1997) showed that
drying dehydrates the interlayer, producing a different mo-
lar mass and ultimately, an unknown quantity of active
Fe(Il). The exchangesbility of oxidantsis also likely to de-
crease upon dehydration. Finaly, some researchers add
organic buffers to keep pH constant during redox reac-
tions. The tendency for organic compounds to modify sys-
tem behaviour is wdl known. Therefore, to better smulate
natural conditions and minimise artefacts from sample
handling, freshly prepared GRy.,s0s, that had never been
washed or dried, was used in dl experiments. Furthermore,
no extraneous compounds were added at any time during
synthesis of the green rust or during any of the
experiments.

In the present study, high-resolution techniques were ap-
plied to define the molecular-scale mechanisms controlling
Cr(V1) reduction by GRysS04- The interim and end prod-
ucts were investigated using atomic force microscopy
(AFM), capillary tube X-ray diffraction (CT-XRD) and
transmission electron microscopy (TEM). Our god was
to understand the mechanisms controlling the reaction.
This knowledge is a key for improving reactive barrier
technology.

2. Experimenta details
2.1. GRy,s0, Synthesis

All GRnaso, was synthesised inside a plastic-walled

glove box (manufactured by Coy Laboratory Products,
Inc.) with internal volume of about 3m®. The atmo-
sphere consisted of about 98% N, and 2% H, (gas sup-
plied by Hydro Norway). Oxygen in the chamber was
maintained & bdow 05 ppm by reaction with H, on
a paladium catayst. Produced water was then adsorbed
on porous aduminium oxide. Our materid was aways
stored in closed containers but the amosphere of the
glove box is anoxic enough that GR suspensions left
uncapped and irring, remain dark green, even dfter a
full day.

Glassware used for synthesis and storage was treated
with 20% HC1 and 1% HNO; and rinsed many times to
remove Fe-oxides from previous.experiments. The initial
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Fe-solution was prepared with MilliQ water (resistivity
<0.1 uS/cm) deoxygenated by bubbling with 99.999% N,
(supplied by Hydro Norway) and from commerciadly avail-
able melanterite (FeSO,-7H,0, with purity 99.5%, supplied
by AppliChem). Mossbauer spectroscopy andysis of sam-
ples of dry starting material showed no detectable Fe(ll1)
(detection limit ~2%). The initid solution, 0.05 M FeSO,,
had pH of 3.7. Under these conditions, the rate of oxida
tion of Fe(ll) to Fe(lll) is very low (Singer and Stumm,
1970) so the initial Fe(lll) concentration was assumed to
be negligible.

The use of glass for GR synthesis may be problematic, if
the purpose is to determine the rate of reaction in the pure
system. Hendriksen (2003) demonstrated that dissolved sil-
icainhibits GR reactivity. EDS andyss of the GR synthe-
ssad for the experiments described here showed S
concentrations of about 2-3 wt% in pure GR crystas. Still,
our samples reacted dightly fagter than those reported in
the literature. Because our purpose is not to determine pre-
cise reaction rates but rather mechanism, the presence of
trace slicawas accepted. Finaly, in nature, S is omnipres-
ent, in clay, sand and water, so perhaps experiments in the
presence of S are more meaningful than truly ided
conditions.

For GRya,,S04 Synthesis, 200 mL of the 0.05 M FeSO,
solution was oxidised in a250-mL open glass beaker (inside
the glove box) with fast stirring by a Teflon coated, mag-
netic stirring bar a room temperature. NaOH was added
drop-wise to maintain pH a 7 (x0.2). The solution was
oxidised dowly by O, added as ambient air. The air was
conducted into the glove box and through the solution
via a thin plagtic tube. A perigtdtic pump controlled air
bubbling speed. To avoid formation of GRc0s, CO, was re-
moved from the air by bubbling it through a 20% NaOH
solution. The GR synthesis method was modified from that
described by Koch and Hansen (1997) to fit the conditions
in our laboratory.

During oxygen addition, 1 M NaOH (standard titration
solution from Merck) was added with a pH-stat (supplied
by Radiometer) at a rate usualy varying from 0.04 to
0.09 mL/min, to atotal of about 16 mL. Eh, measured with
an Ag/Ag" platinum electrode was monitored continuous-
ly. During GR synthesis, Eh is rather stable, usualy be-
tween -0.5 and -0.3 mV. The solution equilibrates with
the glove box atmosphere, so H, has an efect on composi-
tion, but it has been assumed to be inconsequentia for the
preparation of the solid or the mechanisms by which it re-
acts. When the solution became depleted in Fe**, Eh began
to rise and oxidation was halted. The suspension was not
oxidised until Fe** was exhausted because a solution with-
out Fe?* would destabilise GR. Instead, the remaining
agueous Fe** (Fe** 4q) was determined and used to esti-
mate the amount of Fe(ll) that had been precipitated as
GRNaso, by mass balance. Fe(l1) in the solid is represented

by

FC(II) = g(F62+initial - Fe’2+end)’ (1)

GRRNa 504

where Fe?*,i4 denotes the molar concentration of added
FeSO,-7H,0. The ratio 4/6 is the Fe(ll)/(Fe(ll) + Fe(l11))
ratio for GRso4 (Bernd et al., 1959; Hansen et al., 1994; S-
mon et al., 2003).

To minimise the risk of dtering the composition and
structure of green rust, drying of the solids was avoided.
Instead, a method was developed to make diquots of the
origind GR suspension, where the quantity of solid could
be determined accurately. The method was tested by mea-
suring out a set of suspension aliquots by volume and then
weighing them after drying. These samples were not used
for experiments. Reproducibility of the GR mass in the
portion pipetted out by this method was about 5%. Thus,
the GR suspensions intended for experiments were divided
into aliquots; some were used for characterisation and the
rest, for reaction with Cr(V1).

2.2. Reaction between chromate and GRNo,SO,

The number of moles of Cr(VI) added to each of the
experiments was defined by the percentage of Fe(ll) in
the GR that would be oxidised by the Cr(VI). We define
the parameter, Oxc(vi)F€(ii)%0)> to show the ratio of
Cr(VI1) available to Fe(ll) from GR that can sarve as an
éectron donor. When Oxqi)/Fe(ii) < 100%, Fe(ll) in GR
is in excess and when Oxg(Vi)/Fg(ii) > 100%, more Cr(VI)
is present than can be reduced by the GR in suspension.
Some of the added Cr(V1) is reduced by ferrous iron pres-
ent in the equilibrium supernatant. This amount, which is
taken as the difference between Fe®* measured at t = 0 (be-
fore addition) and 5 min later (when the measured concen-
tration of Fe*(; was a a minimum; Table 1), is
subtracted from the quantity of Cr added so that
Ox(Vi)/F(ii) indicates more accurately how much of the
GR is oxidized.

Chromate was added as solutions of K,Cr0,4 (99.5%
pure, supplied by Merck) to suspensions of GRyas04 that
had never been dried or rinsed. The pH of the chromate
solutions were about 9.2. Concentrations were chosen to
provide low (L), medium (M), high (H) and very high
(WH) ratios for Cr(VI) available, relative to Fe(ll) present
in the green rust (Table 1). The suspensions were then |eft
gtirring in the glove box at room temperature and sampled
frequently (4 or 5 times) during the first 10 days and (VH)
dso after 18 years to examine evolution of atomic struc-
ture, morphology and chemicd composition. K,Cr0,
was chosen as the chromate salt in order to compare to pre-
vious work on Cr(VI) reduction by GR (Williams and
Scherer, 2001; Bond and Fendorf, 2003). The resulting
K*/Na" ratio in suspension was less than 2%. K* from
the chromate solutions may substitute for Na“ in the
GRNas, structure and dffect the results, but recent
research in our group (Chrigtiansen et al., unpublished re-
sults) shows that green rust potassium sulphate, GRKSO,>
has a very similar structure. Thus, it is assumed that K*
has a negligible efet on the solid-state transformation
mechanisms.
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Table 1
Experimental details
Batch oxer<viyFeny  Cr(VI) solutions Sampling  Fe(ll) in Fe(ll) in Cr(VIl) in Total Crin  High-resolution
(%) added (mol/L) time GR (mM)  supernatant  supernatant  supernatant  technique
(Ppm) (Ppm) (Ppm)
Low Cr 5 13mL of 0.1 M 0 301 270 AFM, XRD
concentration (L) K,CrO4t0 166mL  5min 226 0
GR suspension 30min 234
45h 260
24 h 252
Medium Cr ~35 1.4mLof0.3M 0 314 160 TEM
concentration (M) K,Cr04 to 95 mL 10 min
GR suspension 5 days
10 days
32 09 mL of 0.8 M 0 311 190 AFM, XRD '
K,CrO,4 to 166 mL 5min 25 0
GR suspension 30 min 38
45h 80
24h 116
High Cr ~72 2.7mLof0.3M 0 314 160 TEM, AFM?,
concentration (H) K,Cr0, to 95 mL 10 min XRD?
GR suspension 20h
6 days
66 1.7mLof 0.8 M 0 305 240 AFM
K>CrOgto 167 mL 5min <1 0 0
GR suspension 30 min 0
45h
24h 19 0
5 days 24 0
Very high Cr 110 26mL of 0.8 M 0 312 175 AFM, XRD
concentration (VH) K,CrOsto 166mL  5min 0 235 292
GR suspension 30 min 0 173 204
45h 0 98
24 h 0 82 94
18 years

Concentrations of Cr(V1) added and sampling times.
? Results collected from stock GR where no Cr had been added.

The solid was separated from the solution using 0.2 um
cellulose acetate filters (from Sartorius). Samples of the
solutions were seded in test tubes to minimize oxidation
during transport from the glove box to immediate eemen-
tal analysis. Fe(ll) and Cr(VI1) concentrations were deter-
mined with a Perkin-Elmer 55E spectrophotometer using
the ferrozine (Gibbs, 1976) and diphenylcarbazide methods
(APHA, AWWA and WPCF, 1975). Total Fe and total Cr
were analysed using a Perkin-Elmer 5100 atomic absorp-
tion spectrometer (AAS).

The solid filter cake was dried on the membrane inside the
glove box. Samplesfor XRD were prepared by crushing the
material with tweezers in a plastic cup or by grinding in a
folded piece of paper. To avoid oxidation, the powder was
then transferred to quartz glass capillary tubes (CT) (diame-
ter 04 mm) and sedled with paraffin before removal from the
glove box. No colour change and no modification in the
XRD pattern were observed, even when the seded tube
was exposed to ar for severd days. The XRD instrument
was a Bruker AXS four-circle diffractometer, equipped with
amolybdenum source and a graphite filter.

Samples for AFM were made from a droplet of suspen-
son deposited on freshly cleaved mica, & the same time
and from the same batches as samples for chemicd analyss
and XRD. Images were taken on aDigital Multimode Ilia,
operating in contact force mode and using standard Ss\4
tips. The entire microscope was indtalled insde the glove
box, to minimise risk of oxidation.

TEM was done on separate batches of GR suspen-
gon that had been prepared by the same method.
TEM samples were prepared in an N, atmosphere
glove bag (volume ~0.6 m%). A droplet of GR suspen-
son was deposted on a Cu-TEM grid with holey car-
bon mesh and after 5s loose materia was flushed
avay with demineralised water. After drying for
1530 min in the glove bag, the samples were placed
in smdl plastic containers, seded with parafilm and
transported to the TEM instrument within about
5min. Trandfer from the plastic container to the
TEM sample holder, in air, took less than a minute.
Pressure in the TEM chamber was 15 x 10~ torr.
Although the samples were exposed to ar for nearly
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a minute, tests have shown that when samples are dry,
they can be exposed to air for many hours before the
effects of oxidation can be recognised. Thus, negligible
effets from the sample procedure on interpretation of
the reaction mechanism were assumed.

The TEM instrument was a JEOL 201 OF with Fas-
TEM sysgem and a Gatan Imaging Filter (GIF) located
at Electron Micro-beam Analyss Laboratory (EMAL)
a Universty of Michigan. TEM images were acquired
usng Gatan Digital Micrograph, verson 3.64. Bright-
fidd TEM (BF-TEM), High-angle annular dark field
scanning TEM (HAADF-STEM), high-resolution TEM
(HR-TEM), energy dispersve X-ray spectrometry
(EDS) and sdected area dectron diffraction (SAED)
analysis were conducted. The microscope was operated
a an accderation voltage of 200 kV, produced from a
Zirconated tungsten (100) thermal fidd emission tip. Cs
is L0 mm. The spatia resolution was 0.10 nm of lattice
resolution and 0.25 nm for point-to-point resolution in
TEM mode and 0.17 nm for lattice resolution in scan-
ning TEM (STEM) mode. In HAADF-STEM, the probe
gze was 0.5 nm. The EDS sysem had an EDAX r-TEM
detector with EDAX Genesis software. The detector was
an ultrathin window S-Li X-ray detector, which can
andyze dl dements with Z>5. The EDS spectra were
produced by rastering the beam in STEM mode with a
[OxIOnm, 15xI15nm or 30x30nm beam to minimise
damage by the electron beam. Acquisition time of EDS
anaysis was in dl cases longer than 90 s.

3. Reaults and discussion
3.1. Characterisation of GRy, so,

The GR\4804 starting material was characterised with
CT-XRD, AFM and TEM. XRD patterns (Fig. |a) compare
wel with previous results (Bernal et a., 1959, Hansen et dl.,
1994; Simon et al., 2003) except that finer detail and some
additional lines are reveded with the capillary tube (CT)
method (Christiansen et a., 2004). TEM and AFM (Figs,
Ib and ¢) demonstrated plate-like individual crystals with a
sharp hexagonal outline, 10-35 nm thick with crystal diam-
eter ranging from 1 to 2 nmto less than 100 nm. Mogt crys
tals are uniform and flat on the basal plane. Some GR grains
reved terraces that are only one or a few monolayers high.
The morphology is consigent with previoudy published
images of GRnas04 (Gehin et a., 2002).

The fresh GR batches used for most experiments con-
tained no other identifiable phases. Those used for the
TEM investigations were synthesised fresh, immediately
before travel to the TEM facility. XRD and AFM results
from these did not indicate the presence of solids other
than GRnas04 but samples analysed with TEM 11 days
after synthesis showed trace quantities of smal magnetite
crystals (diameter about 100-250 nm). When samples from
the same suspensions were andysed with XRD seven weeks
later, the presence of trace quantities of magnetite was ver-

ified. Magnetite is a common GR oxidation product. The
TEM batches were synthesised with a higher oxidation
rate; base addition rate was 0.12mL/min rather than the
0.04-0.09 mL/min used for the other batches and it had
been stored 11 days in a seded glass bottle, out of the glove
box during transport, before the TEM investigations be-
gan. Magnetite particles may initidly have been too smal
or too few for the 2% XRD detection limit, but they may
have grown in Sze or proportion during the intervening
seven weeks. Because a amdl amount of the Fe in the sys
tem crystalised as magnetite, a fraction less was available
as GR for reaction with Cr(VI). However, the concentra-
tion of magnetite was very low, and the purpose of this
study was to determine the GR transformation mechanism,
not the rate, so it is a sefe assumption that trace magnetite
in the TEM batch had no effect on the results. This is sup-
ported by consstent results from TEM and the other
experiments.

3.2. Cr(VI) reaction and characterisation of theend
products

The transformation of GRN,so, from a ferrous-ferric to
aferric compound by oxidation with Cr(VI) was monitored
as a function of time after adding chromate. Experiment
details are summarised in Table 1. In cases where enough
Fe(ll) was present in suspension to reduce dl Cr(VI) and
where more than 30% of the Fe(I1) in suspension remained
unoxidised (L, M and H), Cr(VI) concentration in solution
dropped to background within 5 min of addition. But when
Oxc(Vi)/Fe(ii) > 100% (VH), the reaction rate decreased sig-
nificantly. The reaction rates determined for Oxq(vi)/Fe(ii)
< 100% are dightly faster than rates reported by Williams
and Scherer (2001), Bond and Fendorf (2003), and Legrand
et a. (2004) for GRs0, and GRcos- Our experiments used
fresh GR in its supernatant, without rinsing with deionised
water and without dryl ng. As de from the effect of interlay-
er ions (namely SO,%~, COs*~ and CI~), the different treat-
ment of theinitial GR is probably responsible for the faster
reaction rate observed here,

Cr(VI) wes added to the green rust in suspensions at
equilibrium with the su ernatant. Therefore, the solution
contained dissolved Fe®*, which was aso available for
reection with Cr(V1). Williams and Scherer (2001) suggest-
ed that Fe(ll) in GR reacts more readily than aqueous
Fe?*. However, the rates may be comparable when both
are present in the suspension. This was confirmed in one
of our experiments Where Cr(VI) concentration was very
low and enough Fe?* was present in solution to reduce
al of it. Reduction happened very fast and morphological
changes in the GR crystals, observed with AFM, provided
clear evidence of oxidation (|mag5 not shown) but the
concentration of dlssolved Fe?* aso decreased (Table 1).
This suggests that Fe** (o, was oxidised by Cr(VI) with
GR acting as a reaction substrate, thereby enhancing the
rate of reaction. To peform an experiment with only
supernatant, with the goa of defining the contribution
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d-scale (A)

Fig. 1. Fresh GRy,s04 before reaction with Cr(V1). (@) XRD reveals the GR2 structure with basal spacing of about 11 A. No other phases are visible, (b)
TEM image. The small black crystals (arrow) are magnetite, (c) AFM image. Most crystals are uniformly flat; some have small steps as on the large crystal

in the lower left corner.

from agueous ferrous iron aone, in the absence of GR, is
likely to prove difficult. At pH 7, any ferric iron formed by
reduction of chromium will combine with the remaining
ferrous iron and form GR, which can then react and act
as a reaction substrate. The evolution of dissolved iron
concentration was monitored during most experiments
(Table 1) and was incorporated in the interpretations.
XRD shows the overdl structura evolution of the mate-
ria. Fig. 2 presents patterns after reaction in solutions
where Oxcrviy/reany = 66%. First, an amorphous phase

£ .
€ 0 min
@
(&} /\_/MW 30 min
24 h
120 h
05010 S5 4 3 2 15

d-scale (A)

Fig. 2. XRD traces showing GRnaso, transformation after reaction with
a high concentration of chromate (Oxcyviyreary = 66%) from pure GR
(top) to almost pure goethite (bottom). From 1 to 5 days, the peaks
narrow, indicating increased grain-size and/or crystallinity with aging. The
broad peak with d-spacing from 10 to 20 is probably a relic from GR.

with broad peaks in the goethite regionsis produced. Crys-
tallinity gradualy increases over severd days, whichis con-
sstent with TEM results. TEM and semi-quantitative EDS
analysis reveded that poorly crystaline material formed,
with Cr/(Cr + Fe) ratios of 25% and 37% in suspensions
M 10 min 3NA H1gmin. JOEINITE that 10rmeda subsequently n
the same samples, as well as the remaining GR, was asso-
ciated with less Cr (on average 5% and 9% Cr/(Cr + Fe)
in suspensions M 50y, and H50y). This 5 to 10% is more,
however, than can be explained simply by adsorption on
goethite surfaces. Both the poorly crystalline material and
the remaining GR dissolved almost completely after a

few days when Cr(V1) concentration was high but the frac-
tion of Cr associated with goethite did not change with
time or with the extent of reaction. Because there was no
detectable Cr in the supernatant, it can be interpreted that
Cr was captured, either by adsorption or incorporation
into the structure of the oxidised phases.

In Fig. 3, the pH and Eh curves from a suspension with
high Oxq(vi)/Fe(ii) are shown. At t— 24 s, chromate is add-
ed, and pH drops dragtically, but only 6 slater, att= 30,
pH has reached a minimum and starts to increase. Eh adso
responds dramatically upon addition of chromate by
increasing 500 mV within a few seconds, but shortly after,
it decreases and leves df. These patterns indicate that two
Separate reactions are taking place smultaneoudy. The one
responsible for the immediate pH drop and Eh increase, is
probably oxidation of Fe?* in solution by chromate to an
amorphous Cr,Fe-phase. Such a phase is observed in the
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6-.*.'.‘*J#%,‘5%.‘#%+H4H4H.‘".‘:-‘.‘.‘.‘.*4—.‘=.‘ WeTala)
120 240 360 480 600
Time (seconds)

Fig. 3. pH and Eh evolution of a GRy, 50, suspension where Cr(VI) was
added (relative concentration, OXcyviyrean = 66%). At =245, pH
decreases instantly and reaches a minimum after only 6 s where after it
increases again. Eh is measured with reference to the standard hydrogen
electrode (SHE).

suspension and would be favoured by a rapid reaction. The
reaction, which releases protons can be written:

%CI'O“Z- + %F62+ + 2H,0 = CrgpsFeg s (OH)3(am) +H"
(2)

Cro.25Feo.75(OH)3@am) denotes an amorphous Cr,Fe-phase
produced stoichiometrically from the reduction of
chromate by aqueous iron, but the exact chemical compo-
sition of the compound is not known, thus denoted:
Cr,Fe; _ x(OH)3am). Table 1 shows that if the concentra-
tion of added Cr(VI) is high enough, all aqueous Fe?* is
consumed, such as in the case with OXcrvyFen = 66%.
In Fig. 3, pH of the solution drops significantly at the in-
stant chromate is added in high proportions, but shortly
after, the major reaction of the suspension, i.e., reduction of
chromate by GRy, so,, becomes dominant and pH increases:

Fe(II),Fe(IIT),(OH) ,SO, - 8H,0 + 4Cr0,*~ + 2H*
= 22CI‘0,18F30.3200H + 32H20 (3)

The formula for GRy;, so, is written without Na. The exact
composition of the Cr-substituted goethite produced from
reduction of chromate by GRpuso, is not known
(Cr,Fe,_,OOH), but is here represented by
Cro.13Fep 82O0H in order to balance the equation.

The amorphous Cr,Fe-solid is probably identical to the
Cr-substituted ferrihydrite described by Loyaux-Lawnic-
zak et al. (1999, 2000). These authors terminated the reac-
tion within I min after addition of chromate to GRya, 50,
and with XRD, Raman and M&ssbauer spectroscopy, they
identified ferrihydrite, proving the extremely rapid forma-
tion. Oxidation of GRnys0, by O5 leads to different end
products, depending on oxidation rate. Hansen (2001)
gives the following succession from slow to fast oxidation:
Magnetite (Fe;O4), goethite (a-FeOOH), lepidocrocite
(v-FeOOH), feroxyhite (8-FeOOH) and ferrihydrite.
Another important factor in controlling the end product
is the mechanism of transformation, i.e., whether it is a
dissolution—precipitation process or a topotactic transfor-

mation process. The oxidisng medium aso has an influ-
ence and so may the treatment of GR prior to reaction.
The dfect of these parameters can be seen in the spectrum
of end products obtained from the previoudy published
studies of Cr(VI) reduction by GRs0o,- Bond and Fendorf
(2003) produced a mixture of lepidocrocite and magnetite,
Loyaux-Lawniczak et d. (1999, 2000) concluded that their
end product after 1 min was ferrihydrite and our experi-
ments produced goethite and ferrihydrite that eventualy
transformed to goethite. Definition of the parameters con-
trolling the boundaries between the phases would require a
dedicated and thorough investigation and is beyond the
scope of this work.

In the experiments with very high chromate concentra
tion (Oxg(Vi)/Fe(ii) = 110%), where more Cr(V1) was pres-
ent than could be reduced by dl of the Fe(ll) in GR and
solution, XRD shows disruption of the GR structure and
the appearance of poorly crystalised goethite (10 min sam-
ple). With time, the goethite transformed to a less crystal-
line phase (Fig. 4). Even after aging for 22 months in the
original suspension, in the glove box, this materia re-
mained essentidly amorphous, as an unidentified phase
with two broad pesks a 40A and 36 A. The Cr(VI)
remaining in solution decreased in concentration with time,
probably through association with the Fe(l11)-phase. The
persistence of the very poorly crystaline phase suggests
that abundant Cr(l11) destabilises the goethite crystal struc-
ture but the coexigtence of the Cr(I11) and Fe(l11) stabilises
the mostly amorphous compound.

Others have reported that one of the end products
formed during Cr(VI1) reduction by GRyaS04 is Cr(I11)-
substituted magnetite (Bond and Fendorf, 2003). We only
found magnetite in suspensions where it was present initia-
ly, before the addition of chromate. EDS could not detect
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Fig. 4. XRD trace of samples with Oxcyviyrearn = 110% (VH), where
more Cr(VI) is present than can be reduced by Fe(Il) in the GRn,s0,. The
light grey reference trace is from goethite obtained by aerial oxidation of
GRnNaso,- The dark grey trace represents the data from VHgni, and
clearly shows goethite peaks as well as a poorly crystalline phase with 4-
spacing ranging from 10 to 20 A, probably a relic from GR. The black
trace is from VH4p. The broad peak at d = 10-20 A resembles that from
the transforming GRy,s0, 2nd the broad peaks near 4.25 and 2.55 A
remain from goethite, but after a day, the material is mostly amorphous.
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Cr associated with magnetite in any samples except the one
with high Cr(VI) concentration (Oxg(Vi)/Fe(ii) = 72%),
where a large part of the GRN,s0, was oxidised. EDS de-
mental mapping at the nanometer-scale clearly demonstrat-
ed that the rdatively high concentration of Cr was present
only near or at the surface of the magnetite (Fig. 5). This
contradicts Bond and Fendorf s conclusion, that magne-
tite, together with lepidocrocite, governs the fate of Cr re-
duced by GRn,s0, by incorporating Cr(lll) in the
structure.

3.3. Mechanics of Cr(VI) reduction by GRy,so,

Green rust crystals were morphologicaly homogeneous
in the reaction batches exposed to high Cr(VI) concentra
tions, but in the lower concentration batches, a variety of
crysta morphologies were observed with both AFM and
TEM. This larger variety probably arises from very rapid
Cr(VI) reduction near the spot where Cr solution enters

the suspension, leaving the rest of the GR in the reaction
bottle unexposed. Within 10 min of Cr(VI) addition, rims
appeared. We define arim as a zone parald to the crystal
faces, indde the GR crystals (Fig. 6). The origind euhedra
crystal shape was dways preserved and rims were about 50
to 100 nm wide. At medium Cr(VI) concentration (M), the
transition zone from rim to core was generdly gradual
(Fig. 6a), but at high Cr(VI) concentration (H), the rim
was separated from the core by a clear band where part
of the inner GR crystal had dissolved (Fig. 6b). On AFM
images, differences in thickness of the rim, boundary zone
and core were obvious (Fig. 6¢). At the sametimethat crys-
tals became zoned, very fine-grained, amorphous Cr,Fe-
solid formed in the suspension (Fig. 6b, indicated by the
white arrow). The rapid, homogeneous nucleation of this
Cr(I1)-ferrihydrite suggests essy access of Fe(11) to Cr(V1).
The Cr(l11), Fe(lll) mixed phase probably forms during
reaction of dissolved Fe?* with Cr(VI) using GR surfaces
as reaction substrate.

Fig. 5. HAADF-STEM image with EDS elemental maps of a euhedral magnetite crystal (outlined). The maps represent Fe and Cr distribution over the
magnetite crystal. The highest counts for Fe are found in the middle of the crystal, whereas the highest counts for Cr are found at the circumference. This
demonstrates that Cr is concentrated mainly at the surface of magnetite, not homogeneously incorporated within the magnetite structure.

EFig. 6. Images of GRyaso, 10 min after reaction with Cr(VI) (a) BF-TEM image of Oxcviyrean = 35% (M), rims are clear on most crystals; (b) BF-TEM
! image of Oxcrviyrery = 72% (H), rims and a dissolved band about 100 nm from the edge are visible. A very fine-grained amorphous Cr,Fe-solid (white
¢ arrow) has precipitated; (c) AFM image also from H{OXcyovry/rear = 66%) showing the result of dissolution in the boundary region, a band between the

Erim and core of the crystals.
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After equilibrating for more than 20 h, the crystas
looked quite different (Fig. 7). The original GR crystal edg-
es have remained sharp, but a high Cr(VI) concentration
(H), cores had amost completely dissolved. The samples
exposed to Oxq(vi)/Fe(ii) = 35% (Af) for 5 days maintained
athicker core (Fig. 7a). At both concentrations, elongated
new crystals (about 50 to 100 nm long) were observed
indde the relict GR outlines, henceforth cdled "GR mor-
phs'. The new crydallites grew within the rim when
Oxa(Vi)/Fe(ii) = 35% (Fig. 78) but extended mostly from
the rim toward the centre when Oxg(Vi)/Fe(ii) = 72%
(Figs. 7b and c). Consigtent with the XRD results, SAED
patterns indicated that the new crystals, growing in associ-
ation with GR morphs, were goethite (data not shown).
Semi-quantitative analysis by EDS gave an average Cr con-
centration of 5% and 9% in crystals from samples in which
Oxa(Vi)/F(ii) = 35% and 72%. The amorphous Cr,Fe-solid
gradually disappeared as the sysem equilibrated.

Formation and stabilisation of the new rim texture indi-
cates that GRNas, is oxidised with a different mechanism
at the edges than in the core of the crystal. Considering the
large space between GR layers, the most probable explana-
tion is diffuson of chromate into the interlayers, as was
aso suggested by Loyaux-Lawniczak et al. (1999, 2000)
and Bond and Fendorf (2003). Chromate, exchanged into
the interlayers and most likely replacing sulphate, collects
electrons from Fe(11) in close contact. The resulting Fe(111)
and Cr(111) are then in place for the formation of Cr-goe-
thite. The structure of GR and goethite are very smilar
along one crygtallographic plane. Thus, an SAED pattern
obtained dong the c-axis of GRy,,904 is very close to that
obtained for goethite along the a-axis. Hydroxyl, required
for the formation of goethite, may form as a result of inter-
layer water deprotonation and if one or severad hydrogens
are transferred to oxygen in chromate, only a dight rear-
rangement of the atomsin the crystal structure is necessary

for transition from GR to Cr-goethite. Cr is incorporated
into the Fe(l11) dtes and transformation is essentialy topo-
tactic. HR-TEM images (Fig. 8) show that the transforma-
tion of GRnzs04 rims to goethite was gradual and occurred
in solid state without dissolution. The thin band between
the rim and the core, where materia dissolved rapidly,
probably results from enhanced solubility at the defects
created by the boundary between the two phases.

Cr(l11)-goethite is a sparingly soluble compound so its
formation blocks further interlayer replacement. The imag-
es (Fig. 6) show that reaction rims are less than 100 nm
wide, suggesting a limit for Cr transport into the interlayer
before goethite formation inhibits further exchange of
chromate. New goethite crystals nucleate and grow from
the rim. As the amorphous Cr,Fe-solid and the GR core
continue to dissolve, more goethite crystals grow towards
the core of GR. At high concentration (//), the void in
the cores provided plenty of space for formation of goethite
crystallites, whereas at medium concentration, GR cores
were not disolved to the same extent. In both samples, dis-
crete goethite crystals frequently precipitate on and near
the GR particles (Fig. 78). Some of these goethite crystal-
lites have the same crystallographic orientation as the goe-
thite that formed within GR or the GR morphs. In other
cases, orientation is random, indicating that they nucleated
elsawhere.

When Cr(VI) access to the GR interlayer is blocked,
remaining Cr(VI) must be reduced at the surface of the
remaining GR core. Theinterlayer spacein greenrust iscom-
posed of cations, anionsand aconsiderable amount of water,
providing apathway for electron transfer across layers from
the centre of the GR crystal to the surface. The very rapid
reduction (within 10 min) of Cr(VI) while the GR crystas
remain essentidly intact, is a strong indication for electron
transfer across layers. Indeed, experiments with X-ray
photoel ectron spectroscopy showed that green rust behaves

Fig. 7. Particles in suspensions of different Cr concentration {M and H) after several hours and days of equilibration, observed with TEM. (a) BF-TEM
image from Afio days Goethite grows in the rim of the GR crystals and some goethite rods, with random orientations, have nucleated elsewhere; (b) BF-
TEM image from Koh» goethite crystals grow from the rims of the GR crystals. The GR cores have mostly dissolved, but in some GR morphs, original
GR areas remain, such as in the bottom right corner; () HAADF-STEM image with reversed grey-scale from Hpg q4ays; the elongated shape of goethite

crystals is clearly visible.
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Fig. 8. HR-TEM images of fresh GR and GR transformation morphs. (a) pure GRyas0,, With its Fourier transform (inset); (b) rim of GR morph from
suspension Hygp, with double spacing of the lattice fringe. On the FFT (inset), the extra spots, indicating a doubling of the unit cell, are clear. The white
line (lower left corner) marks an area that is still GR; (c} from crystals growing inside a GR morph, from suspension Mg gays. Double spacing of the lattice
fringe is observed in some areas and becomes more pronounced as the equilibration time increases, indicating maturation of the goethite structure.

as a semi-conductor and with scanning tunnelling microsco-
py (STM), that electrons tunnel in response to adight poten-
tia difference between tip and sample (unpublished results).
Yao et a. (1998) have established the possihility for such
electron transfer acrossinterlayers for smilar layered double
hydroxides (LDHSs). They were able to tunnel eectrons be-
tween hydrotalcite crystals on a graphite substrate and a
tungsten tip, usng STM. Their LDH crystals were 50-
70 nm thick, much thicker than those studied here (10-
35 nm thick) and hydrotalcite, lacking Fe ions, is bound to
have a higher band gap than green rust.

3.4. Implicationsfor reactive barriers

Green rust is efective and fast at reducing dissolved
chromate, but in reactive barriers the gods are (1) to opti-
mise accesshility and ensure complete use of the reduced
iron capacity, thus minimising cost and maximising barrier
life-time, as wel as (2) to immobilise Cr, assuring that the
fixed Cr will not be released |ater.

Legrand et al. (2004) investigated the end product of
reduction of Cr(VI) by GRco, and proposed formation of
a surface layer over the reacting GR, which decreases reactiv-
ity and increases risk of return to solution. In contrast, the
results from the present study on GRna so,, indicates a differ-
ent reduction mechanism. Penetration of chromate into the
interlayer offers fast access to a portion of the GRy, 5o, bulk
structure and subsequent topotactic transformation to
goethite. The Cr-rich amorphous material, produced simul-
taneously in the initial stages, provides a source of Cr(I1I) for
subsequent precipitation of Cr-goethite. Electron transfer
across GR interlayers provides the drive for further
reduction until Cr(V]) is used up. It is possible that electron
transfer in some GR types is faster than in others.

Contaminants are best immobilised as solid solution in
an insoluble mineral rather than adsorbed to particle
surfaces.  Goethite is only sparingly soluble and with

Cr(III) substitution, solubility decreases further. Schwert-
mann et al. (1989) tested Cr-substituted goethite
(7.8 mol% Cr(I11)) stability in dissolution experiments with
6 M HCI at 25 °C. The half dissolution time was 660 days
for Cr-substituted goethite compared with 8 days for pure
goethite. Thus, GRna 50, is not only an effective reducer of
Cr(VI), but when GRna,s0, is in excess, the Cr(1II)-goethite
produced is effective at immobilising Cr. When Cr(VI) con-
centration exceeds the stoichiometric limit defined by the
Fe(I) present in the GR, a poorly crystalline Cr(III)-
Fe(1II)-phase forms that remains stable for many months.
Further study would indicate if this material would eventu-
ally recrystallise to Cr(III)-goethite in the presence of add-
ed GR or if exposure of this poorly crystalline Cr,Fe-phase
to ambient conditions would cause later Cr release into the
environment.
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