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Abstract

The reaction between the synthetic chloride form of green rust (GR) with an Fe(ID):Fe(lll) ratio of 3:1 (GRg,
Fe)) Fe!'t(OH),,Cl, s xH ,0) and nitrate has been studied at GR, concentrations up to 2.5 mM and nitrate concentrations
from 0.7 to 14.2 mM in non-buffered aqueous suspensions under an argon atmosphere. Nitrate is reduced stoichiometrically
to ammonium while GR, is oxidized to magnetite with concurrent decrease of pH from 8.2 to 6.1. No nitrate reduction was
observed in homogenous Fe(l1) solutions at neutral pH. The rates of ammonium formation and consumption of Fe(ll) in
GR, (Fe(ll)gg) are well described by first-order reaction kinetics. No clear rate dependence with respect to nitrate was
found, but it appears that above a nitrate concentration of approximately 7 mM and at fixed concentrations of Fe(ll)gg, the
rate of nitrate reduction is almost constant and independent of the nitrate concentration. Under these conditions, the rate law
may be given by:

d[NH; ]
—at — KFe(D]er

where k=204 0.5%x107° s~ Interlayer chloride in GR, could be exchanged with sulphate without change in the
Fe(I1):Fe(lIl) ratio of the GR. The resulting sulphate GR reduced nitrate six times slower than the original GR, but the
reaction was five times faster when compared with reduction by sulphate GRs having Fe(l1):Fe(l11) ratios of 2:1. Thus, the
high rate of nitrate reduction by GR, can be attributed partly to ready exchange of chloride with nitrate in the GR interlayer
and partly to a high proportion of Fe(ll) in the octahedral layers of GR. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The layered iron(1Diron(l11)hydroxides known as
green rusts (GRs) have been demonstrated to reduce
nitrate to ammonium with formation of magnetite
(Hansen et a., 1996). The rate of reduction is com-
parable to the rate of microbial nitrate reduction and
the process is thus of special interest in anoxic
environments exhibiting low microbial activity. GRs
or GR-like substances also have been observed to
reduce halogenated alkanes (Erbs et al., 1999; Pecher
et a., 1997) and selenite (Myneni et a., 1997) at
appreciable rates. Furthermore, GR may act as a
collector of heavy metal cations through substitution
into the GR hydroxide layers (Shokes and Maller,
1999; Taylor et al., 1998; Tamaura, 1985). Thus,
GRs represent interesting substances in studies of
natural pollution control. In vivo studies of GRs are
still sparse, although the possible activity of GRs are
often indicated in investigations of polluted soils,
sediments and landfills, and in remediation tech-
niques using Fe(0) (Gu et a., 1999; Scherer et 4.,
1999; Frederickson et al., 1998). It is known that
GRs easily form during corrosion of iron (Kassim et
al., 1982). The high reactivity of GR including its
extreme sensitivity towards oxidation by oxygen
probably explains why GR is not generally identified
in standard mineralogical works. However, more
recent findings suggest its occurrence in soils, inter-
tidal marsh sediments and ochre (Trollard et al.,
1997; Al-Aghaet al., 1995; Bender Koch and Marup,
1991).

GR belong to the pyroaurite-group of compounds
(Brindley and Bish, 1976), and are composed of
dternating trioctahedral hydroxide layers, [Fe}_ -
Fe,'(OH),]**, and anionic interlayers, [A, -
yH,Ol, where A is an n-valent anion. Previously,
we have taken the approach to modify and compare
different forms of the GRs in order to elucidate the
fundamentals of the reaction (Hansen and Bender
Koch, 1998). The reactive sites for nitrate reduction
must be located at the iron(IDiron(I1l) hydroxide
layers, and thus the rate of reaction will depend on
the layer area, which can be accessed by nitrate. If
nitrate can exchange with the interlayer anion (A""),
reaction can take place both at outer and inner
surfaces of the GR particles. Apparently, nitrate
cannot penetrate the interlayer when carbonate or

sulphate congtitutes the interlayer anions (Hansen
and Bender Koch, 1998). This agrees with the low
affinity of the interlayer for monovalent anions com-
pared with higher-valent anions in analogues layered
hydroxides (Miyata, 1983). However, when nitrate
was forced into the interlayer by extracting the inter-
layer sulphate through precipitation of barium sul-
phate outside the GR particles, the observed 40-fold
increase in rate of nitrate reduction almost equaled
the increase in exposed surface area of the
Fe(IDFe(111) layers (Hansen and Bender Koch, 1998).
From these observations, it is expected that the rate
of reaction will depend on the particular anionic
form of GR, specificaly the ease with which nitrate
can exchange with A"~ in the GR interlayer, and the
crystallite size. Interlayer forms of GR containing
easy exchangeable anions like halogenides are ex-
pected to show high reaction rates.

In this work, the stoichiometry and the kinetics of
the reaction between nitrate and the chloride form of
GR (GR() have been investigated. The kinetics are
compared with those for the similar reaction with
carbonate and sulphate forms of GR(GR ¢, GRgp)-
In addition, a sulphate GR produced from GR, by
exchange of interlayer chloride with sulphate
(GR¢ _, 50,) has been used to evaluate how the
Fe(l1):Fe(lll) ratio of the GR and the ease of inter-
layer anion exchange with nitrate influence the rate
of nitrate reduction.

2. Materials and methods
2.1. Synthesis of GR, and reaction with nitrate

The chloride form of GR was synthesized by air
oxidation of FeCl, solutions at constant pH using a
titrator, atechnique also used for synthesis of GRg,, s
(Hansen et al., 1996). All solutions and suspensions
were kept in flasks sealed with rubber septa and
flushed with argon (99.9995%, flow 50 cm® min~1);
in- and outlets to/from the flasks were made of
1-mm stainless steel needles or 1-mm Teflon tubes.
First, a stock solution of approximately 0.5 M FeCl ,
was prepared by reacting an excess of iron powder
(Merck 3819, particle size 10 wm) with 100 cm? of
Ar-flushed 1.0 M HCl a 80°C. The synthesis of
GR, was carried out in a thermostated (25 + 0.1°C)
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300 cm® flask equipped with a pH combination
electrode, inlets for titrator (0.25 M NaOH), Ar and
air, and valves for gas out and sampling. Ten cubic
centimeters of the FeCl, stock solution was trans-
ferred into the synthesis flask containing 190 cm® of
Ar-flushed 0.5 M NaCl, and pH adjusted to 7.5 after
which the pH-stat control was switched on. A peri-
staltic pump introduced CO,-free air into the solu-
tion at a rate of 0.25-5 cm® min~! while Ar-flush-
ing the headspace above the solution. The formation
rate was controlled at an OH™ consumption of 8 X
107° mol s !. The oxidation was stopped when
approximately 60% of the initial Fe(ll) had been
incorporated in the precipitated solids.

After settling of the greenish-blue precipitate, the
synthesis flask was transferred into a glove box
flushed by Ar (99.9995%). The flask was opened,
the supernatant discarded and the remaining slurry
filtered on a suction filter (pore diameter 10-16 p.m)
and washed with 4 X 10 cm® of Ar-bubbled water.
Now the GR( product was transferred to one or
more reaction flasks. In one type of experiments, the
product was transferred to 100-cm® crimp seal vials
containing 70 cm® of Ar-bubbled water. In another
type of experiments, in which pH was monitored
during the reaction, the GR, was mixed with 190
cm?® of Ar-bubbled water in a 300-cm? reaction flask
fitted with a pH-€electrode and a sampling port both
inserted through a rubber septum. After proper seal-
ing and dispersion of the GR, the vials/flask were
removed from the glove box. Initial suspension con-
centrations of Fe(Il) in GR, were between 3 and 11
mM. The reaction was started when 10 cm® of
Ar-bubbled NaNO, solution was added resulting in
initial nitrate concentrations of 0.71, 1.78, 3.57, 7.14
and 14.23 mM. The crimp seal vials were placed on
a shaking table (50 strokes min~!) whereas suspen-
sions in 300-cm® reaction flasks were magnetically
stirred. At regular time intervals, the reaction mix-
tures were sampled using Ar-flushed syringes. Fil-
tered samples were taken for determination of Fe(ll)
in solution (Fe(1l)g,), unfiltered samples treated with
0.1 M HCI for determination of Fe(ll) in GR+
solution (Fe(ll)g, . cr), and unfiltered samples
guenched by rapid aerial oxidation for determination
of ammonium (Hansen et a., 1996). The concentra-
tion of Fe(ll) in GR (Fe(ll)gg ) was determined as the
difference between Fe(ll)g, and Fe(ll)g, , gr-

Experiments were also performed in which chlo-
ride in GR. was exchanged with sulphate
(GR ., 50,)- The chloride GR was synthesized, sep-
arated and washed as described above and subse-
quently treated with 50 cm® of Ar-bubbled 0.5 M
Na, SO, solution for 24 h. The ion exchanged prod-
uct was again separated, washed and redispersed,
and then used for reaction with sodium nitrate at a
starting concentration of 14.23 mM as described
above.

Blank experiments in which no NaNO, was added
to the GR, suspensions, were carried out to test for
possible leakage of oxygen into the reaction flasks.
Furthermore, the possible reaction of nitrate with
soluble Fe(ll) was tested in control experiments us-
ing crimp seal vials containing 15 mM FeCl, solu-
tions free of GR buffered at pH 7.25 with HEPES
(4-(2-hydroxyethyl)-1-piperazineethansulfonic  acid)
and kept under an Ar-atmosphere in a glove box.
Both during synthesis and reaction, all flasks were
wrapped with Al-foil to prevent photochemical reac-
tions.

2.2. Analysis

Iron(ll) was determined by the 1,10-phenanthro-
line method (Fadrus and Maly, 1975). Total dis-
solved Fe (Fe(ll) + Fe(lll)) was determined by the
same method after reduction with 8% (w/v) ascor-
bic acid. Ammonium was determined spectrophoto-
metrically in filtrates of the quenched suspensions by
flow injection analysis employing reaction of ammo-
nium with an indicator solution (Ramsing et al.,
1980). Filtered suspension samples were preserved
against oxidation by use of glycerol and examined
by X-ray diffraction (XRD) using a Philips PW1050
goniometer (Co Ka radiation). The smears were
scanned at a speed of 1° 26 min~! (Hansen, 1989).
Mosshauer spectra of GR samples were obtained at
80 K using a conventional constant acceleration
spectrometer and a source of >’Co in Rh. The spec-
trometer was calibrated using a 12.5-p.m foil of a-Fe
at room temperature and isomer shifts are given
relative to the centroid of this absorber. The spectra
were fitted using simple Lorentzian line shape.

All chemicals were p.a. quality. Double deionized
or glass distilled water was used throughout, and all
glass and plast ware were soaked in 4 M HNO, for 1
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h and carefully rinsed in double deionized water
before use.

3. Results and discussion

3.1. Synthesis of GR,

X-ray diffraction of the suspended solids demon-
strates that GR, and magnetite are the only crys-
talline solids in the initial and fina reaction mix-
tures, respectively (Fig. 1). Basal reflections are very
intense compared with other reflections indicating
strong preferred orientation of crystallitesin the XRD
samples due to a platy morphology of the GR
crystallites. The average thickness of the GR, crys-
tals determined from the width of the 003 peaks and
the Scherrer formula (k= 0.9) is 38 + 6 nm, which
is comparable to the thickness of synthetic GRg,,

particles (Hansen and Bender Koch, 1998). No other
oxidation products than magnetite was observed.
Lepidocrocite can form as an oxidation product of
GRs but normally at higher oxidation rates than were
found here and possibly with magnetite as an inter-
mediate phase (Srinivasan et al., 1996).

The Mosshauer spectrum of the GR, is shown in
Fig. 2A. A two-doublet component fit of the spec-
trum gives an isomer shift of 1.26 mm s ! and a
quadrupole splitting of 2.73 mm s~ for the dominat-
ing Fe(ll) component and isomer shift of 0.44 and a
quadrupole splitting of 0.38 mm s™* for the Fe(lll)
component. Assuming identical f-factors for the two
components, the relative areas of the two compo-
nents give an Fe(ll):Fe(lll) ratio of 2.7 + 0.2. This
ratio close to 3:1 is in good agreement with findings
by Lewis (1997) and Refait and Geénin (1993). The
GR( formula is thus close to Fe).Fe|L(OH),,-
Cl, s yH,0, which will be used in the following. The
magnetite produced by the reaction is well crys
talline and is assumed to be stoichiometric as found

$
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Fig. 1. X-ray traces of the starting material GR;, the sulphate-exchanged GR¢ (GRg, , 50,) and the final magnetite oxidation product. The
dashed line marks a five-time expansion of the intensity scale (d-spacings in nm).
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Fig. 2. Mssbauer spectra of GR, and after exchange with sulphate (GR¢ _, g0,) Obtained at 80 K.

in a previous analysis of magnetites produced under
similar conditions (Hansen et al., 1996).

3.2. Soichiometry and rate of nitrate reduction by
GR¢,

Nitrate is reduced to ammonium by GR., as
evidenced by both the formation of ammonium and
consumption of Fe(ll)gg (Fig. 3). With the applied
concentrations of Fe(ll)g; and nitrate, the reaction is
completed within 300 min, which is much faster than

observed for the reaction between nitrate and GRg,,
(Hansen et al., 1996). Protons generated during reac-
tion cause a pH decrease from 8.2 to 6.1 at the end
of reaction, which is followed by a sight increase in
the concentration of Fe(ll)g, presumably due to
dissolution of GR at the lower pH. In control
experiments with pure GR, but without addition of
nitrate minor oxidation of Fe(ll)g, took place proba
bly owing to oxygen leakagesinto the reaction flasks.
In these experiments, the concentration of Fe(ll)gg
in the suspensions decreased only little, and at an
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Fig. 3. Rate of formation of anmonium (4) and consumption of Fe(I1)gx (@) with accompanying first-order fits (full line). Also shown are
the concentration of Fe(I1) in solution (a) and pH (m). Dashed curves are drawn as a guide to the eye. (INOj |;,i; = 14.28 mM).

average rate of 12.3-10"8 M s, which is 15-20-
times less than the oxidation rate when nitrate is
added to the GR. It was found that solutions of
iron(11) chloride did not reduce nitrate to ammonium
at the time scale of the experiments (Table 1), clearly
demonstrating that Fe(ll)gz and not Fe(ll)g, is the
actua reductant in the reactions.

Assuming that ammonium is the only N-contain-
ing product of the reaction, the overall redox reaction
can be specified by:

5
Feill.SFe!I.l.ls(OH)lZCIlE + E NO;
5 14 3
2 2Fe;0, + —NH;+ —H"+ =CI~

16 16 2

79HO 1
+—H,0.
=M (1)

For each mol of GR(,, 2 mol of Fe(ll)gz pass on
unoxidized into magnetite while 2.5 mol of Fe(ll)gg

are consumed for reduction of nitrate. The theoretical
ratio between formation of ammonium and consump-
tion of Fe(ll)gg (r,,) equas (5/16)/4.5=(5/72)
= 0.0694. In Fig. 4, the observed maximum produc-
tion of ammonium is plotted vs. the consumption of
Fe(lDgg for the experiments listed in Table 1. The
value of r,, determined by linear regression equals
0.0658, which is not significantly different from the
theoretical r,, value of 0.0694 at the 99% level of
significance. The dight background oxidation causes
oxidation of Fe(ll)gg without formation of ammo-
nium, and therefore the observed r,, values will be
dlightly underestimated, especialy in experiments
with low initial concentrations of Fe(ll)g; where the
relative consumption of Fe(l)g; in the background
oxidation reaction is highest. It can be concluded that
nitrate is almost quantitatively reduced to ammonium
on reaction with GR, according to Eq. (1). Forma-
tion of other N-containing reduction products cannot
be excluded, but their concentration will be very
low. Stoichiometric reduction of nitrate to ammo-
nium has also been observed in the reaction between
GRgy, and nitrate (Hansen et al., 1996).
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Table 1
Reaction and kinetic parameters for the reduction of nitrate by GR
Experiments [Fe(DR init [NO3 BB, Initial rate” KSos r2c
(M) x1073 (M) x103 Ms 1) x10°8 (s¥H x107*
Control® 0 14.28 0 0 ne®
SG32 5.77 0.71 5.46 144 0.9836
SG33 543 1.78 6.45 212 0.9831
SG21 10.88 3.57 1551 2.03 0.9784
SG34 3.68 357 6.73 3.82 0.9931
SG13 8.58 7.14 14.31 2.46 0.8148
SG23 7.03 7.14 15.61 2.95 0.9747
SG14 8.55 14.28 16.56 2.95 0.9095
SG24 5.26 14.28 14.79 4.18 0.9453
HNK12 10.95 14.28 1554 212 0.9953
ME37f 6.31 14.28 2.18 0.47 0.8723

#nitial concentration of Fe(ll)gg and NO3, respectively.
®Initial rate of formation of NH.

Determined from NH} vs. time data by fitting to [NH 1= [NH 1,21 — exp( — kgpst)) with r? the coefficient of regression.

9Reaction with 15 mM FeCl, at pH 7.25.
°Not applicable.

'GR, exchanged with SO2~ (GR _, so,» for details see text); average of two experiments.

Both the rate of disappearance of Fe(ll)g; and the
rate of ammonium formation can be fitted as first-
order reactions (Fig. 3). Tentatively, the rate law for
ammonium formation may be expressed by:

d[NHZ
%=k[Fe(n)]éR[N03]ﬁ (2)
where B is the reaction order with respect to nitrate.
The rate law can also be expressed as the disappear-
ance of nitrate but because ammonium and not ni-
trate was measured, the rate of ammonium formation
is given in Eg. (2). For higher initial concentrations
of nitrate (> 3.57 mM), the reaction can be treated
as a pseudo zero-order reaction with respect to ni-
trate, and thus the rate equation simplifies to:

d[NH; | . .
T = kobs([NH4]max - [NH4])
5
= ikobs[Fe(”)]GR (3)
where
72
Kops = Ek[Nog] ? (4)

and [NH}],., is the maximum concentration of
ammonium produced at completion of reaction. The
Kyps Parameters can be determined from Fe(ll)gg or
ammonium vs. time data, and similar values are
obtained in most cases. The error of determination is
smaller for the ammonium than the Fe(ll)gz mea
surement due to the indirect estimation of the latter.
Consequently, k., values have been determined
from the ammonium data. Vaues of k. vary be-
tween 2 and 4 X 10~* s™* for initial concentrations
of nitrate varying between 1.78 and 14.28 mM (Ta
ble 1). An estimate of the reaction order with respect
to nitrate and the rate constant k may be derived
from initial rates and concentrations according to the
logarithmic form of Eq. (2):

NH;
|09( [ at ] )init_ Iog([Fe(”)]GR,init)
=log(k) + Blog([NO3 i) - (5

A plot of the left hand side vs. the right hand side
of Eq. (5) gives k=169x10"* M~ %% 57! and
B = 0.45. However, the correlation is not good (r?
= 0.5681) and a t-test indicates that the hypothesis:
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Fig. 4. The observed formation of NH vs. consumption of Fe(I1)g at completion of reaction in the different experiments (cp. Table 1) and
different initial concentrations of nitrate. The straight line (NH} 1 = (5/72)[Fe(l1)gg]) represents the ideal stoichiometric ratio according to

Eq. (D).

B =0 cannot be excluded. However, the initia rate
data indicate that ammonium formation reaches an
amost constant rate at nitrate concentrations of 7
mM (Table 1). Thus, there is some evidence that the
rate of reaction increases with nitrate concentrations
up to some upper limit at 7 mM nitrate after which
the reaction becomes “saturated” with respect to
nitrate. Variation in particle sizes and hence reactive
surface areas of the starting GR, reactants between
experiments could blur a clear rate dependence of
nitrate concentration, but estimated from peak widths
in XRD traces of the GRs particle sizes were almost
constant.

Assuming that 8= 0 for nitrate concentrations
above the “saturation” point, i.e. experiments at
nitrate concentrations of 7.14 and 14.28 mM, the rate
equation may be given as:

d[NH:] 2 (INH? NH
gt~ 5 KINHz e — [NHZ])

=k[Fe(”)]GR (6)
where k=2.0+05x107° s 1.

To see if any change of the layer thickness of the
GR would occur during oxidation by nitrate, XRD
traces of the 003 reflection were recorded at different
times after mixing with NaNO, (Fig. 5). A dight but
insignificant decrease in layer thickness from 0.795
nm before addition of NaNO, to 0.792 nm after
reaction for 80 min was observed. This indicates that
a nitrate-exchanged GR is not present as the d(003)-
spacing for the nitrate form of GR is about 0.77 nm
(Hansen and Bender Koch, 1998). The peak width of
the 003 reflection was found to be amost constant
with time corresponding to no decrease in GR parti-
cle thickness during a major part of the reaction.
These observations are consistent with a reaction
mechanism where nitrate progressively exchanges
with chloride from particle edges and inwards, and
where Fe(I1)—Fe(I11) hydroxide layers in contact with
nitrate becomes quickly oxidized. Thus, platy GR
particles are reduced in size from plate edges and
inwards keeping the plate thickness amost constant.
Furthermore, no nitrate interlayer form will be de-
tected by XRD as that part of the GR crystal in
contact with nitrate becomes oxidized and dissolves.
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Fig. 5. X-ray traces of the 003 pesk of GR; just before (0 min)
and after reaction with nitrate for 5, 20 and 80 min ((NO3 I, =
14.28 mM).

The reaction seems to consist of a particle by particle
oxidation mechanism rather than a progressing aver-
age oxidation of al particles.

3.3. Reaction of nitrate with sulphate-exchanged
GR,

Interlayer chloride was successfully exchanged
with sulphate as demonstrated by the XRD trace of

the GR, _, 5o,, Which shows basal reflections typical
of GRg,, (Hansen et al., 1996). The widths of the
basal reflections did not change during anion ex-
change and thus the crystal thickness remained al-
most constant. The Mdssbauer parameters of the
GR¢ , 50, Were almost identical to those of GRg,
and the Fe(I1):Fe(lll) ratio of the former was 2.8 +
0.2 (Fig. 2B) demonstrating that the Fe(ll):Fe(lll)
ratio is kept constant during anion exchange. This
result indicates that the interlayer anion exhibit only
minor influence on the local environment of the
cations within the hydroxide layers (Bender Koch,
1998).

The produced sulphate GR (GR(, _, 50,) has an
Fe(I):Fe(lll) ratio of 3:1 whereas GRg,, s produced
by direct synthesis have Fe(ll):Fe(lll) ratios of 2:1
(Hansen et ., 1996). Nitrate reduction by GR¢, _, g,
is about six times slower than reduction of nitrate by
GR, (Table 1). However, GRgq s with Fe(ll):Fe(lll)
ratios of 2:1 show five times slower rate of nitrate
reduction compared with the GR, _, 5o, and 30 times
slower rate compared with GRy (Table 2). The
differences in reactivity between traditional GRg,
(Fe(l:Fe(lll) = 2) and GR, , o, (Fe(ID:Fe(ll) =
3) indicate that the relative amount of Fe(ll) in the
octahedral layer affects nitrate reduction rates. Varia
tion in rates of reaction could be due to differences
in specific surface areas between GR,, GRg,, and
GR , 5o, However, the crystal thickness along the
c-axis of the various GRs as determined from the
width of the basal reflections does not show substan-
tial differences (cf. Fig. 1, and Hansen and Bender
Koch, 1998) indicating that the observed variation in

Table 2

Comparison of rates of nitrate reduction by GRg,, and GR at an initial nitrate concentration of 14.28 mM and room temperature

GR type Nitrate salt Fe(ll): [Fe(ID1&x init KSos Reference’
Fe(ll)? (M) x1073 (s x107°

GRg NaNO; 31 4-11 30.8+ 104 Thiswork

GR¢ - so, NaNO, 31 6-7 4.7 This work

GRg, NaNO; 21 2-10 0.95 + 0.38 1

GRgo, Ba(NO,), 2:1 5-12 32.8+9.2 2

Fe(ll):Fe(lll) ratio of GR.
®Initial concentration of Fe(ll)g.

Determined from NH} vs. time data by fitting to [NH 1 = [NH} ],,5(1 — exp(— Kgpst)).
9[1] Hansen et al. (1996), [2] Hansen and Bender Koch (1998).
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reactivity is not due to differences in the externa
surface areas of the GR particles.

The increase in nitrate reduction rates when
Fe(l1):Fe(lll) ratios are increased can be attributed to
two effects: an increase in the reducing capacity of
the GR, and the lower charge density of the hydrox-
ide layers. The smaller layer charge of the GR, _, 5o,
compared with GRg,, is expected to favour the
exchange of sulphate for nitrate thus placing nitrate
at the reactive surfaces resulting in higher reaction
rates. In case of the GR, the much easier exchange
of chloride for nitrate further contributes to the high
reduction rates observed for GR,. Thisis similar to
the dramatic increase in nitrate reduction rates ob-
served on forced exchange of sulphate with nitrate in
GRg,, (Hansen and Bender Koch, 1998).

A smaller layer charge aso implies that fewer
Fe(lll) reactive centers in the hydroxide layers are
present and this partially could lead to lower reduc-
tion rates. Mdssbauer spectroscopy provides no evi-
dence of charge delocalization in GR at room tem-
perature. Consequently, if Fe(lll) in the hydroxide
layers congtitutes the reactive sites, one reactive site
per nitrate may not suffice to provide all eight
electrons needed for full reduction of nitrate to am-
monia. This suggests that the reactive complex may
have to diffuse around at the surface for completion
of reaction, which may limit the reaction rate.

The observed “saturation” with respect to the rate
of nitrate reduction in the GR, system for nitrate
concentrations above approximately 7 mM may indi-
cate that at this concentration the interlayer chloride
has been fully exchanged with nitrate and that the
maximum nitrate reduction rates of hydroxide layers
with Fe(l):Fe(l11) = 3 have been achieved. Alterna-
tively, the chloride for nitrate exchange may consti-
tute the rate limiting reaction. However, if the activa
tion energies for nitrate reduction are as high as in
GRg,, systems, 84 kJ mol~* (Hansen and Bender
Koch, 1998), ion exchange is probably not the rate
limiting reaction as the activation energy for such a
reaction is low.

Apparently, the rate of nitrate reduction by GR,
decreases less than what could be expected if the
reaction was first-order with respect to nitrate, and
which was observed for the GR,, system (Hansen
et a., 1996). This means that nitrate reduction rates
in the GRy system are substantial even at nitrate

concentrations below 1 mM, i.e. the GR is an
active reductant also at low concentrations of the
oxidant.

4. Conclusions

Nitrate is reduced stoichiometrically to ammo-
nium by synthetic GR, (Fe), sF€|'s(OH);, XxH,0) in
an apparent first-order reaction with respect to
Fe(ll)gr. Reduction rates increase with increasing
nitrate concentrations up to some threshold concen-
tration of nitrate at about 7 mM above which no
further increase in reduction rates takes place. Nitrate
reduction rates are 30—40 times higher than the rates
observed for reduction by GRg,, which have
Fe(lD:Fe(Ill) ratios of 2:1. Sulphate exchange of
GR(, produced a sulphate-GR with an Fe(l):Fe(l11)
ratio of 3:1. The resulting GR reduced nitrate six
times dower than the GR,. Therefore, both the type
of interlayer ion, the layer charge and the relative
content of Fe(ll) in the hydroxide layers influence
nitrate reduction rates.
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