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Reductive transformation reactions involving mineral-
bound Fe2+ species are of great relevance for the fate of
groundwater contaminants. For clay minerals, which
are ubiquitously present in soils and sediments, the factors
determining the reactivity of structural Fe2+ and surface-
bound Fe2+ are not well understood. We investigated the
reactivity and availability of Fe2+ species in suspensions
of chemically reduced montmorillonite (SAz-1) as well as in
suspensions of oxidized and reduced nontronite (SWa-1,
ferruginous smectite) using two acetylnitrobenzene isomers
as reactive probe compounds. The analyses of the
reduction kinetics of the two nitroaromatic compounds
(NACs) suggested that Fe2+ bound in the octahedral layer
of reduced smectites is the predominant reductant and
that electron transfer presumably occurs via basal siloxane
planes. In contrast, reduction of NACs by Fe2+ associated
with oxidized nontronite is orders of magnitude slower
than reduction by octahedral Fe2+. Reductive transformation
and reversible, nonreactive electron donor-acceptor
(EDA) complexation of NACs at basal smectite surfaces
occur simultaneously at reduced montmorillonite exhibiting
low structural iron content. In contrast, EDA complexation
was not observed in suspensions of reduced iron-rich
nontronite. Due to the similar reduction rate constants
measured for the two NACs, we propose that the (re)-
generation of octahedral Fe2+ sites, e.g., by electron transfer
and/or Fe rearrangement within the octahedral nontronite
layers, partly limited the rate of contaminant transformation.
Since iron in clay minerals is available for microbial reduction,
our study suggests that octahedral Fe2+ can contribute
to abiotic contaminant transformation in anoxic environments.

Introduction
In anoxic groundwaters, biogeochemical processes provide
a variety of potential reductants for abiotic contaminant
transformation. Persistent organic chemicals, such as poly-
halogenated alkanes and alkenes, aromatic nitro and azo
compounds, may be transformed to reaction products that
can be further (bio)degraded or to products that can be more
toxic than the parent compounds. Reactions involving Fe2+

species are of great relevance for the fate of such important
soil and groundwater contaminants (1-4). Therefore, an

understanding of the biogeochemical processes controlling
the formation and reactivity of Fe2+ is of particular interest
for assessing the risk of subsurface contamination of drinking
water resources. To date, many field and laboratory studies
have shown that Fe2+ associated with various iron-containing
minerals such as (hydr)oxides, phyllosilicates, and green rusts
can efficiently reduce many different contaminants under
anoxic conditions (4-17). However, even under controlled
laboratory conditions, relative rates of contaminant reduction
may vary over several orders of magnitude in suspensions
containing Fe2+ bound to various iron minerals (9), suggesting
that reduction rate constants depend on specific interactions
between organic contaminant and mineral surfaces.

Among these studies, the role of clay minerals for reductive
contaminant transformation by Fe2+ species has rarely been
addressed, despite the ubiquitous presence of clay minerals
in soils and sediments. Almost all clay minerals contain
structural iron in the ferric and/or ferrous form, and total
iron contents can be up to 25 wt % (18). Upon microbial
reduction (19, 20), Fe2+ species associated with clay minerals
can become available for contaminant transformation. For
iron-bearing smectites, we have proposed that reactive Fe2+

is predominantly present as Fe2+ bound to surface hydroxyl
groups as well as structural Fe2+ in the octahedral layer of
the minerals. The redox potential of Fe2+ species bound by
ion exchange is presumably close to that of aqueous Fe2+

species and, therefore, this Fe2+ species is of minor signifi-
cance for contaminant reduction (15). To assess the reactivity
and reduction capacity of Fe2+ species associated with clay
minerals in anoxic soils and groundwaters, the distinction
between the predominant structural or surface associated
iron species is of great importance.

However, recent studies have demonstrated that the
concept of isolated reactive Fe2+ sites at the surface or within
the mineral structure might be too limited to address the
nature of reactive Fe2+. At Fe3+(hydr)oxides, an oxidation of
surface-bound Fe2+ species by structural Fe3+ was observed
in the absence of oxygen (13). Reduction of contaminants by
surface-bound Fe2+ species, in contrast, could only be
detected when Fe2+ was additionally present in solution at
millimolar concentration. Obviously, some Fe2+-Fe3+ elec-
tron transfer takes place prior to the formation of reactive
Fe2+ species and may be responsible for the (re)generation
of reactivity during contaminant transformation. Therefore,
comparisons of reactivity of octahedral and surface-bound
Fe2+ associated with clay minerals need to address the
influence of structural iron oxidation state on the formation
of reactive Fe2+.

It is the scope of this study to contribute to a better
understanding of the predominant reactive Fe2+ species
associated with oxidized and reduced iron-rich smectites
with regard to their accessibility and reactivity for contami-
nant transformation. To this end, we examined the reactivity
of Fe2+ associated with chemically reduced smectites in the
presence and absence of surface-bound Fe2+ and compared
our findings with the reactivity of Fe2+ at an oxidized, iron-
rich smectite. Using montmorillonite (SAz-1, Arizona mont-
morillonite) and iron-rich nontronite (SWa-1, ferruginous
smectite) as model smectites, we investigated (i) which
reactive iron pool, octahedral Fe2+ or Fe2+ bound to surface
hydroxyl groups, is the predominant reductant, (ii) whether
the reactivity of surface-bound Fe2+ depends on the oxidation
state of structural iron, and (iii) whether contaminant
transformation kinetics provide evidence for the rate-limiting
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steps of reduction as well as for the localization of electron-
transfer reactions at smectite surfaces.

To probe for the reactivity and accessibility of Fe2+ at
smectites we used two acetylnitrobenzene isomers (2- and
4-acetylnitrobenzene), which were introduced in our previous
study as reactive model compounds (15). The ortho-
substituted isomer, 2-acetylnitrobenzene, which is not
enriched significantly at any of the potentially reactive surface
sites, was used to assess the reactivity of Fe2+ in the absence
of specific interactions between NAC and mineral surface.
In contrast, planar NACs such as 4-acetylnitrobenzene have
a high affinity for siloxane oxygens and can form coplanar
electron donor-acceptor (EDA) complexes at the siloxane
surface of phyllosilicates (21, 22). Planar nitrobenzenes can,
therefore, be used to probe directly for specific interactions
with octahedral Fe2+ via basal siloxane planes. Note that EDA
complexation, which occurs within seconds, is hindered by
the presence of strongly hydrated cations such as Na+ and
Ca2+, whereas this effect is less pronounced in the presence
of K+ or NH4

+ at basal siloxane planes. Therefore, reduced
smectites with different cations present at the basal siloxane
surfaces were used to determine the contribution of specific
EDA interactions to the overall contaminant reduction.

Experimental Section
Preparation of Mineral Suspensions for Kinetic Experi-
ments. Different types of anoxic suspensions containing
reduced nontronite (ferruginous smectite, SWa-1) or reduced
montmorillonite (Arizona montmorillonite, SAz-1) were
prepared according to a modified citrate-bicarbonate-
dithionite (CBD) procedure described earlier (see refs 15, 23,
and Supporting Information for modifications concerning
montmorillonite). Chemical reduction of nontronite or
montmorillonite resulted in minerals with octahedral Fe2+

and Fe2+ adsorbed to surface hydroxyl groups. Further
washing cycles with acidic solutions of either 2 M NaCl or
2 M KCl at pH 4.0 were performed in the ultrafiltration cell
to remove surface-bound Fe2+. The adsorption of Fe2+ to
basal nontronite surfaces was achieved by washing the clay
suspension once after reduction with 50 mL of 0.1 M FeCl2

solution and three times with Nanopure water until no visible
sign of orange Fe3+(hydr)oxides could be observed in the
filtrate outside the glovebox. Assays with ion-exchangeable
Fe2+ were prepared with NaHCO3 buffer only, or with NaHCO3

buffer in the presence of 1 mM dissolved Fe2+
aq. Suspensions

of oxidized nontronite were prepared identically to their
reduced counterparts, except for the addition of dithionite
reductant. These assays were used for adsorption experi-
ments. Further cation exchange with FeCl2 as describe above
resulted in Fe2+ exchanged, oxidized nontronite.

Kinetic Experiments. Kinetic experiments were initiated
by the addition of methanolic acetylnitrobenzene (0.02 M)
stock solution with a gastight glass syringe to clay mineral
suspensions. Samples of 500 µL were withdrawn at given
time intervals with a gastight glass syringe after the injection
of an equal volume of Ar. Immediate filtration through 0.2
µm filters into 2 mL glass vials suitable for the HPLC
autosampler stopped the reaction. The obtained samples
needed no further treatment prior to HPLC analysis. All
experiments were performed in triplicates.

Chemical Analyses. All samples containing acetylni-
trobenzenes and reduction products were analyzed using
standard reversed-phase HPLC with eluents consisting of
MeOH/H2O mixtures. UV/vis detection was performed
simultaneously at the absorption maxima of the acetylni-
trobenzenes and the corresponding anilines as described
earlier (15). Aqueous solutions were analyzed for dissolved
Fe2+ with a UV/vis photospectrometer at 562 nm after
complexation with FerroZine or at 512 nm after complexation
with phenanthroline (24, 25). Total iron content of the clay

minerals was measured with the means of energy dispersive
XRF on a Spectro X-LAB 2000 (Kleve), equipped with a Si(Li)
detector and a Pd X-ray source. For the size fractions used
in our study, we determined 12.6 and 1.0 wt % total iron
content in SWa-1 and SAz-1, respectively, which are some-
what lower than the published values of 19.8 wt % (SWa-1)
and 1.5 wt % (SAz-1) (26, 27).

Modeling. Kinetic data obtained from the experiments
on the adsorption and reduction of NACs in clay mineral
suspensions was modeled using Aquasim modeling software
(see ref 28 and Supporting Information). Briefly, the reduction
of a NAC to reaction intermediates as well as the reduction
of the intermediates to aniline at the clay surface was assumed
to follow pseudo-first-order kinetics. The adsorption behavior
of NACs at low aqueous concentrations was described with
a linear sorption isotherm with the adsorption constant Kd

(22). Reduction rate constants, kNAC, and adsorption constants
were calculated for every single experiment. Experimental
data on NAC disappearance and aniline formation was fitted
to the kinetic model and 95% confidence intervals for kNAC

and Kd were calculated from at least three replicates of kinetic
experiments.

Results and Discussion
Reduction and EDA Complex Formation of Acetylni-
trobenzenes in Reduced Montmorillonite Suspensions. We
investigated the reduction kinetics of two nitroaromatic
compounds (NACs), i.e., 2- and 4-acetylnitrobenzene (2-
COCH3-NB and 4-COCH3-NB), to probe for reactive and
nonreactive interactions at smectite surfaces in suspensions
of reduced montmorillonite (SAz-1). Contributions of EDA
complexation to an enhanced disappearance of 4-COCH3-
NB from aqueous solution were assessed from the com-
parison of reaction kinetics in suspensions of K+ montmo-
rillonite, where fast and strong adsorption occurs, and in the
presence of the Na+-exchanged mineral, where EDA com-
plexation is less pronounced (22). Table 1 summarizes the
pseudo-first-order rate constants, kNAC, calculated for the
reduction of the acetylnitrobenzenes (COCH3-NBs) in the
different experimental systems and shows the associated
adsorption constants, Kd, and 4-COCH3-NB.

In suspensions of reduced montmorillonite, the non-
sorbing 2-COCH3-NB was reduced to 2-acetylaniline fol-
lowing pseudo-first-order kinetics (data not shown) with a
half-life of 5-6 h. The calculated rate constants for the
disappearance of the acetylnitrobenzenes from aqueous
solution were similar for montmorillonites exchanged with
either Na+ or K+. As shown in Table 1, the reduction of
4-COCH3-NB in suspension of Na+- and K+-exchanged
montmorillonite was faster than the transformation of the
ortho-substituted isomer, in agreement with the higher one-
electron reduction potentials reported for the para-substi-
tuted NACs [E1

h(4-COCH3-NB) ) -0.358 V, E1
h(2-COCH3-

NB) ) -0.460 V (29, 30)]. However, the disappearance kinetics
of 4-COCH3-NB in K+-montmorillonite suspensions were

TABLE 1. Rate Constants of Acetylnitrobenzene Reduction,
kNAC, in Suspensions of Chemically Reduced Montmorillonite
(SAz-1, 24 g L-1) and Adsorption Constants of 4-COCH3-NB,
Kd, in the Presence of Different Exchangeable Cations at
Basal Siloxane Planesa

2-COCH3-NB 4-COCH3-NB

exchangeable
cation kNAC (h-1) kNAC (h-1) Kd (L g-1)

Na+ 0.11 ( 0.01 0.40 ( 0.12 0.022 ( 0.0093
K+ 0.13 ( 0.05 0.35 ( 0.61 1.4 ( 0.40

a Errors represent 95% confidence interval.
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significantly different from that in suspensions of Na+-
montmorillonite (Figure 1). The inset in Figure 1 illustrates
that the initial disappearance of 4-COCH3-NB from aqueous
solution due to adsorption occurred within seconds and, in
the presence of K+-montmorillonite, to a much larger extent
than in the presence of Na+-montmorillonite. In suspensions
of K+-montmorillonite, the aqueous 4-COCH3-NB concen-
tration subsequently remained at 2 µM and the reduction
product, 4-acetylaniline, was not observed until 15 min after
the start of the experiment. Since no reaction intermediates
such as aromatic nitroso- or hydroxyl amino compounds
where detected during HPLC analyses, these observations
suggest that fast, nonreactive EDA complexation enriched
4-COCH3-NB at the basal siloxane surfaces, limited its
aqueous concentration, and, thus, decreased the rate of
aniline formation at reactive surface sites.

To test our hypothesis, we quantified the extent of EDA
complexation in terms of adsorption constants that char-
acterize the affinity of 4-COCH3-NB to basal siloxane surfaces
of reduced montmorillonite (21). We calculated the kinetic
parameters of 4-COCH3-NB adsorption from the initial kinetic
data points (Supporting Information). Subsequently, the
entire data set for 4-COCH3-NB and aniline concentrations
was used to calculate kNAC and Kd. Rate constants of 4-COCH3-
NB reduction were similar for Na+ and K+-montmorillonite,
as was observed for 2-COCH3-NB. Since exchangeable cations
did not show an effect on kNAC, reactive Fe2+ species associated
with reduced montmorillonite are presumably bound to
surface sites where cation binding is irrelevant or where the
accessibility of reactive Fe2+ is not cation sensitive. Further-
more, EDA complexation retards the formation of 4-acetyl-
aniline, suggesting that EDA interactions do not facilitate
the access to reactive Fe2+ species at basal siloxane surfaces.
The Kd values (Table 1) show that the tendency of 4-COCH3-
NB to form EDA complexes was 2 orders of magnitude higher
for K+-montmorillonite than for the Na+-exchanged mineral.
Similar results were obtained for oxidized montmorillonites,
where EDA complex formation is strongest if weakly hydrated
cations such as K+ are present, but almost negligible if strongly
hydrated cations such as Na+ are adsorbed (21, 22, 31).

Our findings obtained in suspensions of reduced mont-
morillonite confirm our hypothesis that nonplanar NACs such
as 2-COCH3-NB can be used to probe for reactivity of Fe2+,
whereas planar NACs such as 4-COCH3-NB can undergo

reductive transformation and EDA complexation simulta-
neously. Although kNAC of 4-COCH3-NB is independent of
the adsorbed cation, the rate of the reduction is, in fact,
strongly cation dependent. Since the rate of the reaction
depends not only on the rate constant but also on the aqueous
4-COCH3-NB concentration, nonreactive EDA complexation
retards the overall reduction of 4-COCH3-NB in suspension
containing montmorillonite exchanged with weakly hydrated
cations. Furthermore, the cation-dependent 4-COCH3-NB
adsorption is presumably indicative of specific EDA interac-
tions of the compound at basal surfaces of oxidized and
reduced montmorillonites.

Reduction of Acetylnitrobenzenes by Octahedral Fe2+

and Fe2+ Surface Complexes in Reduced Nontronite Sus-
pension. To compare the reactivity of octahedral Fe2+ with
that of Fe2+ species complexed to surface hydroxyl groups
of nontronite (SWa-1, ferruginous smectite), three types of
reduced mineral suspensions were prepared (see Table S1
of the Supporting Information for an overview of the different
experimental systems). Suspensions of chemically reduced,
i.e., CBD-treated, nontronite were homoionized with three
different electrolytes, yielding nontronites with Na+, K+, or
Fe2+ as exchangeable cation at the basal siloxane surface.
The suspensions are henceforth denoted as Na+-, K+-, and
Fe2+-nontronite, respectively. In suspensions of Na+- or K+-
nontronite, Fe2+ species were present as octahedral Fe2+ and
as Fe2+ bound to surface hydroxyl groups. Further cation
exchange of reduced Na+-nontronite with FeCl2 solutions
provided suspensions of Fe2+-nontronite with additional Fe2+

species bound by ion exchange.
To assess the reactivity of the various Fe2+ species, we

examined the kinetics of 2-COCH3-NB reduction to 2-acetyl-
aniline at pH 7.5. Note that the reaction of 2-COCH3-NB with
dissolved Fe2+ as hydroxo or carbonato species (12, 32) is
negligible and that, in all experiments, reactivity is associated
with the presence of solid phase only (15). Typical concen-
tration time courses for the different experiments are shown
in Figure 2. Reaction intermediates observed during HPLC
analyses, presumably partially reduced acetylnitrobenzenes,
were all quantitatively converted to 2-acetylaniline by the
end of the experiments. The reduction of 2-COCH3-NB by
Fe2+ in Na+-exchanged nontronite was fast and stoichiometric
formation of aniline was observed within 12 h. Almost
identical reactivity was found when nontronite suspensions

FIGURE 1. Reduction of 4-acetylnitrobenzene (4-COCH3-NB) in suspensions of Na+- and K+-montmorillonite (SAz-1; particle concentration
24 g L-1, pH 7.5) to 4-acetylaniline (4-COCH3-An). Triangles and circles refer to measurements in the presence of Na+- and K+-montmorillonite,
respectively. Initial concentrations were 57 µM (Na+) and 50 µM (K+). Solid lines are results of model calculations (inset: initial disappearance
of 4-COCH3-NB from aqueous solution due to nonreactive EDA complexation with K+-montmorillonite within seconds).
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were washed with mildly acidic NaCl at pH 4.0 to remove
Fe2+ bound by surface complexation (33) before the start of
the kinetic experiment (Figure 2a). This result suggests that
the removed, surface-bound Fe2+ species were not involved
in the reduction of 2-COCH3-NB. According to the nontronite
treatment with acidic electrolyte, we removed approximately
130 µmol of Fe2+/g of mineral from the mineral surface (see
Table S2 of the Supporting Information for electron balances).
Assuming that titrations down to pH 4 do not dissolve
structural iron (33), this estimate is in good agreement with
the amount of Fe2+ dissolved and readsorbed at the non-
tronite surface due to CBD treatment (34). However, 240
µmol of electrons/g of mineral are necessary to completely
reduce 50 µM of the acetylnitrobenzene to the corresponding
aniline, which cannot be accomplished exclusively by surface-
bound Fe2+ species. Given that the acidic exchange procedure
removes potentially reactive Fe2+ surface complexes (33, 35),
it is likely that octahedral Fe2+ species were the predominant
reductants present in our suspensions. The use of an
alternative Fe2+ extraction method, that is the exchange of
Fe2+ for Ca2+, which desorbed 44 µmol e- g-1, confirms the
finding that surface bound Fe2+ cannot account for the
observed complete acetylnitrobenzene reduction. The model
used for the evaluation of the kinetic data described the
acetylnitrobenzene disappearance and acetylaniline forma-
tion reasonably well for aqueous concentrations above 15
µM. Since the reduction kinetics of neutral and slightly acidic
washed Na+-nontronite were almost identical, it is unlikely
that the biphasic reduction kinetics were caused by the
sequential oxidation of surface-bound and octahedral Fe2+,
respectively.

A similar observation with regard to the availability of
surface bound vs octahedral Fe2+ was made for K+-exchanged
nontronites (Figure 2b). A comparison of the rates of
2-COCH3-NB disappearance and 2-acetylaniline formation
in Figure 2, parts a (Na+) and b (K+), further illustrates that

both cations had either a similar or only a very minor
influence on the reaction kinetics. We observed a different
rate of 2-COCH3-NB reduction in suspensions of K+-
nontronite before and after the acidic washing procedure.
Since acid-washed minerals reacted faster with 2-COCH3-
NB, Fe2+ bound to surface hydroxyl groups was not relevant
during the time scales of our experiments. However, the
washing procedure might have increased the accessibility of
reactive octahedral Fe2+, e.g., by partially dissolving edge
surfaces of nontronite (33) and, thus, decreasing the overall
reduction capacity of the suspension (Table S2, Supporting
Information).

To analyze the role of Fe2+ species bound electrostatically
by ion exchange at the basal siloxane surfaces, the suspension
of reduced nontronite was exchanged with FeCl2 electrolyte.
Kinetic experiments were performed in the presence and
absence of dissolved Fe2+

aq to check whether the presence
of aqueous Fe2+ is a prerequisite for reactive, surface-bound
Fe2+ as in suspensions containing iron (hydr)oxides (6, 13,
14). Aqueous ferrous iron concentration limits were opera-
tionally defined as [Fe2+

aq] ) 1 mM and [Fe2+
aq] < 10 µM,

respectively. A comparison of Figure 2a-c shows that the
reactivity of the assays was significantly lower in the presence
of Fe2+ at the basal siloxane surfaces. The pseudo-first-order
kinetic model described the initial reaction reasonably well,
but the reactivity of the assays decreased significantly 6 h
after the start of the experiment. The initial pseudo-first-
order rate constants were very similar for experiments in the
presence and absence of dissolved Fe2+

aq, i.e., kNAC were 0.10
and 0.16 h-1, respectively. These initial rate constants were
approximately 1 order of magnitude lower than those
obtained for Na+- and K+-exchanged nontronite (kNAC ) 1.4
and 2.8 h-1, respectively). Note that kNAC values calculated
from different nontronite reduction batches should only be
compared on an order of magnitude basis, since the
octahedral Fe2+ content of the different batches was not

FIGURE 2. Reduction of 2-COCH3-NB (filled symbols) in suspensions of reduced and oxidized nontronite (SWa-1; particle concentration
1.25 g L-1) to 2-acetylaniline (2- COCH3-An, open symbols) at pH 7.5: (a) reduced Na+-nontronite homoionized at pH 7 (circles) and pH
4 (triangles), respectively; (b) reduced K+-nontronite homoionized at pH 7 (circles) and pH 4 (triangles), respectively; (c) reduced Fe2+-
nontronite homoionized with FeCl2 at pH 7 at [Fe2+

aq] <10 µM (circles) and [Fe2+
aq] ) 1 mM (triangles), respectively; (d) oxidized nontronite

homoionized with FeCl2 at pH 7 after 2 days (circles) and 14 days (triangles) of equilibration time. The initial 2-COCH3-NB concentration
corresponds to the first aqueous concentration measurement. Solid lines are results of model calculations.
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measured. Although the CBD procedure was carried out
under identical conditions for all experiments, minor devia-
tions of initial rate constants due to variations in octahedral
Fe3+ and Fe2+ contents cannot be ruled out completely.

On the basis of the kNAC values as measures for the
reactivity of Fe2+ species associated with reduced nontronite,
the observed differences suggest that the presence of
electrostatically bound Fe2+ reduced the reactivity of the
suspensions. This finding can be due to the low reactivity
found previously for Fe2+ bound by ion exchange (15). One
can assume that electrostatic bonding does not lower the
reduction potential compared to aqueous Fe2+, as it is
observed by the oxygen ligands of surface complexes (36).
More likely, the presence of electrostatically bound Fe2+ limits
the access of 2-COCH3-NB to reactive surface sites where
electron transfer from octahedral Fe2+ species can occur.
Since (aqueous) Fe2+ can be expected to exchange any
remaining Na+ at the basal siloxane surfaces after chemical
reduction, the reduced rate of acetylnitrobenzene reduction
represents indirect evidence of an electron transfer occurring
at basal siloxane surfaces.

pH Dependence. Further evidence for the importance of
octahedral Fe2+ was obtained from the analysis of the pH
dependence of the acetylnitrobenzene reduction kinetics
between pH 6.5 and 8.0. Reactions involving Fe2+ surface
complexes show strong pH dependence, since the portion
of reactive Fe2+ hydroxo complexes as well as the amount of
adsorbed Fe2+ increases at higher pH (12, 37). Kinetic
experiments with 2-COCH3-NB in suspensions of Na+-
nontronite were carried out in zwitterionic buffers at pH
values between 6.5 and 8.0. Despite the presence of some
Fe2+ bound to surface hydroxyl groups at reduced nontronite,
the rate constants of 2-COCH3-NB reduction were almost
identical for all suspension pHs (Figure S1, Supporting
Information). This is in strong contrast to rate constants of
nitrobenzene reduction by Fe2+ surface complexes at mag-
netite surfaces, which vary over 3 orders of magnitude for
the same pH range (6). Since a pronounced pH effect is
indicative for the abundance and thus reactivity of Fe2+

surface complexes, its absence in reduced nontronite sus-
pension points out that these Fe2+ species were not reactive
in our assays.

Effects of Particle Loadings and Initial Acetylnitroben-
zene Concentration. Figure 2a-c shows that the reduction
of 2-COCH3-NB does not follow pseudo-first-order kinetics
over the entire concentration range. Since contributions of
Fe2+ bound by surface hydroxyl groups have been ruled out,
other factors such as accessibility constraints to octahedral
Fe2+ and/or intermolecular competition may have deter-
mined the reduction kinetics.

To investigate these effects further, experiments with
different initial 2-COCH3-NB to nontronite ratios were carried
out. We found that at constant particle concentration,

reduction rate constants, kNAC, were almost independent of
the initial 2-COCH3-NB concentration with an average kNAC

of approximately 1.5 h-1 (Figure S2, Supporting Information).
At 10 µM initial concentration, we observed an increased
kNAC, but 95% confidence intervals were rather large. Due to
very similar rate constants obtained for initial concentrations
between 20 and 180 µM, interspecies competition (38) for
reactive sites is negligible. The higher reactivity at the lowest
initial 2-COCH3-NB concentration may be explained by the
presence of sites with differing reactivity. At initial concen-
trations below 10 µM, the number of very reactive sites may
not be limited, whereas above this initial concentration less
reactive sites increasingly contribute to the overall acetylni-
trobenzene reduction. Thus, the deviations from the pseudo-
first-order kinetics after 2-4 h of reaction (Figure 2a-c) are
likely to be caused by a change of the average site reactivity.
This observation is corroborated by the reduction kinetics
measured at constant initial 2-COCH3-NB concentration but
variable particle concentrations (Figure 3). At the highest
nontronite concentration (5 g L-1), the complete 2-COCH3-
NB reduction can be described by one rate constant, whereas
at low and intermediate particle concentrations (1.25 and
2.5 g L-1), deviations from the pseudo-first-order model
become obvious. We found that rate constants normalized
to the clay content of the assay (kNAC,particle, inset Figure 3)
increase with increasing bulk particle concentration. In
agreement with the negligible concentration dependence of
kNAC, this observation reflects the limited availability of very
reactive Fe2+ sites at high 2-COCH3-NB to nontronite ratios.
With increasing particle concentration, particle-normalized
rate constants should become independent of the nontronite
content of the suspensions.

Reactivity of Fe2+ Associated with Oxidized Nontronite.
In another set of experiments, nontronite was treated with
citrate-bicarbonate (CB) buffer, but without addition of
dithionite reductant. The resulting suspension was exchanged
with FeCl2 solution to allow for the formation of potentially
reactive Fe2+ surface species. With these assays, we inves-
tigated whether the presence of structural Fe3+ increases the
reactivity of surface-bound Fe2+, since the reactivity of Fe2+

associated with iron-free hectorite was previously found to
be almost negligible (15). Furthermore, these experiments
could indicate whether Fe2+ at iron-rich smectites exhibits
a similar reactivity as Fe2+ at iron oxide surfaces (6-8, 13,
14).

Experiments with CB-treated, oxidized nontronite showed
that 2-COCH3-NB can be reduced to the corresponding
aniline by surface-bound Fe2+. As is shown in Figure 2d,
however, the reactivity is orders of magnitude lower than for
Na+-, K+-, or Fe2+-exchanged reduced nontronites and kNAC

did not exceed 1.1 × 10-2 h-1. Moreover, we found a further
decline of reactivity when the assays containing Fe2+-
exchanged, oxidized nontronite were stored for up to 2 weeks

FIGURE 3. Reduction of 2-COCH3-NB in suspensions of K+-nontronite (pH 7.5) to 2-acetylaniline (2-COCH3-An) at particle concentrations
of (a) 1.25 g L-1, (b) 2.5 g L-1, and (c) 5 g L-1. Note the different time scales of the kinetic experiments. The initial 2-COCH3-NB concentration
corresponds to the first concentration measurement. Solid lines are results of model calculations. The inset in part b shows particle
concentration normalized rate constants, kNAC,particle, in h-1 g-1; error bars represent 95% confidence intervals.
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before the start of kinetic experiments. Rate constants kNAC

were 1.2 × 10-3 h-1 (Figure 2d), i.e., approximately 3 orders
of magnitude lower than found in reduced nontronite
suspensions. In the absence of dissolved Fe2+

aq, we observed
a transient color change of the suspensions from olive green
to blue-green immediately after exchange of CB-treated
nontronite with FeCl2 electrolytes. The highest rates of
2-COCH3-NB reduction were found for blue-green suspen-
sions. At longer equilibration times, however, the color of
the suspensions changed back to olive green and reduction
rates decreased significantly. Since the formation of a blue-
green suspension is characteristic for the presence of Fe2+-
O-Fe3+ groups within the octahedral layer of smectites (39),
we hypothesize that these groups were formed within the
first hours after treatment of the nontronite with FeCl2

electrolyte. This would be consistent with recent spectro-
scopic findings on Fe2+ adsorption mechanisms at smectites
(40, 41), which suggest that Fe2+ can replace octahedral
cations such as Mg2+ at the clay edge surfaces to form reactive
Fe2+ species. The color changes observed over the two-week
period, however, indicate that the concentration of Fe2+-
O-Fe3+ groups formed by Fe2+ adsorption in the anoxic
suspensions must have decreased at longer equilibration
times prior to the addition of 2-COCH3-NB. On the basis of
our experiments, it remains unclear whether processes such
as migration of Fe2+ species in the octahedral layer (42, 43)
and/or Fe2+-Fe3+ electron exchange as observed for Fe2+

adsorbed to ferric (oxy)hydroxides (13) are responsible for
the formation of less reactive Fe2+-O-Fe3+ arrangements
within the smectites. Unfortunately, the rates of the hy-
pothesized processes in nontronites are not known, and
further experimental evidence is required to assess their
relevance. Our preliminary findings on the reactivity of Fe2+

associated with oxidized nontronite, however, suggest that
Fe2+ adsorption to iron-rich smectites may contribute to the
formation of reactive Fe2+ surface species similar to what
was found for iron(hydr)oxides (6, 14, 44).

Effects of EDA Complexation on Acetylnitrobenzene
Reduction in Reduced Nontronite Suspension. To inves-
tigate the effects of electron donor-acceptor interactions of
acetylnitrobenzene at basal siloxane surfaces on the acces-
sibility of reactive Fe2+ species associated with reduced
nontronite, a series of experiments was performed with
4-COCH3-NB. In assays containing Na+-, K+-, or Fe2+-
exchanged, reduced nontronite we found the identical kinetic

behavior as reported for 2-COCH3-NB (Figure 2). Rates of
reduction were very similar in Na+- and K+-nontronite
suspensions but significantly slower in the presence of Fe2+

as exchangeable cation. These findings confirm the conclu-
sions drawn above on the predominance of octahedral Fe2+

as active reductant in suspension of reduced nontronite.
However, the similar behavior of 4-COCH3-NB in the presence
of Na+ as well as K+ as basal cations does not match the
observations made with reduced montmorillonite (Figure 1)
and suggests that EDA complexation did not occur. To verify
this conclusion, further experiments with reduced nontronite
in the presence of alternative basal cations such as Cs+ and
Ca2+ were carried out. Due to the presence of Ca2+, the
carbonate buffer concentration was lower in these experi-
ments to avoid precipitation of carbonates, and a series of
additional kinetic experiments was performed in suspensions
of Na+-, K+-, Cs+-, or Ca2+-exchanged reduced nontronite.

Typical kinetics of 4-COCH3-NB reduction in Ca2+-
nontronite suspension are shown in Figure 4a. The disap-
pearance of 4-COCH3-NB was very fast and led to the
formation of reaction intermediates, which were quantita-
tively transformed into 4-acetylaniline. As is shown in Figure
4b,c for the initial phase of the reaction in Ca2+- and Cs+-
nontronite suspensions, 4-COCH3-NB concentrations de-
creased similarly, despite the considerably different hydration
energies of the cations. The reaction kinetics were almost
identical in the presence of other exchangeable cations at
the basal siloxane surface (Na+, K+, Cs+, or Ca2+) and,
therefore, are not shown here. Sorbed 4-COCH3-NB con-
centration was generally small, i.e., below 8 µmol 4-COCH3-
NB/g of nontronite, which corresponds to a Kd value of around
0.3 L g-1 (Table 2). From the observations made in K+-
montmorillonite suspension (Figure 1, Table 1), a stronger
influence of EDA complexation of 4-COCH3-NB at Cs+- and
K+-nontronite on the reduction kinetics was expected. The
absence of cation-dependent EDA complexation on the
transformation kinetics at reduced nontronite surfaces,
however, suggests that these interactions did not occur in
our experiments.

Adsorption experiments with 4-COCH3-NB in suspensions
of oxidized, CB-treated K+- and Na+-nontronite showed that
EDA complexation can occur at nontronite surfaces. Under
the conditions chosen for kinetic experiments, significant
4-COCH3-NB adsorption to oxidized nontronite occurred
within seconds (data not shown) and adsorption constants,

FIGURE 4. Reduction of 4-COCH3-NB in suspensions of reduced Ca2+- and Cs+-nontronite (SWa-1, 2.5 g L-1, pH 7.5) to 4-acetylaniline
(4-COCH3-An): (a) Ca2+-nontronite, (b) Ca2+-nontronite, initial reaction, (c) Cs+-nontronite, initial reaction. Solid and dashed lines are results
of model calculations for the concentrations of aqueous 4-COCH3-NB, aqueous 4-COCH3-An, and sorbed 4-COCH3-NB, respectively.
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Kd, were 0.17 and 2.4 L g-1 for Na+- and K+-nontronite,
respectively (Table 2). This observation suggests that the effect
of exchangeable cations is obvious for 4-COCH3-NB adsorp-
tion at CB-treated nontronite, but the influence of cation
hydration energy is less pronounced for nontronite than for
montmorillonite. Furthermore, we can rule out that the
absence of EDA complexation in nontronite suspensions is
an artifact of our preparation procedure. At reduced non-
tronite, however, the effect of EDA complexation on the
reduction kinetics of acetylnitrobenzenes could not be
observed, presumably due to the too high reactivity of
octahedral Fe2+ and/or the stronger hydration associated
with higher surface charge density (45, 46).

Table 2 summarizes the reduction rate constants, kNAC,
for acetylnitrobenzenes calculated for the four types of assays.
Higher kNAC values for 4-COCH3-NB are in agreement with
its higher reactivity as quantified by its E1

h (see above). Despite
considerably different E1

h, the relative reactivities for all
experiments only vary within 1 order of magnitude and kNAC

decreases in the order Na+- > Ca2+- > K+- ≈ Cs+-nontronite.
This sequence shows no correlation with the cations’
hydration energy, similar to what was found for reduced
montmorillonite. This indicates that EDA complex formation,
which would have favored 4-COCH3-NB adsorption in the
presence of weakly hydrated cations, did not facilitate the
access of 4-COCH3-NB to reactive sites at the basal siloxane
surfaces. Since the disappearance of 4-COCH3-NB from
aqueous solution in suspensions of Na+ and Ca2+ nontronite
(Figure 4) were not as different as observed for Na+- vs K+-
montmorillonite (Figure 1), nonreactive adsorption of
4-COCH3-NB was irrelevant in experiments with reduced
nontronite. The lack of evidence for EDA complexation at
reduced nontronite suggests that interactions of 4-COCH3-
NB with basal siloxane surfaces were always reactive and
enabled electron transfer from octahedral Fe2+ to 4-COCH3-
NB. This observation contrasts the kinetics of 4-COCH3-NB
disappearance in suspension of reduced montmorillonite,
where we propose that 4-COCH3-NB reduction and nonre-
active EDA complexation occur in parallel. We suggest that
the relative share of reactive vs nonreactive interactions of
planar NACs such as 4-COCH3-NB with basal siloxane
surfaces increases with octahedral Fe2+ content, and there-
fore, EDA complexation is irrelevant at the high Fe2+ contents
of up to 0.046 g of Fe2+/g of mineral as found for reduced
nontronite suspensions. However, since kNAC of the two
COCH3-NB isomers are on the same order of magnitude, we
propose that the electron transfer from an octahedral Fe2+

to the contaminant was not entirely rate limiting and that
the (re)generation of reactive octahedral sites may have
contributed to the observed rate constants.

Factors Determining the Rates of Electron Transfer in
Reduced Smectites. Evidence for electron transfer via basal
planes and Fe rearrangement during octahedral Fe reduction/
oxidation in smectites was obtained from spectroscopic
studies (39, 42, 43, 47-49). Investigation of absorption bands
for Fe2+-Fe3+ intervalence electron transfer led to the
conclusion that Fe3+ is reduced in a way that Fe ions must
occupy adjacent octahedral sites and must be of different
valence (39, 49). As a consequence, Fe2+-O-Fe2+ entities do
not begin to form before all Fe3+-O-Fe3+ groups are partly
reduced to Fe2+-O-Fe3+. These observations were pivotal
to the hypothesis that electron transfer to/from octahedral
iron occurs via basal siloxane planes. Further studies
indicated that Fe3+ reduction causes the migration of Fe2+

in the octahedral layer to form trioctahedral Fe2+ clusters
(42, 43). It is likely that in our experiments with reduced
nontronites, electron transfer and the associated Fe migration
occurred as proposed in the literature and, thus, partly
determined the rate of COCH3-NB reduction. Furthermore,
the preferential formation of Fe2+-O-Fe3+ groups suggests
that surface sites of different reactivity can exist since the
oxidation Fe2+-O-Fe2+ entities would be favored compared
to that of Fe2+-O-Fe3+ sites (39, 49). This is in agreement
with our observation on the reduction kinetics at different
COCH3-NB to nontronite ratios. Thus, we assume that the
Fe content as well as the distribution and arrangement of
Fe2+ and Fe3+ in the octahedral layer determine the reactivity
of octahedral Fe2+ in iron-rich smectites such as nontronite.
Additional studies are necessary to address the issue of
octahedral iron reactivity in smectites with measurements
of Fe2+ reactivity at variable Fe2+ to Fe3+ ratios in minerals
with different total structural iron contents. Together with
an investigation of the iron reactivity in microbially reduced
iron-bearing smectites, such work can contribute to future
assessments of in situ generated reactive Fe2+ species with
regard to their reactivity toward transformation of organic
and inorganic contaminants.
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