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Abstract

The sorption of ferrous iron to a clay mineral, nontronite (NAu-2, a ferruginous smectite), was investigated under strictly
anoxic conditions as a function of pH (3–10), Fe2+ concentration (0.01–50 mM), equilibration time (1–35 days), and ionic
strength (0.01–0.5 M NaClO4). The surface properties of NAu-2 were independently characterized to determine its fixed
charge and amphoteric site density in order to interpret the Fe2+ sorption data. Fe2+ sorption to NAu-2 was strongly depen-
dent on pH and ionic strength, reflecting the coupled effects of Fe2+ sorption through ion exchange and surface complexation
reactions. Fe2+ sorption to NAu-2 increased with increasing pH from pH 2.5 to 4.5, remained constant from pH 4.5 to 7.0,
increased again with further increase of pH from pH 7.0 to 8.5, and reached a maximum above pH 8.5. The Fe2+ sorption
below pH 7.0 increased with decreasing ionic strength. The differences of Fe2+ sorption at different ionic strengths, however,
diminished with increasing equilibration time. The Fe2+ sorption from pH 4.5 to 7.0 increased with increasing equilibration
time up to 35 days and showed stronger kinetic behavior in higher ionic strength solutions. The kinetic uptake of Fe2+ onto
NAu-2 is consistent with a surface precipitation mechanism although our measurements were not able to identify secondary
precipitates. An equilibrium model that integrates ion exchange, surface complexation and aqueous speciation reactions
reasonably well describes the Fe2+ sorption data as a function of pH, ionic strength, and Fe2+ concentration measured at
24 h of equilibration. Model calculations show that the species Fe(OH)+ was required to describe Fe2+ sorption above pH
8.0 satisfactorily. Overall, this study demonstrated that Fe2+ sorption to NAu-2 is affected by complex equilibrium and kinetic
processes, likely caused by surface precipitation reactions.
� 2008 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Iron is the fourth most abundant element in Earth’s
crust and is ubiquitous in clays and clay minerals (Horne,
1978; Stucki, 2006). Iron-containing clay minerals are
important in nutrient cycling, contaminant retention and
migration and acid/base buffering (Baeyens and Bradbury,
1997; Stucki et al., 2002; Stucki, 2006). Clay mineral prop-
erties are, in part, controlled by the redox state of iron
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(Anastacio et al., 2005). The iron redox couple (Fe2+/
Fe3+) controls the oxidation/reduction potential in many
anoxic and semi-anoxic environments (Grenthe et al.,
1992). For example, Fe2+ is an important reductant in a
variety of natural anoxic environments such as lakes,
ground water, ocean basins, unconsolidated and swamp
sediments, hydromorphic soils and engineered systems
(Charlet et al., 1998; Amonette, 2003; Strathmann and
Stone, 2003; Fredrickson et al., 2004; Hofstetter et al.,
2006). The concentration of Fe2+/Fe3+ species in these envi-
ronments is controlled by their sorption properties and by
the formation and stability of Fe-containing mineral phases
(Liger et al., 1999; Peretyazhko and Sposito, 2005).

The sorption properties of different clay minerals have
been extensively studied for a wide range of metals and
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contaminants in subsurface environments (Baeyens and
Bradbury, 1997; Turner et al., 1998; Zachara et al., 2002;
Bradbury and Baeyens, 2005). Previous studies of the up-
take of metals such as Ni, Co, Zn onto clay mineral surfaces
have found that metal precipitates can form even if the
metal concentration is under-saturated with respect to their
pure oxy(hydro)oxide form (Scheidegger et al., 1998;
Thompson et al., 1999; Schlegel et al., 2001). Incorporation
of metals and neoformation of phyllosilicates have been
found to occur depending on the reaction kinetics dictated
by specific chemical conditions (Schlegel et al., 2001; Dähn
et al., 2002, 2003; Schlegel and Manceau, 2006). However,
the mechanisms of Fe2+ interaction with clay minerals is
still poorly documented (Tournassat and Charlet, 2002;
Schultz and Grundl, 2004; Tournassat et al., 2004; Charlet
and Tournassat, 2005; Géhin et al., 2007; Jaisi et al., 2007a;
Merola et al., 2007), despite the fact that Fe2+ is the most
reactive species for the reduction of a wide variety of both
organic and inorganic contaminants (Chisholm-Brause
et al., 1994; Stumm and Morgan, 1996; Charlet et al.,
1998; Liger et al., 1999; Hofstetter et al., 2006; Zachara
et al., 2007; Jaisi et al., 2008). Fe2+ sorption is extremely
sensitive to trace oxygen and requires the establishment
and maintenance of fully anoxic conditions during experi-
mental investigations. Such strictly anoxic systems have
been developed recently using an oxygen trap (Jeon et al.,
2004) or an effective oxygen scavenger such as cysteine
(Logan et al., 2005).

Here, we report an investigation of Fe2+ sorption onto
the clay mineral nontronite (NAu-2) in a strictly anoxic
environment. NAu-2 (a ferruginous smectite) was selected
for this research primarily because Fe3+ in its structure
(Keeling et al., 2000; Gates et al., 2002) can be biologically
or chemically reduced to Fe2+ (Li et al., 2004; Jaisi et al.,
2005, 2007a,b), and because the surface-complexed Fe2+

has been found most reactive among different Fe2+ species
associated with NAu-2 in reduction and immobilization of
groundwater contaminants (Jaisi et al., 2008). We investi-
gated Fe2+ sorption to NAu-2 as a function of pH, ionic
strength, equilibration time, and Fe2+ concentration under
strictly anoxic conditions. Properties of the fixed charge and
amphoteric surface sites of NAu-2 were independently
characterized in order to interpret the Fe2+ sorption data.
A model that links surface complexation, ion exchange,
and Fe2+ aqueous speciation reactions was developed in
order to explain the observed sorption behaviors.

2. MATERIALS AND METHODS

2.1. Mineral, media and reagent preparation

2.1.1. Chemicals and experimental supplies

All solutions and suspensions were prepared with
Millipore Milli-Q 18 MX water. NaOH and HCl stock
solutions were made from reagent grade chemicals for all
experiments except for the potentiometric titrations, for
which commercially supplied volumetric standards were
used (see Section 2.2). Fe2+ stock solutions were prepared
from analytical grade FeCl2 salt. All experimental vials
were washed with 0.05 M H2SO4 and Milli-Q water, and
were kept inside an anaerobic glove box for at least 2 weeks
before any experiments involving Fe2+ were performed.

Plastic bottles for all experiments were acid-washed with
heated 8 M HNO3 and glassware was washed with 20%
HNO3 and rinsed with Milli-Q water. Polypropylene bot-
tles (100 or 500 mL) were used for preparing stock solutions
and 20-mL glass vials were used for subsequent sorption
experiments. All glassware, plasticware and syringes were
kept inside an anaerobic glove box for at least a week prior
to use.

2.1.2. Clay mineral preparation

Bulk nontronite (NAu-2 : Mþ
0:72ðSi7:55Al0:45ÞðFe3:83Mg0:05Þ

O20ðOHÞ4, where M is the interlayer cation (Ca, Na, K); Keel-
ing et al., 2000), was purchased from the Source Clays Repos-
itory, IN. The sample was sonicated briefly in order to disperse
loosely aggregated particles, and then centrifuged to obtain a
size fraction of 0.02–0.5 lm. The treated particles were charac-
terized by direct current plasma (DCP) emission spectroscopy,
chemical extractions, X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM) and scanning electron micros-
copy (SEM) with energy dispersive spectrometry (EDS) for
mineralogy and morphology. The treated NAu-2 was pure
nontronite, with no other detectable mineral phases or impuri-
ties. The details of the mineralogical and chemical characteriza-
tions of NAu-2 are discussed in Keeling et al. (2000) and Gates
et al. (2002).

To prepare homoionized NAu-2 in Na, the pure NAu-2
sample was treated by repetitive ion exchange (4 times) in
aqueous 1.0 M NaClO4 solution (Bukka et al., 1992; Baey-
ens and Bradbury, 1997; Bradbury and Baeyens, 2005; Hof-
stetter et al., 2006). Such homoionization effectively
removes residual sparingly soluble minerals (if any) such
as calcite that may have been present in the original
NAu-2 (�1%; Keeling et al., 2000) and trace cation impuri-
ties that could potentially influence the sorption results
(Bradbury and Baeyens, 2005; Rabung et al., 2005). Each
of the repetitive ion exchange treatments was carried out
for a period of 24 h with constant, slow stirring at room
temperature. The exchanged NAu-2 was dialyzed with
Milli-Q water for a week, introducing fresh water twice a
day in order to wash out any residual cations and perchlo-
rate. The dialyzed NAu-2 was freeze-dried and stored until
further analysis.

The cation exchange capacity of the 0.02–0.5 lm frac-
tion of NAu-2 was 697(±73) mmol/kg as determined from
the NHþ4 exchange method (Sumner and Miller, 1996). The
surface area of the same size fraction of NAu-2 measured
by BET-N2 adsorption was 33.5 m2/g.

2.2. Potentiometric titrations

Potentiometric titrations of the 0.02–0.5 lm suspension
of NAu-2 at a concentration of 1.3 g/L were carried out un-
der a N2 atmosphere at 298 K in either 0.01, 0.1, or 0.5 M
NaClO4. The NAu-2 suspension was saturated in a given
ionic strength electrolyte for 48 h before the titration. The
titration experiments were performed with an automated
burette assembly, and pH measurements were made with
a glass combination electrode filled with 4 M KCl. The elec-
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trode was calibrated with commercially supplied pH stan-
dards (from pH 2.0 to 10.0).

Electrolyte titrations were performed in order to deter-
mine the point of zero net proton charge (pHPZNPC)
(Sposito, 1984; Liu et al., 2007) of NAu-2. For this pro-
pose, NAu-2 was equilibrated in 0.01 M NaClO4 for 24 h
by maintaining a constant pH of 7.0 using 0.01 M HCl
or NaOH. Aliquots of pH-stabilized NAu-2 suspension
were placed in separate vials and then adjusted to a desired
pH value (5–9) using 0.1 or 0.01 M HCl or NaOH. The final
concentration of NAu-2 was adjusted to 1.3 g/L. The ionic
strength of the solution was then increased to 0.5 M using
NaClO4 salt. The stabilized pH after 24 h of equilibration
was measured. The difference in pH (DpH) due to the addi-
tion of NaClO4 was plotted as a function of initial pH. The
pHPZNPC was determined at DpH = 0.

Acid–base titrations were started from the pHPZNPC

and advanced towards either acidic or basic pH. Results
were then merged to obtain an entire titration curve.
Trial titration experiments were performed in order to
identify the optimal NAu-2 concentration and pH ranges
to minimize artifacts such as those from mineral dissolu-
tion (Schulthess and Sparks, 1986), and the dissolved
solutes were quantified by ICP-MS. All titration experi-
ments were carried out by adding a commercially sup-
plied volumetric standard of 0.1 M HCl and 0.1 M
NaOH in a NaClO4 background electrolyte solution.
The nontronite suspension was purged with nitrogen
gas for 60 min. prior to the titration experiment, and
was kept under a nitrogen gas atmosphere during the
experiment in order to exclude CO2 gas from the exper-
imental solutions.

2.3. Fe2+ sorption experiments

Batch sorption experiments were performed in order to
measure the Fe2+ sorption as a function of pH (2.6–10.8),
equilibration time (1–35 days), and Fe2+ concentration
(0.01–50 mM). The sorption pH edge of Fe2+ onto NAu-
2 was determined at a fixed concentration of Fe2+

(330 lM) and NAu-2 (1.3 g/L) with the equilibration time
varying from 1 to 35 days to determine the kinetic behavior
of Fe2+ sorption. Mineral dissolution was monitored for all
experimental pH values both with and without added Fe2+.
Sorption as a function of Fe2+ concentration was deter-
mined at a constant NAu-2 concentration (1.3 mg/mL)
and pH (7.0 ± 0.2) after 24 h of equilibration.

All sorption experiments were conducted in duplicate in
an anaerobic glove box (96% N2 and 4% H2, Coy Labora-
tory, Ann Arbor, MI) in which the oxygen partial pressure
(pO2) was continuously monitored with an O2 sensor. The
NAu-2 stock solution was prepared and stored in the glove
box for seven days, but the Fe2+ stock solution (from
FeCl2) was prepared inside the glove box before the exper-
iments and was kept in a dark, Al-foil wrapped container.
Once the required amount of acid/base was added to attain
a target pH value, the suspension was allowed to equilibrate
for a desired time and the final stable pH was measured. All
experimental tubes were equilibrated by continuous mixing
(60 rpm) at 30 �C.
Phase separation was carried out by centrifugation
throughout this work. The total Fe2+ concentration ½Fe2þ

tot �
was measured by treating the whole sample with 1 M Ultrex
HCl at a 1:1 ratio for 24 h followed by Ferrozine assay
(Stookey, 1970). Aqueous ½Fe2þ

aq � concentrations were mea-
sured on supernatants obtained after centrifugation of the
suspensions followed by Ferrozine assay. The concentra-
tion of sorbed Fe2+ was calculated as the difference between
the total ½Fe2þ

tot � and the aqueous ½Fe2þ
aq � concentration (in

lmol/L).

3. RESULTS

3.1. Anoxic experimental conditions

The anoxic condition was monitored in all experiments
by determining the stability of Fe2+ (at 330 lM) as a func-
tion of time both in aqueous (i.e. without sorbent) and
sorbed (to NAu-2) phases in parallel to Fe2+ sorption
experiments. Electrolyte solutions that were prepared in
the anaerobic glove box normally contained less than
1 ppm of O2. The trace O2 was removed by adding 15 lM
(final concentration) of cysteine (Logan et al., 2005). Exten-
sive pre-tests were performed to determine an optimal con-
centration of cysteine that was sufficient to consume trace
O2 to undetectable levels and yet was low enough not to ef-
fect Fe2+ stability and Fe2+ sorption to NAu-2. The effect
of cysteine on Fe2+ sorption was indirectly evaluated by
measuring the sorption of Ni2+, a redox inactive analogue
of Fe2+, onto NAu-2 in solutions with and without
15 lM cysteine. The influence of cysteine on Ni2+ sorption
was undetectable at the cysteine concentrations used in the
Fe2+ experiments, suggesting that cysteine likely exerted no
effect on the extent of Fe2+ sorption. The O2 level in the fi-
nal experimental vials was determined using a CHEMets�

colorimetric analysis kit R-7540 (2.5 ppb sensitivity). The
measurement of Fe2+ in the control experiments showed
that 96(±1.2)% and 100% of Fe2+ remained in the sorbed
and aqueous phases, respectively, after 35 days of equilibra-
tion. We conclude, therefore, that the Fe2+ sorption exper-
iments were conducted under strictly anoxic conditions and
that no Fe2+ was oxidized within the detection limits
(�10 lM).

3.2. Dissolution of NAu-2 at low and high pH

The concentrations of dissolved Si, Al, Mg, and Fe con-
tinuously increased with time during the sorption experi-
ments indicating the dissolution of NAu-2 (Fig. 1a). The
dissolution proceeded at all pH values and increased with
increasing or decreasing pH with the strongest dissolution
in the pH regions of <3.5 and >9.5 (Fig. 1b). These results
are generally consistent with those of Furrer et al. (1993)
and Zysset and Schindler (1996) who measured dissolution
of montmorillonite as a function of pH. The dissolution
data were used to select the optimal pH range for the poten-
tiometric titration experiments in order to avoid significant
NAu-2 dissolution during the titrations.

The changes in the concentrations of dissolved cations
as a function of time were similar for all major elements
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(Si, Al, Mg, Fe) at both acidic and basic pH. Based on the
extent of dissolution at pH 2.84, the dissolution rate of
NAu-2 was estimated to be 5.08 � 10�12 mol/g-s (or
1.5 � 10�13 mol/m2-s). This rate of dissolution is close to
that reported by Amram and Ganor (2005) (2.8 �
10�12 mol/g-s) and Golubev et al. (2006) (6.2 � 10�12

mol/g-s) for smectites. It is interesting to note that our ob-
served rate of dissolution of nontronite is within the same
order of magnitude as that of smectite, despite differences
in the mineral structures, experimental conditions (batch
vs. flow-through) and solution chemistry (Amram and
Ganor, 2005; Metz et al., 2005; Golubev et al., 2006). The
measured rate of dissolution, when converted to the extent
of NAu-2 mass loss (ca. 0.02%, 0.1%, 0.31% and 0.72% in 1,
5, 15 and 35 days, respectively) was insignificant relative to
the amount of NAu-2 present over the time frame of the
Fe2+ sorption experiments. However, the presence of dis-
solved ions from nontronite dissolution significantly af-
fected the experimental solution chemistry in the long-
term sorption experiments.

When the measured concentrations of dissolved cations
(Fig. 1a and b) were normalized with respect to their concen-
trations in the NAu-2 structure, the order of their release to
aqueous solution was Mg > Si > Al > Fe, suggesting incon-
gruent dissolution of NAu-2. This result is consistent with
those of May et al. (1986) and Stumm and Wieland (1990)
who have shown that clay minerals dissolve incongruently
and release structural elements such as Al, Fe, Si, and Mg
both at low and high pH values. The observed rates of
dissolved ion release may have also been affected by cation
exchange or surface complexation reactions, which can
selectively remove ions from solution (Zysset and Schindler,
1996).

The Si dissolution data at pH 7.0 (Fig. 1c) show an in-
crease in the dissolution rate immediately after Fe2+ addi-
tion. This rate increase lasted only for 2–3 h. The rate of
Si dissolution after this time remained almost constant.
This increase in the dissolution of structural cations when
other bivalent metal cations are added is consistent with
several publications that suggest that metal sorption onto
mineral surfaces can destabilize surface metal ions (such
as Si, Mg and Fe in NAu-2) relative to the bulk mineral
(Scheidegger et al., 1998; Schlegel et al., 1999). The extent
of such increased Si dissolution in our experiments
(�10 lmol/g) is within the same order of magnitude as that
found for hectorite (21 lmol/g; Schlegel et al., 1999).

3.3. Electrolyte and potentiometric titration

The point of zero net proton charge (pHPZNPC) deter-
mined from electrolyte titration was at pH 7.2 (Fig. 2). This
pHPZNPC is higher than that of montmorillonite and illites
(Lebron et al., 1993) but lower than that of smectites (Kriaa
et al., 2007). However, the value of the pHPZNPC has been
found to vary extensively among different clay minerals
(ca. Table 1, Kriaa et al., 2007).

All potentiometric titration data are expressed in terms
of moles of protonated/deprotonated sites per mass of
NAu-2 (mmol/kg) (e.g., Fein et al., 2005):
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½Hþ�consumed=released ¼
1

mNAu-2

ðCa � Cb � ½Hþ� þ ½OH��Þ ð1Þ

where Ca and Cb are the concentrations of acid and base
added at each step of titration; brackets represent species
concentrations (protons or hydroxyl ions), and mNAu-2 is
the concentration of NAu-2 (g/L).

The titration curves normalized to NAu-2 mass vary only
slightly as a function of electrolyte concentration (0.01, 0.1,
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a maximum. Increasing ionic strength decreases Fe2+ sorp-
tion below pH 8.0, with the most profound influence be-
tween pH 4.5 and 8.0.

The Fe2+ sorption edge varies with time and the extent
of variation is dependent on ionic strength (Fig. 4). In
0.01 M solution, the extent of Fe2+ sorption only slightly
varies from 1 to 35 days of equilibration, indicating that
Fe2+ sorption reaches equilibrium within 24 h. In 0.1 and
0.5 M solutions, however, the sorbed Fe2+ at pH 4.5–8.0
continuously increases with time from 1 to 35 days of equil-
ibration, indicating a kinetic behavior of Fe2+ sorption
onto NAu-2. As described in Section 4.1 (Fig. 1c), the long-
er term kinetics most likely results from slow surface nucle-
ation/precipitation. Below pH 4.5 and above pH 8.0, the
temporal changes to Fe2+ sorption are relatively minor.
Near pH 3 and 10, however, the sorbed Fe2+ at 35 days
of equilibration is lower than that at other times (Fig. 5),
indicating desorption of sorbed Fe2+ with time at these
pH values. For example, at the end of 35 days of equilibra-
tion, 18.7% and 12.5% of Fe2+ desorbed at pH 3 and 10,
respectively, compared to that of sorbed Fe2+ at 1 day of
equilibration. The decreased Fe2+ sorption with increasing
equilibration time apparently results from the dissolution of
NAu-2, which releases cations (Fig. 1) that subsequently
compete with Fe2+ for sorption sites on NAu-2. Under
these conditions, the interplay of several complex reactions
such as sorption, desorption and precipitation of sorbate,
bulk mineral dissolution, selective sorption and/or precipi-
tation of dissolved ions may occur concurrently at different
rates.

3.5. Fe2+ sorption isotherm

The sorption isotherm is expressed as a distribution ra-
tio (Kd) as a function of the corresponding aqueous Fe2+

concentration (Fig. 6):

Kd ¼
Fe2þ

0 � Fe2þ
aq

� �.
mNAu-2

Fe2þ
aq

.
V

; ð2Þ

where Fe2þ
0 is the initial Fe2+ concentration, Fe2þ

aq is the
aqueous Fe2+ concentration remaining after a fraction of
Fe2+ is sorbed to NAu-2 of mass mNAu-2 in the total volume
of V. The distribution ratio has the unit of L/kg.

The value of Kd is higher at lower total Fe2+ concentra-
tion available for sorption (Fig. 6), suggesting a higher
sorption affinity. The decreasing Kd value with increasing
aqueous Fe2+ concentration indicates a nonlinear sorption
isotherm. The Kd values decreased markedly to 103.5 L/kg
with increasing aqueous Fe2+ concentration, and decreased
more gradually at higher Fe2+ concentration, reflecting the
effects of mass action and surface site saturation on Fe2+

sorption. This value corresponds to 2.0 � 10�1 mol/kg of
sorbed Fe2+, equivalent to 24% saturation of the total site
density (8.39 � 10�1 mol/kg), as contributed from the
amphoteric (1.42 � 10�1 mol/kg) and ion exchange (6.97 �
10�1 mol/kg) site densities.

4. DISCUSSION

4.1. Processes controlling Fe2+ sorption

Clay minerals contain two types of sorption sites: pH
dependent amphoteric sites which participate in the sur-
face complexation reactions and ionic-strength dependent
basal sites which participate in the exchange reactions.
The extent and mechanism of sorption exhibited by these
two site types in a specific mineral depend on pH, ionic
strength and other cations and their selectivity constants
(Chisholm-Brause et al., 1994). In most cases both mech-
anisms operate simultaneously to some extent. The sur-
face complexation reactions involving surface hydroxyl
groups at the edge of clay platelets are normally quanti-
fied from the sorption isotherms at very low sorbate con-
centrations and the reaction site densities are
characterized by potentiometric titration (e.g., Zachara
and McKinley, 1993; McKinley et al., 1995; Baeyens
and Bradbury, 1997). Our potentiometric titration results
revealed that the protonation/deprotonation reactions are
almost independent of ionic strength (Fig. 3). The com-
plexation site density for NAu-2 (141.8 mmol/kg) ob-
tained from the acid end points of the titrations were
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higher than that of montmorillonite (80 mmol/kg, Stadler
and Schindler, 1993; Baeyens and Bradbury, 1997), kao-
linite (79 mmol/kg, Heidmann et al., 2005) and hectorite
(92.4 mmol/kg, Schlegel et al., 1999). The substitution
of Fe3+ in NAu-2 tetrahedral sites (Gates et al., 2002)
may have contributed to the higher site density. These
data along with the Fe2+ adsorption results at pH 4–8
(Fig. 4) which showed a considerable plateau at high io-
nic strength, are suggestive of Fe2+ sorption on ampho-
teric sites (see also Section 4.3).

The dependence of Fe2+ sorption on ionic strength
(Fig. 4) is consistent with previous studies (Zachara and
McKinley, 1993; Chisholm-Brause et al., 1994; Baeyens
and Bradbury, 1997; Schlegel et al., 1999; Dähn et al.,
2002). For example, 80% Fe2+ sorption occurred in 1 day
at 0.1 M of background electrolyte at neutral pH while it
took about 15 days at 0.5 M (Fig. 4). After 1-day, Fe2+

sorption onto NAu-2, particularly at high ionic strength,
increased slowly as a function of time. Our slow sorption
results are also similar to Ni sorption onto montomorillo-
nite (Scheidegger et al., 1998) and Co sorption onto hector-
ite (Schlegel et al., 1999). For example, at low ionic strength
(0.01 M), the slow sorption of Co onto hectorite and Fe2+

onto nontronite contributed only about 5% of the total
sorption in 5 days but did not increase further with addi-
tional equilibration time. But at intermediate ionic strength
(0.1 M), the sorption of Ni onto montmorillonite and Fe2+

onto nontronite continuously increased and contributed
21–25% of total sorption in 35 days.

Metal sorption onto minerals has been suggested to in-
volve up to three different phenomena (or their combina-
tion) at the mineral-water interface: non-specific and
specific sorption, and dissolution of structural cations fol-
lowed by their subsequent nucleation (Scheidegger et al.,
1998; Schlegel et al., 2001; Dähn et al., 2002; Schlegel
and Manceau, 2006). Because cation exchange and surface
complexation are fast reactions (e.g., Sposito, 1984; Tang
and Sparks, 1993), the slow kinetics of Fe2+ sorption in
this study suggests the presence of additional mechanisms
such as slow surface precipitation and/or nucleation
(Sparks, 1989; Scheidegger et al., 1998). This may also in-
clude impeded diffusion to or within the interlayers, col-
lapsed edges and other associated micro-fractures in the
mineral (Klobe and Gast, 1970; Zachara et al., 2002;
Liu et al., 2003), such as fixation to less exchangeable sites
in the mineral (Smith and Comans, 1996). In fact, progres-
sive uptake of Fe2+ as observed in our study is similar to
that of previous studies of Co, Ni and Zn sorption to clay
minerals (Schlegel et al., 2001; Dähn et al., 2002; Schlegel
and Manceau, 2006). These studies consistently observed
increased dissolution in the presence of added metal cat-
ions compared to the mineral alone. The rate of metal
sorption increased with the presence of other co-precipit-
ants such as Si. Our observation of excess Si dissolution
for the experiments in which Fe2+ is added (Fig. 1c) is
similar to the results as reported by Schlegel et al.
(1999) and Schlegel and Manceau (2006). Using
P-EXAFS, these authors found that the slow uptake of
Co to hectorite and Zn to montmorillonite is a result of
nucleation and epitaxial growth of these metals. There-
fore, slow Fe2+ sorption kinetics in this study (Fig. 4) is
consistent with such a surface nucleation/precipitation
mechanism. However, our SEM and XRD analyses were
not able to identify any secondary precipitates.

4.2. Effect of dissolved ions on titration and Fe2+ sorption

Cations released from limited dissolution of NAu-2
are expected to be the major source of experimental error
in the titration experiments. These dissolved cations and
their precipitates could contribute to proton consump-
tion/release during the experiments (Baeyens and
Bradbury, 1997). Although the amount of structural cat-
ions released during the titration experiments (61.5 h)
was small, backward titration (i.e. from neutral pH to
acidic or basic and back to neutral) showed a small
divergence (data not shown) possibly resulting from dis-
solution. This hysteresis was apparently stronger at basic
than acidic pH (Fig. 3).

Dissolved cations can significantly influence Fe2+ sorp-
tion to NAu-2 depending on various factors such as pH,
cation exchange capacity, and solubility and aqueous
speciation of the dissolved constituents (Baeyens and
Bradbury, 1997). For example, at the highest and lowest
pH (10.7 and 2.8, respectively) used in our experiments,
Fe2+ sorption reached a maximum after 1 day. With
additional equilibration time (P5 days), the extent of
sorbed Fe2+ gradually decreased. The extent of this de-
crease was more pronounced at basic than acidic pH
(Fig. 5). This result is consistent with the higher extent
of dissolution at basic than acidic pH. It is conceivable
that the desorption of Fe2+ was aided by structurally dis-
solved cations which compete with Fe2+ for available
sorption sites on NAu-2.
4.3. Modeling

The pH and ionic strength dependence of Fe2+ sorption
to NAu-2 (Fig. 4) was described with a coupled model of
surface complexation and ion exchange reactions using
Geochemist’s Workbench (Bethke, 2005) and a thermody-
namic database compiled by the authors. Similar ap-
proaches have been used to simulate divalent metal
sorption to clay minerals (e.g., Zachara and McKinley,
1993; McKinley et al., 1995; Turner et al., 1996; Bradbury
and Baeyens, 1997), in that surface complexation reactions
are used to represent ion sorption on amphoteric edge sites
and ion exchange reactions represent ion sorption on fixed
charge sites on the basal planes of clay minerals. Two Fe2+

surface species, �SOFe+ and �SOFeOH, that have been
used to represent Fe2+ surface complexation reactions on
iron oxides (e.g., Liger et al., 1999; Liu et al., 2007), were
used in our modeling approach:

�SOH + Fe2þ = �SOFeþ + Hþ log K1 ð3Þ

�SOH + FeOHþ = SOFeOH + Hþ log K2 ð4Þ

where �SOH denotes the amphoteric surface site, and K1

and K2 are the equilibrium constants for Reactions (3)
and (4), respectively.



Table 1
Aqueous speciation reactions

Reactions log K (I = 0)

Fe2+ + H2O = FeOH+ + H+ �9.4
Fe2+ + 2H2O = Fe(OH)2(aq) + 2H+ �20.5
Fe2þ þ 3H2O ¼ FeðOHÞ�3 þ 3Hþ �31.0
Naþ þ ClO�4 ¼ NaClO4 �0.7
Na+ + H2O = NaOH(aq) �13.9
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The protonation state of the amphoteric site was repre-
sented by the following two reactions:

�SOHþHþ ¼ �SOHþ2 log Ka1 ð5Þ
�SOH = SO� + Hþ log Ka2 ð6Þ

where Ka1 and Ka2 are the equilibrium constants. The equi-
librium constants for Reactions (5) and (6) were determined
by fitting the acid–base titration curves with a non-electro-
static surface complexation model. A site density of
141.8 mmol/kg obtained from titration experiments was
used in the surface complexation modeling. The minimal
changes of proton consumption/release as a function of
electrolyte concentration (Reaction (3)) indicate that a
non-electrostatic surface complexation model is sufficient
to describe Reactions (5) and (6) under the ionic strength
conditions of this study. Parameters Ka1 and Ka2 are con-
strained by the independently measured pHPZNPC (7.2), at
which the concentrations of �SOHþ2 and SO� are equal
by definition. From the mass action equations for Reac-
tions (5) and (6) in the non-electrostatic model, we have
½�SOHþ2 �=½�SOH� ¼ Ka1fHþg and [SO�]/[�SOH] = Ka2/
{H+}. Under the condition that the concentrations of
�SOHþ2 and SO� are the same at the pHPZNPC, the follow-
ing constraint holds:

log Ka1 ¼ log Ka2 þ 2pHPZNPC ð7Þ

With Eq. (7), only one equilibrium constant (either Ka1 or
Ka2) needs to be fitted to describe the acid–base titration re-
sults (Fig. 3). Best fits to the experimental data yield log-
Ka1 = 6.2 and log Ka2 = �8.2, and the fitted acid–base
titration curves are presented in Fig. 3. In the modeling,
the ion exchange between H+ and Na+ at the ion exchange
site was considered by assuming a unit selectivity coefficient
between H+ and Na+ (Bradbury and Baeyens, 1997). The
proton consumption contributed from the ion exchange
reaction was, however, negligible within the titration pH
range. The ionic strength has no effect on the calculated
titration curve (Fig. 3) due to our use of a non-electrostatic
model. The minor increase of the calculated proton con-
sumption near pH 4 at 0.01 M ionic strength is likely due
to the ion exchange reaction of H+ for Na+. The model fits
the data well below pH 8.0 (Fig. 3). From pH 8.0 to 9.0,
however, the model over-estimates proton release, and
above pH 9, proton release is under-estimated. The devia-
tion of the model from the experimental data at high pH
may also partly result from a subset of amphoteric sites that
have different equilibrium constants for the proton release
reactions. Similarly, the slight difference in titration data
with ionic strength above pH 8.0 might indicate that other
unknown reactions may also contribute to the overall pro-
ton release. Nevertheless, these differences are small and no
attempt was made to consider them in the model. With
Reactions (5) and (6) defined, Reactions (3) and (4) were
then used to describe Fe2+ sorption to the amphoteric site.

The observed effects of ionic strength on Fe2+ sorption
from pH 4.5 to 8.0 (Fig. 4) indicate that ion exchange reac-
tions are also required to describe Fe2+ sorption to NAu-2.
Both aqueous species Fe2+ and FeOH+ were considered in
order to model the ion exchange reactions:
2Na–X + Fe2þ = Fe–X2 + 2Naþ log KEx1 ð8Þ

Na–X + FeOHþ = FeOH–X + Naþ log KEx2 ð9Þ

where X denotes the ion exchange sites, and KEx1 and KEx2

are the conditional selectivity coefficients defined as follows:

NFe–X2
fNaþg2

N 2
Na–XfFe2þg

¼ KEx1; ð10Þ

N FeOH–XfNaþg
NNa–XfFeOHþg ¼ KEx2; ð11Þ

where N is the molar fraction in the exchange phase, and
{} is the aqueous activity. The cation exchange capacity
determined from the NH4-exchange method (697 mmol/g)
was used in constraining the site balance for the ion
exchange reactions. Aqueous activities were calculated using
the Davies equation, and aqueous speciation reactions and
equilibrium constants were compiled from an available
dataset (NIST, 2001). The relevant aqueous speciation reac-
tions are listed in Table 1.

Fe2+ sorption Reactions (3), (4), (8) and (9), together
with the aqueous speciation reactions (Table 1) and inde-
pendently determined Reactions (5) and (6), were used to
fit Fe2+ sorption as a function of pH and ionic strength
(Fig. 4). Different combinations of two or three reactions
from Reactions (3), (4), (8) and (9) were tried in selecting
the minimal number of sorption reactions to best describe
the Fe2+ sorption to NAu-2. The data for Fe2+ sorption
at 24 h of equilibration time (Fig. 4) were used to deter-
mine the Fe2+ sorption reaction constants and the cali-
brated model was then used to predict the Fe2+

sorption isotherm in Fig. 6. The experimental results
determined within 24 h of equilibration were used in the
modeling because the acid–base titration (Fig. 3) and
Fe2+ sorption isotherm (Fig. 6) were all measured over
this time frame. Fe2+ sorption beyond 24 h (Fig. 4) was
not modeled because the properties of possible surface
precipitates are unknown.

The modeling of Fe2+ sorption as a function of pH
indicates that Reactions (3), (8) and (9) are required to de-
scribe the experimental data, with the best fitted parame-
ters of logK1 = 4.1, logKEx1 = 1.3 and logKEx2 = 4.4.
Either Reaction (3) or (4), coupled with Reactions (8)
and (9), could describe the data. However, Reaction (3)
was ultimately selected because it has been used previously
to describe divalent metal sorption to clay minerals (e.g.,
Zachara and McKinley, 1993; Zachara et al., 1993;
McKinley et al., 1995; Turner et al., 1996; Bradbury and
Baeyens, 1997). Regardless, a surface complexation reac-
tion is required to describe the sorption edge from pH 3
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to 4.5. This is in contrast to other divalent metal sorption
modeling where the surface complexation reactions pri-
marily contribute to the sorption near neutral pH (e.g.,
McKinley et al., 1995; Bradbury and Baeyens, 1997).
Similarly, Reaction (8) was selected in order to be consis-
tent with previous studies that describe divalent metal
sorption as a function of ionic strength from pH 4.5 to
8.0. Reaction (9) was selected to describe the second sorp-
tion edge from pH 8.0 to 9.5. Other reactions or combina-
tions of reactions without Reaction (9) were not able to
describe the observed Fe2+ sorption above pH 8 well.
Including FeOH+ as an ion exchange species overcomes
the effect of aqueous Fe2+ hydration at high pH that sta-
bilizes Fe2+ in the aqueous phase (Table 1) and accounts
for the ionic-strength dependent sorption edges from pH
8.0 to 9.5. Reaction (9) has not been previously considered
to describe divalent ion exchange reactions. Without
Reaction (9), the calculated Fe2+ sorption decreases with
increasing pH above pH 8.0, and is dependent on ionic
strength. Such sorption decreases with increasing pH
above pH 8 have been observed previously for Zn2+ and
Ni2+ (Baeyens and Bradbury, 1997), but not for our
Fe2+ sorption data (Fig. 4). The reason for this discrep-
ancy between our results for Fe2+ and those of Baeyens
and Bradbury is unknown.

The model provides a reasonable fit to the observed
Fe2+ sorption as a function of pH and ionic strength mea-
sured within 24 h of equilibration (Fig. 4), except for the
deviation below pH 6 in 0.01 M experiments. The calcula-
tions suggest that the Fe2+ sorption below pH 8 in the high
ionic strength solution (0.5 M) was dominated by surface
complexation with the extent of surface complexation (pla-
teau between pH 4.5 and 8.0) determined by the amphoteric
site density. The excellent match between the calculated and
measured plateau of Fe2+ sorption between pH 4.5 and 8.0
indicates the importance of Fe2+ surface complexation
reactions below pH 8.0. In the low ionic strength solution
(0.01 M), model simulations suggest that Fe2+ sorption is
dominated by ion exchange reactions: Reaction (8) at low
pH and Reaction (9) at high pH. The deviation at 0.01 M
below pH 6 is likely due to the competition of dissolved
ions from the dissolution of NAu-2. Dissolved ions, such
as Mg2+, can conceivably compete with Fe2+ at the ion ex-
change site and thus decrease Fe2+ sorption. Such competi-
tion would be, however, suppressed at high ionic strengths,
leading to a better match between calculated and measured
data. At ionic strength 0.1 M, our calculations indicate that
both ion exchange and surface complexation contributed to
the total Fe2+ sorption. Above pH 8, ion exchange (Reac-
tion (9)) dominates Fe2+ sorption at all ionic strengths be-
cause hydrated aqueous Fe2+ species become increasingly
important.

The sorption model consisting of Reactions (3), (8) and
(9) provides a good fit to the Fe2+ sorption data as a func-
tion of Fe2+ concentration at pH 7.0 (Fig. 6). Model calcu-
lations suggest that Fe2+ sorption is dominated by surface
complexation when aqueous Fe2+ is less than 10�5 mol/L.
The amphoteric site then becomes saturated above
10�5 mol/L Fe2+ at pH 7.0, and consequently sorbed
Fe2+ was dominated by a combination of surface complex-
ation and ion exchange. The calculated slope of Kd vs.
aqueous Fe2+ concentration gradually decreases to a value
of �1 with increasing aqueous Fe2+ concentration, consis-
tent with Reaction (3) since sorbed Fe2+ becomes indepen-
dent of aqueous Fe2+ concentration as the sorption sites
became increasingly saturated.

5. CONCLUSIONS

This study describes Fe2+ sorption onto nontronite as a
function of ionic strength, pH, Fe2+ concentration, and
time. All experiments were performed under strictly anoxic
conditions (with a Fe2+ mass balance of P96%), making it
possible to collect well constrained and reliable data on
Fe2+ sorption without complication from Fe2+ oxidation.
Our sorption results showed both similarities and differ-
ences to other studies of divalent cation sorption by clay
minerals. Fe2+ sorption depends on pH, ionic strength,
and Fe2+ concentration; and our data required coupled
ion exchange and surface complexation reactions for ade-
quate model fits as in previous studies. On the other hand,
Fe2+ sorption is distinctive in several respects: (1) surface
complexation is important to lower pH values than for
other divalent cations; (2) an additional sorption edge oc-
curs from pH 7 to 9; and (3) sorption kinetics is important
and ionic strength dependent. While the sorption edge from
pH 7 to 9 was successfully described with an additional ion
exchange reaction that involved a hydrolyzed Fe2+ species,
further research to directly measure surface Fe2+ species is
required to resolve the mechanism that led to the increased
sorption with increasing pH. The sorption kinetics that con-
tinued past 24 h contributed a significant fraction of total
Fe2+ sorption with the extent of this contribution depend-
ing on ionic strength. The kinetic behavior likely results
from surface nucleation/precipitation reactions that are
promoted by the sorption of Fe2+ and other ions derived
from NAu-2 dissolution. While such a mechanism is
supported by previous studies (Scheidegger et al., 1998;
Schlegel et al., 1999; Schlegel and Manceau, 2006), direct
measurements using both SEM and XRD analyses were
not able to confirm the presence of any secondary precipi-
tates. Independent studies and more sensitive microscopic
and spectroscopic techniques are needed to further quantify
the reactions and kinetics of Fe2+ sorption.
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