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Abstract

Hydrous ferric oxide (HFO) colloids formed, in strictly anoxic conditions upon oxidation of Fe** ions adsorbed on mineral
surface, were investigated under in situ conditions by contact mode atomic force microscopy (AFM). Freshly cleaved and acid-
etched large single crystals of near endmember phlogopite were pre-equilibrated with dissolved Fe(Il) and then reacted with
Hg(II), As(V) and trichlorethene (TCE)-bearing solutions at 25 °C and 1 atm. HFO structures are found to be of nanometer
scale. The As(V)—Fe(Il) and Hg(IT)—Fe(II) reaction products are round (25 nm) microcrystallites located predominantly on the
layer edges and are indicative of an accelerated Fe(Il) oxidation rate upon formation of Fe(Il) inner sphere surface complexes
with the phyllosilicate edge surface sites. On the other hand, TCE—Fe(Il)—phlogopite reaction products are needle-shaped (45
nm long) particles located on the basal plane along the Periodic Bond Chains (PCBs) directions. Experiments with additions of
sodium chloride confirm the importance of the Fe(Il) adsorption step in the control of the overall heterogeneous Fe(Il)-TCE
electron transfer reaction.

Kinetic measurements at the nanomolar level of Hg® formed upon reduction of Hg(Il) by Fe(Il) in presence of phlogopite
particles provide further convincing evidence for reduction of Hg(Il),q coupled to the oxidation of Fe(I) adsorbed at the
phlogopite—fluid interface, and indicate that sorption of Fe(II) to mineral surfaces enhances the reduction rate of Hg(I) species.
The Hg(II) reduction reaction follows a first-order kinetic law. Under our experimental conditions, which were representative of
many natural systems, 80% of the mercury is transferred to the atmosphere as Hg® in less than 2 h.

The reduction of a heavy metal (Hg), a toxic oxyanion (arsenate ion) and a chlorinated solvent (TCE) thus appear to be
driven by the high reactivity of adsorbed Fe(II). This is of environmental relevance since these three priority pollutants are that
way reductively transformed to a volatile, an immobilizable and a biodegradable species, respectively. Such kinetic data and
reaction pathways are important in the evaluation of natural evaluation scenarios, in the optimization of Fe(Il)/mineral mixtures
as reductants in technical systems, and in general, in predicting the fate and transport of pollutants in natural systems.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

Ferrous iron has been shown to provide an effec-
tive means for removing a variety of pollutant includ-
ing nitrite, nitrate, chromium, selenate, uranium,
vanadate, pertechnetate, and nitrobenzene from aque-
ous solution (Schwertmann and Pfab, 1994; Klausen
et al., 1995; Cui and Eriksen, 1996; Ottley et al.,
1997; Myrreni et al., 1997; Buerge and Hug, 1999;
Liger et al., 1999). A common feature of these
reductive transformation reactions by ferrous iron is
that sorbed ferrous iron is always much more reactive
than dissolved iron(Il) present in the background
electrolyte solution. Indeed, rates of homogeneous
reduction by dissolved Fe(Il) are exceedingly slow.
Surface Fe(Il) complexes formed with hydrous iron
oxides, silicates and sulfides, are on the other hand
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very efficient reductants from a thermodynamic (Fig.
1) as well as from a kinetic point of view (Stumm and
Sulzberger, 1992).

The reductive transformation of an oxidized spe-
cies ox by surface Fe(Il) may be written as:

1(FE") e + 0% = nFe(OH)3(s) + red (1)

where 7 is the number of electrons that must be trans-
ferred to ox in order to produce red (e.g. n=2, 3 and 6
for U(VI), Cr(VI) and nitrobenzene, respectively).
However, the reaction rate is not a direct function of
the total sorbed Fe(II) concentration. Instead, it has
been shown by Charlet et al. (1998b) to be proportional
to the concentration of the >FeOFe"OH° hydroxylated
surface complex of Fe(Il), a complex formed with one
surface functional group >FeOH®, one Fe?" ion and

Eh (mV) Ox Red Ox Red Ox Red
CCl,-CCl;——PCE
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| Fe¥'(aq) —— Fe*(aq) PCE —— TCE -
Hg*(aq) —— Hg'(aq)
S00 - TCE pce -] 500
_/
DCE —— VC
H,As0, —— H,AsO,
U0, —— U0,
0 -0
oFe,0; —— Fe(IDads
Fe(OH)‘;;_\Fe“(aq)
- 0FeOOH Fel*(aq) i
oFe,0, Fe*(aq)
Fe,0, Fe?*(aq)
-S500 - () - -500
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Fig. 1. E}, values computed for various Fe(II)/Fe(IIl) couples (adapted from Stumm and Sulzberger, 1992) and for TCE/DCE, As(V)/As(III) and

Hg(II)/Hg® at pH 7.0.
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two hydroxyl ions. Reaction (1) has been also shown to
follow a second-order rate law (Charlet et al., 1998a;
Buerge and Hug, 1999; Liger et al., 1999), and the
observed rate to be a function of >FeOFe"OH® as well
as oxidant concentration according to:

d[Ox]
ds
Ox = U(VI), Cr(VI)or ArNO, (2)

= k[> FeOFe""OH®][Ox] with

Eq. (2) indicates that, among the electrons transferred
in reaction (1), only the first electron transfer is rate
limiting (Charlet et al., 1998a).

The reduction mechanism outlined in Egs. (1) and
(2) can be further compared to the homogeneous
oxidation of Fe(Il) by oxygen. The oxygenation is
routinely used in a number of European countries in
in situ iron removal procedures (Appelo et al., 2000).
Electron transfer takes place between the dissolved
oxygen present in injection water and the dissolved
Fe(Il) species originally present in ground water.
Both dissolved OH™ (aq) and surface hydroxyl
groups facilitate the electron transfer to O,, as the
OH™ ligands donate electron density to Fe(Il)
through both o and w systems, which results in
metal basicity and increased reducing power (Luther,
1990). Above pH 5.0, the homogeneous oxygenation
of Fe(Il) in solution follows a rate law (Stumm and
Sulzberger, 1992) similar to Eq. (2):

e CCLAIS ®)

In comparison to oxidation in homogeneous sol-
ution, sorption of Fe(Il) to mineral surfaces enhances
the oxygenation of sorbed Fe(Il) species. This has
been demonstrated for Fe(Il) present on Fe-oxyhydr-
oxide surfaces (Tamura et al., 1980) as well as on
clay mineral surfaces. This reaction can lead to
autocatalytic processes. Upon oxidation of a Fe(Il)
surface species, Fe-oxyhydroxide precipitates. As a
consequence of the formation of a new phase, new
mineral surface area is generated, which serves as a
substrate for further Fe(Il) sorption. Therefore, as the
reaction proceeds, the heterogeneous precipitation of
Fe-oxyhydroxides leads to the formation of new sites
for Fe(Il) sorption, and the reaction rate speeds up.
After the initial injection of a defined volume of

oxygenated water, subsequently larger volumes of
ground water can then be pumped with a lower iron
concentration than is found in native ground water
(Appelo et al., 2000).

Natural attenuation is defined by EPA (1997) as
“a variety of processes that act without human
intervention to reduce the toxicity, mobility and
concentration of contaminants in soils or ground-
water”. Surface Fe(Il) is shown by the abovemen-
tioned studies to be a natural mean to remove
priority compounds from groundwater and its effi-
ciency may be compared to that of Fe®, which has
been used in engineered barriers to remove Cr(VI),
U(VI) and chlorinated solvent from contaminated
groundwater (Orth and Gillham, 1996). This effi-
ciency of surface Fe(Il) has been verified in a
number of field studies. For instance, in aquifers
located below a source of organic carbon, e.g. below
a waste dumping site, the organic matter input
induces the formation of a large Fe reduction zone,
where only 2% of the total Fe(Il) is present as
dissolved Fe(Il), up to 20% is present as exchange-
able sorbed Fe(ll), the remainder being in a solid
form (pyrite and “AVS”) (Heron and Christensen,
1995). Sorbed Fe(Il) is very effective in aquifers to
remove nitrate (Ernstsen, 1996; Vanek, 1990), nitrite
(Sorensen and Thorling, 1991) and chlorinated ali-
phatics (Christensen et al., 1994) from groundwater.
This has important consequences for strategies to
improve ground water quality in such environments.

Macroscopic experimental approaches, where the
fluid composition during experiments is monitored,
have provided detailed information about the hetero-
geneous oxidation of Fe(Il) surface species. How-
ever, the actual reactive sites and products of
reaction (1) have not yet been identified simultane-
ously and unambiguously. Atomic force microscopy
(AFM) has proven to be a powerful technique for the
characterization of clay mineral surface microtopog-
raphy (Bickmore et al., 1999a,b) and the identifica-
tion of reactive surface area (Rufe and Hochella,
1999; Bosbach et al., 2000) at molecular scales. One
of the greatest strengths of AFM is that it can
characterize surface microtopography directly in sol-
utions so it can track in situ and in real time the
dissolution of clay minerals (Bosbach et al., 2000;
Bickmore et al., 2001), the adsorption of small
polymers or humic acids on a flat mineral surfaces
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(Plaschke et al., 1999; Eggleston and Stumm, 1993),
or the oxygenation of dissolved Fe(Il) and subse-
quent crystal growth of (100) and (110) faces of
goethite (Weidler et al., 1998; Hug et al., 1997).

In this study, we expand upon the oxygenation
experiments described above to further test the hypoth-
esis that in the presence of [Fe(II)];=10—250 uM, the
Fe(Il) oxidation by various priority pollutants occurs
primarily through heterogeneous reactions at the clay
mineral/water interface. The initial Fe(Il) concentration
range was chosen for three reasons: (i) Buerge and Hug
(1999) have shown that at [Fe(I)];2.5x10~* M, the
reaction would become too rapid for in situ imaging
with AFM. (ii) At lower initial Fe(I) concentrations,
reaction products would be too sparse to be detected
even by a high-resolution microscopic technique, such
as AFM. (iii) The chosen Fe(Il) concentration window
represents the ferrous iron concentration of many
reducing natural environments, such as aquifers
(McArthur et al., 2000), lake hypolimnion (Cossa et
al., 1994) and sediments (Davison et al., 1991). Al-
though in nature, oxygen, nitrate and manganese
oxides are often the most abundant electron acceptors,
we chose to use Hg, As and trichlorethene (trichlor-
ethylene or TCE) because their reduction by surface
Fe(Il) leads to products belonging to three different
thermodynamic phases, i.e. to gas (Hg°(g)), solid
(Fe(OH)3(s) coprecipitated with As) and liquid
(DCE(aq)) phases, respectively. The ferric (hydr)oxide
phase formed in the course of the reaction at the
phlogopite/water interface may therefore be drastically
different.

2. Materials and methods
2.1. Materials

Large phlogopite single crystals, several centi-
meters in diameter and up to 2 mm in thickness,
were provided by the Mineral Museum of the Uni-
versity of Miinster. Phlogopite—(K,Na)X,y((Mg%,
Fe*);_, (Fe*"),)(Siy_,AL)O,o(OH),—as a trioctahe-
dral mica contains Mg as the dominating cation in
the octahedral sites. Only minor amounts of Fe(Il)
and Fe(II) are present. Since it has a perfect cleav-
age parallel to (001), single crystals were cleaved by
using a scotch tape. Freshly cleaved phlogopite

surfaces consist of large atomically flat terraces.
The occurrence of molecular steps is rare. In order
to study reaction at layer broken edges, we have
induced the formation of etch pits and consequently
the formation of molecular steps by the following
procedure. A small (36 mm?) square of a freshly
cleaved phlogopite sample was etched for 2 min in
concentrated distilled HF at room temperature and
rinsed with a stream of deionized water.

Iron (II), Arsenic(V) and mercury(Il) stock solu-
tions at concentrations of 10~ M Fe(Il), 5x10™* M
As(V) and 10> M Hg(Il) were prepared from
FeSO4x7H,0 (Merck), Na,HAsO4x7H,0 (Fluka)
and HgCl, (J.T. Baker), using boiled and degassed
Milli-Q deionized water (BDDIW), acidified with
ultrapure HNO;. The 1 g 1! TCE stock solution
was made in two steps. First, a known weight of
TCE is dissolved in methanol, second an aliquot of
this solution is dissolved in BDDIW to 5x107> M
TCE. The ionic strength was adjusted with a 1 M
NaCl solution. The pH in our experiments was
controlled by reagent grade MOPS buffer (Fisher
Scientific). MOPS solution (0.1 M) was titrated to
pH 7.5 with reagent grade NaOH solution.

2.2. Macroscopic kinetic experiments

Sixty micrograms of ground phlogopite was added
to 150 ml of deoxygenated water and 29 ml of buffer
in a 200 ml titration reactor. Ferrous sulfate was
added to obtain a 1.0 107> M Fe(Il) initial con-
centration. The initial pH of the suspension was
7.5. The reactor was purged continuously with
ultrapure Ar to avoid oxidation of Fe(Il) to Fe(III)
by ultratraces of oxygen. The suspension was
equilibrated for 24 h. A 50 ml aliquot was then
transferred to a 125 ml Teflon bubbler, and mixed
at t=0 with an aliquot of a 0.25 pg 17" stock
Hg(II) solution, to get a 50 pM initial Hg(II)
concentration in the suspension. This very low
concentration is representative (and even larger)
than most Hg(II) dissolved concentrations found
in polluted surface waters (e.g. Cossa et al.,
1994). At fixed time intervals, produced gaseous
mercury was purged with ultra pure Ar, stored onto
gold trap, and determined by cold vapor atomic
fluorescence spectroscopy (CVAFS) using Tekran
detector (Bloom and Fitzgerald, 1988). The stand-
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ard deviation of the bubbler blank was on average
1.4 pg resulting in detection limit (3xSTD of
blanks) of 4.2 pg.

2.3. Atomic force microscopy (AFM)

The small (36 mm?) square of a freshly cleaved
phlogopite was introduced in a vial, together with
aliquots of the iron(Il), oxidant (As, Hg or TCE) and
MOPS stock solutions. The total concentration was
equal to 2.5x107* M for Fe(Il), 5x10~* M for
As(V) and 10> M for TCE. In the case of Hg(Il)
experiment, the total concentration was equal to
110> M for Fe(Il) and 3x10™> M for Hg(II).
In order to be able to observe reaction (1) solid
products, a high Hg(II) total concentration had to be
used, which is 10° higher than the concentration used
in the kinetic experiment. Total volume was equal to
10 ml. The solution was flushed with argon before
closing the vial tightly. Further, in order to ensure
that no oxygen could access the solution, the vial
was wrapped with teflon tape. The vials were shaken
and then stored in an evacuated dessicator. Some
samples had their ionic strength set up equal to 0.1
M NaCl. Reaction time ranged from 30 min to 5
days.

After the desired reaction time, the phlogopite
slides were removed with Teflon tweezers, gently
flushed with a stream of BDDIW for 5 min, and
oven dried at 45 °C for 10 min. It was then mounted
with double-sided sticky tape to the AFM sample
holder.

We have used a Digital Instruments Nanoscope 111
AFM. Images were taken in air in contact mode
(CM) as well as in tapping mode (TM). Oxide
sharpened SizN, Twin tips (Digital Instruments)
Cantilevers with integrated pyramidal Twin Tips
and with a force constant of 0.12 N/m were used
for CM measurements and etched Si probes (Olym-
pus) with a force constant of about 40 N/m and a
resonance frequency of about 300 kHz were used for
TM measurements. All images shown in this paper
were taken in contact mode. Although tapping mode
ensures significantly lower tip-sample loading forces,
we obtained significantly better images in contact
mode. Particle diameter and height data were
obtained independently using the Digital Instruments
software.

3. Results

3.1. Reduction of Hg(ll) by Fe(ll) in the presence of
phlogopite

Fig. 2a shows a typical example of the reactivity of
a system containing Hg(II) at pH 7.5 in aqueous Fe(II)
solutions with and without suspended phlogopite.
There is virtually no change in the Hg(II) oxidation
state in pure 10 mM Fe(Il) solution (without sus-
pended phlogopite). There is also no Hg(I) reduction

—
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Fig. 2. In situ measurement of Hg° production by an aqueous
solution containing 10 uM Fe(II), 50 pM Hg(Il), 0.015 M MOPS
and 3 mg 1! phlogopite at pH 7.5. (a) O—suspension of phlogopite
with Fe(Il) and Hg(Il), A—solution of Fe(Il) and Hg(II) without
phlogopite, O—suspension of phlogopite with Hg(II). (b) Natural
logarithm of the relative concentration (C/Cy) for Hg(Il) vs. time.
Solid line is the linear regression through the data.
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in pure phlogopite suspension (without additional
Fe(Il)), although the reduction of Hg(Il) with minerals
containing traces of Fe(Il) is thermodynamically pos-
sible at neutral pH (Fig. 1). Therefore, either there is
not enough Fe(II) present in our phlogopite sample or
the reduction of Hg(Il) with reduced electron donors
that may be part of the phlogopite lattice—or which
are present in solution—is a rather slow process.

However, in suspensions of phlogopite that also
contain additional Fe(II), significant amounts of
Hg(I) become reduced. Clearly, the adsorption of
Fe(Il) to the phlogopite surface creates highly reactive
sites for the reduction of Hg(Il). During the entire
length of the experiments (140 min), i.e. up to the
disappearance of nearly 80% of initial mercury from
solution, the formation of Hg° follows an apparent
first-order kinetic law (Fig. 2b):

NCCUAT— “

where [Hg(II)], and [Hg(ID)], are the Hg(I) concen-
trations at time ¢ and time 0, respectively, and kg is
the observed pseudo-first-order rate constant under the
prevalent conditions. The pseudo-first-order rate con-
stant value is equal to 0.0116 min~', and the half
time of Hg(Il) in the suspension is 58 min.

With respect to natural situations, this attenuation
mechanism is remarkably efficient. Although the
Fe(Il) and phlogopite concentrations were rather low
(10 uM and 3 mg 17", respectively), 80% of the
mercury could be transformed from an aqueous spe-
cies (predominantly Hg(OH)3(aq)) to a gaseous spe-
cies (Hg°(g)) and be subsequently transferred to the
atmosphere within 2 h. Therefore, clay minerals do
not act only as a storage facility for contaminants;
they serve also as a template for heterogeneous
decontamination reactions. This is especially impor-
tant since mercury present in anoxic environment may
otherwise be microbiologically transformed to methyl
mercury, which is much more toxic and bioaccumu-
late in the trophic chain.

3.2. AFM observation of unreacted phlogopite (001)
In order to characterize the reactivity of phlogopite

surfaces and to identify reactive sites for the hetero-
geneous oxidation of adsorbed Fe(Il), we have treated

freshly cleaved phlogopite with HE. Up to 10° cm™

etch pits formed on the (001) basal surface upon HF
treatment (Fig. 3a). The depth of the etch pits was up
to five molecular TOT layers. However, etch pits with
a depth of one TOT layer (=10.2 10\) were by far the
most abundant ones. The etch pit morphology is
defined by step edges parallel to <100> and <110>
(Fig. 3b), which one would expect for a mica (001)
surface according to PBC theory (Hartman, 1983;
White and Zelazny, 1988). The dissolution rate of
the step edges in pure water at pH 7.5 is small. Rufe
and Hochella (1999) found that the retreat velocity of
molecular steps on a phlogopite (001) surface at pH 6
is 4-107° nm/s. Therefore, within the time frame of
our experiments, there will be no change in micro-
topography on our samples.

Fig. 3. In situ AFM images of the surface of unreacted phlogopite
(a) and Periodic Bond Chains (PCBs) directions at phlogopite
surface (b). Different shades of grey represent different (001)
terraces; the darker, the deeper.
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The microtopography generated by HF treatment
turned out to be a suitable substrate for the char-
acterization of the reactivity of the basal surface as

Fig. 4. In situ AFM images of the phlogopite surface reacted with
Fe(I) and mercury 20 h (a) and 59 h (b) after injecting the Hg(IIl)
solution. (Scan size=900 pm (a) and 850 pm (b) on a side,
respectively).

well as step edges, which represent {hk0} crystal
faces.

3.3. AFM observation of Hg(Il) reacted phlogopite
(001)

After reacting a phlogopite single crystal with a
Fe(II) solution, no changes in microtopography can be
identified, indicating that no precipitation of, e.g. Fe-
(hydr)oxide occurred. This observation agrees with
our macroscopic experiments.

However, after adding Hg(II) to the Fe(II) solution
with phlogopite single crystal, we found significant
changes in microtopography (Fig. 4b). Although the
etch pits, which where generated by HF treatment can
still be recognized, small 25 nm wide microprecipi-
tates of presumably Fe-(hydr)oxide have formed
(Table 1). Nuclei appeared on the (001) surface after
approximately 1 h and remained to the end of the
experiment. Unfortunately, no reliable data were
obtained during the experiment for the changes of
the length in the direction of the c-axis of the crystal.

3.4. AFM observation of As(V) reacted phlogopite
sample

Fig. 5 shows AFM images of iron (hydr)oxide
particles formed on a HF treated phlogopite (001)
surface after various reaction times of As(V) with the
phlogopite previously equilibrated with Fe(II).
Although some nuclei are found at random on the
(001) face of phlogopite after 30 min, the distribution

Table 1
Dimensions of Fe microprecipitates as measured with AFM
Oxidant, Length (nm) Width (nm) Height (nm)
reaction time
Hg, 20 h 29.4+2.7 29.4+2.7 2.8+1.0
Hg, 59 h 22.7+6.0 22.7+6.0 2.8+0.6
As, 30 min 23.8+3.2 23.8+3.2 1.6+0.9
As, 6 days 31.2+8.5 312485 3.5+1.6
As, 6 days 22.4+2.4 22.4%2.4 3.0+£0.3
TCE, 1 day 43.1+6.2 43.1+6.2 1.9+1.5
TCE, 5 days 52.1+£3.9 22.9+3.1 3.5£03
(no NaCl)

The width and length are almost identical (except for TCE, 5 days,
no NaCl), indicating a circular or spherical morphology. The
standard deviation given for every sample is based on 5-20
individual measurements.
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Fig. 5. In situ AFM images of the phlogopite surface reacted with Fe(Il) and As(V) with no background ionic medium. Reaction time: 30 min
(a), 2 h (b), and 6 days (c and d). Scanned surface sides are 0.9, 1.4, 1.6 and 1 um, respectively.

of particles start to be well organized after 2 h reaction
time. Later on, the size of the globular nuclei does not
change with time and remains closed to 24 nm (Table
1). Fig. 6 depicts how the width, length and height
reported in Table 1 for these microcrystallites are
recorded.

With time, more and more of these nanoparticles
are formed along the walls of the etch pits, while
the particle density on the (001) phlogopite plane
remained constant. This behavior is clearly illus-
trated in Fig. 5, which is a time series of AFM
images taken during the precipitation of iron
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Fig. 6. Zoom (a) and transect (b) of the AFM image of the Fe(Il)-phlogopite surface reacted 6 days with As(V).

(hydr)oxide crystallites in pH 7.5 solution. The
reaction fronts at broken edges appear to offer very
reactive defect sites.

4. AFM observation of TCE reacted phlogopite
sample

Ferric hydrous oxides formed at the phlogopite
surface upon oxidation of surface Fe(Il) by TCE
are shown in Fig. 7a,b. In the presence of high
background ionic strength, nearly no particles are
formed (Fig. 7c,d). This demonstrates that Fe(Il)
must be first adsorbed on the phlogopite particles in
order to be later oxidized by TCE. The morphology

of these precipitates differ significantly from those
particles formed upon Hg(Il), or As(V), oxidation
of Fe(ll). In the case of TCE, elongated particles
(50 nm long) with an aspect ratio of approximately
2.5 are formed after 5 days reaction time (Fig. 8
and Table 1).

Furthermore, the elongated precipitates are dis-
tributed randomly over the phlogopite (001) terraces,
instead of being preferentially located on the clay
edges. The morphologic difference between the
elongated particles, formed upon TCE reduction,
and the amorphous-like circular ferric particles,
formed upon Fe(Il) oxidation by As or Hg, could
be due to electron transfer kinetics. Iron hydroxides
formed from Fe(Il) are known to be lepidocrocite at
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Fig. 7. In situ AFM Images of the phlogopite surface reacted with Fe(II) and TCE. Reaction time: 5 days. (a) and (b) were obtained in absence of
background ionic medium, while (c) and (d) were obtained in 0.1 M NaCl background ionic medium.

intermediate oxidation rate, ferrihydrite at fast oxida-
tion rate or goethite at slow oxidation rates (Cornell and
Schwertmann, 1996). Arsenic(V) and mercury(Il) are
expected to be specifically adsorbed on clay edge
surface sites (Sarkar et al., 2000; Xu et al., 1988),
together with Fe(II). A fast inner-sphere electron trans-
fer could then occur and lead to a ferrihydrite precip-

itation process. The presence of silicic acid, released
upon dissolution of phlogopite etch pits, would further
inhibit Fe(Ill) polymerisation (Doelsch et al., 2000)
and lead to the preferential precipitation of small
ferrihydrite particles (Karim, 1984). TCE on the con-
trary has been reported not to form inner sphere
complexes, neither with Fe(Il) nor with mineral surface
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Fig. 8. Zoom (a) and transect (b) of the AFM image of the Fe(II)-phlogopite surface reacted 5 days with TCE.

functional groups. As in the case of nitrobenzene
(Charlet et al., 1998b; Schultz and Grundl, 2000), this
could lead to slow redox kinetics, and thus to the
heterogeneous formation of goethite-like surface pre-
cipitates (Ramsden and Mate, 1998).

The orientation of the elongated needles sitting on
the clay (001) terraces is not random. Three distinct
preferential orientations can be easily recognized
(Fig. 6a,b), which coincide with the crystallographic
direction of periodic bond chains in the phlogopite
structure, as indicated in Fig. 3. At this stage, it is
not clear whether the preferential orientation of the
Fe precipitates is a consequence of an epitaxial

overgrowth. However, the Fe hydroxide particles
were not wiped away during the contact mode
AFM imaging procedure, which indicates that the
precipitates are tightly bound to the phlogopite basal
surface.

5. Discussion

5.1. Mechanisms of adsorption on phlogopite

Adsorption of cations on phyllosilicates results
from the formation of two different types of surface
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complexes, with two different surface functional
groups. First, heteroionic cationic substitutions impart
to phyllosilicates a permanent negative structural
charge, which is compensated by the adsorption of
cations on basal planes. In natural phlogopite, these
cations are K ions that may have lost part of their
hydration shell. However, the acid treatment imposed
on our phlogopite sample upon etching must have
released a large part of these potassium ions, which
were replaced first by protons, and second by Na™,
introduced together with the MOPS pH buffer.
Sodium ion forms outer sphere (OS) surface com-
plexes (Sposito et al., 1999) and are easily exchanged
with solute ions (e.g. Fe(H,0)z") by varying the
cationic composition of the solution. In this adsorp-
tion mechanism, the sorbate cation (Na*, Fe*") is held
in the vicinity of the sorbent surface without loosing
its hydration shell. In such a complex, ferrous ion is
not expected to undergo hydrolysis at pH 7.5
(pK,1=10.1 for the first Fe(Il) first hydrolysis; Stumm
and Sulzberger, 1992). The rate of electron transfer
between Fe(H,0)7' and an oxidant species will
then be slow with neutral species (e.g. Hg(OH)5(aq)
or O,(g)) and very slow for anionic species (e.g.
HA,O3 (aq)), which are electrostatically repulsed
from the negatively charged phlogopite surface.
Besides these cation exchange properties, phyllo-
silicates also possess pH-dependent sorption proper-
ties. Trioctahedral smectites (e.g. hectorite) and micas
(e.g. phlogopite) are built of layers made by the
condensation of one central magnesian octahedral
sheets and two tetrahedral sheets. The pH-dependent
sorption was inferred to take place at layer edges,
where truncation of the bulk structure leads to the
formation of oxygen dangling bonds. The edge sur-
faces and their broken bonds are characterized by a
well-known tendency to form inner sphere complexes
with protons and other cations (e.g. White and
Zelazny, 1988; Zachara and McKinley, 1993; Charlet
et al,, 1993; Schlegel et al., 1999; Wanner et al.,
1994). The formation of these inner sphere (IS) sur-
face complexes involves the creation of chemical
bonds between the sorbate and the surface oxygens
of the sorbent (Cases et al., 2000). Surface cations of
the sorbent thus enter the second coordination sphere
of the sorbate. Thanks to polarized EXAFS spectro-
scopy, divalent cations (e.g. Co*" and Zn*") were
shown to form IS complexes with the edges of the

hectorite platelets, in the prolongation of the octahe-
dral sheet. The cation octahedra share one or several
edges with structural octahedra and one or several
corners with Si tetrahedra, like in a clay structure
(Schlegel et al., 1999, 2000). Excess of divalent
cations can lead to the formation of octahedral sheets
parallel to the ab plane of hectorite crystallites, and if
present, these polymers may incorporate Si to form
clay minerals (Schlegel et al., 2001).

5.2. Reduction mechanism

Divalent cation sorption on silica and (hydr)oxides
lead to their enhanced hydrolysis, compared to sol-
ution (Schindler, 1991). Similarly, sorption of Fe(II)
on the edges of phlogopite platelets, i.e. on the walls
of etch pits, is expected to lead to the formation of
reactive >SOFe'(OH), " with surface species (S=Mg
or Si and =0 or 1). Hydroxyl groups will in turn
facilitate the electron transfer to the oxidant species,
as the OH™ ligands donate electron density to Fe(Il)
through both ¢ and 7 systems. A kinetic mechanism
consistent with our results involves: (i) rapid adsorp-
tion of Fe(Il) and formation of reactive >SOFe"(O
H), ' (ii) reduction of ox (with ox=Hg(II) or As(V)) by
>SOFe(OH). ™ through formation of an activated
surface complex or an outer sphere complex, and (iii)
precipitation of Fe(OH);(s).

We shall first discuss in detail the reduction of
Hg(I) by surface Fe(Il). The experimental results
obtained in the present study (Fig. 2a) show the
formation of gasecous mercury immediately after
Hg(II) addition. This suggests that the principal ““sup-
ply” of mercury is dissolved mercury present in the
aqueous layer in the vicinity of surface rather than
sorbed mercury. Thermodynamic calculations demon-
strate the dominant solution species at pH >4 to be
Hg (OH)3 in the absence of chloride ion. Production of
Hg°(g) involves formation of an activated “outer
sphere”” complex between >SOFe' (OH)! ™" and
Hg(OH)3, the OH™ groups mediating the hydrogen
bridging through which electron transfer occurs. The
proposed mechanism includes the following steps:

> SOH®+Fe?* + iH,0 <5 > SOFe" (OH)! ™
+(i+ HH? (i)
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2 > SOFe!'(OH), ' + Hg(OH))

k<—>2_ [> SOFe!'(OH),- - - HOHg"OH - - -
-2

x (HO)Fe''OS <] (ii)
[> SOFe“(OH) ---HOHg"OH- - - (HO),Fe"0S <]

—f5 2 > SOFe"(OH), ! + Hg® (iii)

> SOFe(OH) ! +

1+i
a5 > SOH® + Fe(OH)5

+ (2 —i)H,0
+ (1 —i)H" (iv)

where K is an intrinsic equilibrium constant; &, k_5, k3
and k4 are rate constants. k, corresponds to the for-
mation of precursor complexes, k_, relates to the
inverse rate, k3 is the Hg® rate formation constant out
of the transition complex and k4 corresponds to the
formation of a new Fem(OH)3(S) solid phase at the
surface of phlogopite.

From the model given in Egs. (i)—(iv), a complete
rate-law expression, more complex than Eq. (4), is
derived. After applying the steady-state principle to
the formation of the precursor complex and suggest-
ing that k_,k; (Cervini-Silva et al., 2000) and that
Chg2-= Cug(on),» the rate-law expression is given by

22 2
dCy kK 0 G, .
dt - 2 Hg“ ( )
C z+1)(1 + OFIH)
ot

where Cy-sog is a total concentration of surface sites.
For our experimental conditions, i.e. at pH=7.5 and at
an initial Fe** concentration, Cpe- equal to 10 M,
the term (K,Cre)/(Cy?) is smaller than 1 when
K,<107'°. This value of the order of intrinsic equili-
brium constants measured for the surface complex-
ation of Fe(Il) with other mineral surfaces (Zhang et
al., 1992; Liger et al., 1999).

As the initial concentration of Fe(Il) (10 uM)
is much greater than the initial Hg(II) concentration
(50 pM), the speciation of >SOH®, Fe(Il) and
>SOFe"(OH), ™ is expected not to vary much
within the course of Hg° formation and Eq. (6)
can be rewritten as a pseudo-first-order reaction

with respect to Hg(II), with an observed rate con-
stant (Eq. (4)):

202 2
_ kK7 Cos0me Cre
obs = 2(i+1)
cl

Cosson 2
=k C? C>SOFe”(OH) (6)
>SOH"eq

It follows that the formation of the precursor
complex is a rate-limiting step and that ks depends
on the surface speciation of Fe(Il) and on the concen-
tration of >SOFe"(OH); ™’ surface complexes. The
variability of k,,s due to changes in abundance of
hydroxo surface complex >SOFe"OH® has been
documented for the reduction of inorganic compounds
(U(VD), Liger et al., 1999) and organic species (4-
chloronitrobenzene) (Charlet et al., 1998b).

The same oxidation mechanism is expected to
apply to the two other oxidants, namely to HA O3
and TCE. However, the type of >SOH" surface site
involved in these reactions may vary. Oxyanions, such
as arsenate, are repelled from the structural negative
charge bearing phlogopite basal plane, but may form,
as for chromate, inner sphere complexes with mica
book edges, as shown by XPS spectroscopy, and,
when micas contain structural Fe(II) books, to enhance
this way the Fe(II)—Cr(VI) electron transfer (Ilton and
Veblen, 1994). Furthermore, arsenate has been shown
by EXAFS spectroscopy to form with >Fe"OH sur-
face sites a bidentate mononuclear surface complex
(Manceau, 1995). In the present case, HA,O;  is
expected to form in Eq. (ii) a [>SOFe"],AsV03~
activated surface complex. Eq. (iii) would lead to a
mixed As(Ill)-As(V) coprecipitate with Fe(OH);).
Similar mixed coprecipitates have been observed in
the reduction of U(VI) by surface Fe(Il) (Liger, 1996;
Liger et al., 1999).

The TCE case differs from the Hg(IT) and As(V)
cases in as much as TCE is a neutral hydrophobic
species. The clay surface exhibits hydrophilic proper-
ties for molecules whose adsorption does not lead to
the removal of the charge-compensating cations, but
exhibits hydrophobic properties for molecules that
replace the charge-compensating cations, since the
siloxane layer—which, in the absence of charge
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compensating cations, is characterized exclusively by
charge—satisfied extremely stable siloxane bonds
(White and Zelazny, 1988; Staunton and Quiquam-
poix, 1994; Sposito et al., 1999). Cations with high
hydration enthalpy, such as Fe?', are expected upon
adsorption in the interlayer domain to remain fully
hydrated. Thus, no enhancement of electron transfer
via hydrolysis is expected for these cations. However,
the pre-etching of phlogopite surfaces with HF may
have created zones of mechanical weakness within
micas that have been often shown to run parallel to the
preferred growth faces (Bloss et al., 1959; Klein and
Hurlbut, 1993).

Rufe and Hochella (1999) and Bosbach et al.
(2000) recently examined with in situ AFM the
dissolution behavior of phlogopite etch pits and hec-
torite platelets, respectively, in HCI solutions. The
phlogopite etch pits and hectorite dissolution features
were essentially euhedral along the preferred growth
faces (Fig. 3). Since crystal growth is approximated as
the formation of strong bonds between growth units of
stoichiometric composition (Grim and Giiven, 1978),
and since growth faces are observed to lie parallel to
one or more continuous chains of strong bonds within
the crystal structure, called Periodic Bond Chains
(PBCs), the dissolution of phlogopite must be initiated
by precursors in which the basal plane siloxane bonds
are weakened along PBCs. Grim and Giiven (1978)
and Hartman (1982) showed that the PBCs in phyllo-
silicates are along the <110> and <100> directions, so
that “pseudohexagonal” stepped (110), (010) and
(110) edge faces are predicted to be the dominant
dissolution (Fig. 3). Surface oxygen atoms at these
weakened sites may complex Fe(Il) and polarize
surrounding water molecules, which will in turn be
bridging, in an outer sphere complex, the surface
Fe(I) with TCE. Similarly, H,O molecules mediating
in an outer sphere complex the hydrogen bridge
between Si—O basal groups and an organic molecule
have been shown to promote dehydrochlorination
reaction, e.g. that of pentachloroethane (5CA) by clay
structural Fe(Il) (Cervini-Silva et al., 2000). In our
case, a hydrogen bridge is expected to be formed
between TCE and Fe(Il) complexed with free coordi-
nation sites located on the siloxane basal plane along
PCB directions. These surface sites were not active for
the two other oxidants which co-adsorb, and readily
react, with Fe(Il) on step surface sites. Surface atoms

present at the weakened sites along PCB directions are
characterized by a ligand sphere that differs from both
that in the basal plane siloxane plane bulk, and that on
the etch pits.

5.3. Environmental significance

The present experiments have shown that solid
phases, i.e. mineral surfaces, have a strong influence
on the reductive transformation of some priority
pollutants. The kinetic study of this and two accom-
panying papers on the pH dependence of Hg reduction
in the presence of synthetic and natural particles
(Peretyashko et al., in preparation (a), in preparation
(b)) help us to assess the redox behavior of mercury in
natural environments. For example, in eutrophic lakes
(Peretyashko et al., in preparation (b)) or hydromor-
phic soils (Peretyashko et al., in preparation (c)),
surface reaction can be expected to dominate, whereas
biotic Hg reduction will likely occur in oxic environ-
ments (Mason et al., 1995).

Reduction of As(V) and TCE, which are both
frequent groundwater contaminants (McArthur et al.,
2000; Christensen et al., 1994), lead to their natural
attenuation and to hydrous ferric oxide reactions
products localized in different structural features of
the etched phlogopite/water interface. This leads to
insights on their respective reduction mechanisms.
As(V) is likely, like Cr(VI), to form inner sphere
surface complexes at the edges and etch pits walls
of micas particles (Ilton and Veblen, 1994; Xu et al.,
1988), and to react there with sorbed Fe(Il). On the
other hand, reduction of TCE by Fe(Il) is likely to
occur by outer sphere complex formation. It reacts
with Fe sorbed on basal plane surface sites located
along the weakened bonds between bond chains.

Detailed surface studies help to optimize the appli-
cation of Fe(Il)/mineral mixtures as reductants of
pollutants in technical systems. In situ remediation
of contaminated soil and water by addition of soluble
Fe(Il) salts may be a cheap alternative to pump and
treat remediation or to permeable, reactive Fe® bar-
riers that might become less reactive with time
because of surface passivation. The relative reactiv-
ities of the different surface Fe(II) species towards the
three contrasted species chosen for this study are
possibly transferable to predict the reduction of a
number of other compounds.
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Finally, this study provides compelling evidence
that the so-called surface coatings of clay particles
frequently encountered in soils may not be formed by
transfer to the surface of homogeneously formed
Fe(Ill) hydroxides (Hendershot and Lavkulich,
1983), but rather as a product of the heterogeneous
oxidative precipitation of iron by a variety of natural
electron acceptors. Electron micrographs of kaolinite
and goethite association indicate goethite particles to
be either associated with kaolinite basal plane (Tandy
et al., 1988), as in the case of our TCE experiment, or
to be located on clay edges (Muller and Bocquier,
1986), as in the case of our Hg(Il) and As(V) experi-
ments.

6. Conclusions

Our results confirm that Fe oxide coatings, often
found in soil and aquifer materials at the surface of
sand and clay particles (Cornell and Schwertmann,
1996), may not result from the homogeneous precip-
itation of Fe(IIl), but rather from the enhancement by
the mineral surface of the rate of ferrous iron oxida-
tion by a variety of oxidants. The in situ results show
that although iron oxyhydroxides may precipitate in
solution, the tiny (roughly 25 nm in diameter) par-
ticles observed in the present study are closely asso-
ciated with topographical steps, i.e. with broken edges
of the clay crystal. Therefore, ferrous iron ions were
sorbed and oxidized by Hg(Il) and As(V) on surface
edge sites. These results are consistent with macro-
scopic measurements and ex situ atomic force micro-
scopy of Fe(Il) reactions products with other oxidants
at the surface of iron oxides (Weidler et al., 1998;
Liger et al., 1999). Thus, some extrapolation to a
broader range of mineral surfaces and oxidants seems
warranted.

While this study and previous ones show that at
least some As is sequestrated by the nucleation and
precipitation of a ferric solid phase, there are some
inherent limitations to the methods used in this study.
For example, AFM was not capable of atomic scale
resolution; hence, we could not rule out a coprecipi-
tation of As(V) or As(IIl) within the ferric oxyhydr-
oxides nanoparticles precipitated on the phlogopite
edges. Likewise, AFM is a surface-sensitive method,
so that we could not rule out the possibility of reaction

between TCE and structural Fe(I), a reaction sug-
gested by the nanoparticles lining up along crystallo-
graphic axis. Structure-sensitive and depth-sensitive
measurements (i.e. X-ray absorption spectroscopy,
and Mdssbauer spectroscopy) are presently being
obtained and will be presented in a future publication
to address these issues. Nevertheless, the imaging of
chemisorbed Fe(Il) permits an interpretation of ele-
mentary steps in important catalytic reactions at an
atomic level. This type of study should encourage
surface science research further towards investigations
into dynamic processes occurring on clay surfaces.
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