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The interaction between low-molecular weight organic compounds and pyrite under anoxic conditions has been

studied using a combination of electrophoresis and batch sorption experiments. The results suggest that acetate,

carbamide, ethylamine, formamide, purine, D-ribose, and adenine, as well as the amino acids alanine, cysteine

and glycine, interact within the electrophoretic shearplane of the pyrite surface. The observed surface

interaction between the negatively charged surface of pyrite and the organic aqueous species takes place

regardless of the formal charge of the aqueous species of interest. This indicates that the interaction of organic

molecules with pyrite surfaces under anoxic conditions is dictated by interactions with speci®c surface sites

(thiol or iron surface sites) rather than electrostatic forces. Dissolved metals typically enhance the interaction of

the organics species. This enhancement is either due to an alteration in the distribution of thiol and iron groups

on the pyrite surface or by the formation of ternary surface complexes.

1. Introduction

The fundamental principles underlying the surface chemistry of
pyrite are of interest to a range of disciplines. Pyrite is
ubiquitous in natural systems. For example, pyrite is found in
anoxic marine sediments,1 submarine hydrothermal vent
systems,2,3 terrestrial hot spring environments,4 and many
anoxic groundwater systems.5,6 The separation of sul®de
minerals in industrial ¯otation processes7±12 and the possible
use of metal sul®des as photocatalysts13±16 relies on a thorough
understanding of the surface chemistry of pyrite. Iron sul®des
have also been suggested to play an important role in a surface-
mediated chemoautrophic origin-of-life hypothesis.17±23 A key
step in this chemoautrophic origin-of-life hypothesis is the
sorption and subsequent transformation of low-molecular
weight organic compounds, such as acetate, on the pyrite
surface. Despite the wide-ranging interest in pyrite, compara-
tively little is known about the surface chemistry of pyrite
under anoxic conditions.

It has often been assumed that pyrite and many other
common metal sul®de minerals have a positive surface charge.
This notion is largely based on work related to industrial
metal±sul®de separation through froth ¯otation. However,
froth ¯otation is typically performed in solutions containing
dissolved molecular oxygen. The separation of metal sul®des is
conducted in tanks open to the atmosphere and air is forced
through the mineral slurries.24 It has been shown that incipient
oxidation of pyrite changes its surface charge development
drastically.25,26 The resulting charge development on an
oxidized pyrite surface appears to be similar to the one
observed for iron oxide or iron oxy-hydroxide. It is, therefore,
of fundamental importance to distinguish between work that
has been performed in the presence of molecular oxygen from
investigations conducted under strictly anoxic conditions. Note
that molecular oxygen is not the only common oxidant to
induce pyrite surface oxidation. Many studies point to the
observation that aqueous Fe3z can promote oxidation of
pyrite as well.27

The objective of this study is to investigate possible
interaction of various types of organic molecules with pyrite
as a function of pH and solution composition under anoxic
conditions. There are several types of interaction that may

occur between a sorbate and the pyrite surface. This interaction
may be either non-speci®c (i.e., solely dictated by electrostatic
forces) or speci®c (i.e., combination of electrostatic forces and
speci®c chemical bonding). If an adsorbate is sorbed through a
mechanism that involves the formation of a chemical bond then
the species must be close enough to the surface to make the
bond (compare Fig. 1a vs. 1b). Speci®c interaction may involve
a central ion (inner-sphere complex, Fig. 1b) or one of its
ligands (outer-sphere, Fig. 1c). The presence of speci®cally
sorbed species within the stern layer of a charged surface alters
the decrease of the electrical surface potential as a function of
the distance from the surface. Sorption within the stern layer
also affects the f (zeta) potential of the material. The f-
potential is the potential at the hydrodynamic shear plane,
which is thought to be close in distance to the transition from
the stern layer to the diffuse layer. Hence, by determining the f-
potential as a function of solution composition, it is possible to
evaluate if the interaction between an aqueous species is speci®c
or non-speci®c. It is of interest to determine both the
partitioning and nature of the interaction between dissolved
organic compounds and pyrite.

Understanding the interactions between aqueous species and
mineral surfaces is of importance in understanding hetero-
geneous reactions that may take place on a mineral surface. For
surface-mediated reactions to take place, the reactants must be
®rst sorbed onto the surface. Sorbates are more likely to be
involved in surface mediated reactions that involve formation
and breaking of bonds if they are speci®cally bonded.28

2. Previous studies

In earlier studies it was determined that under anoxic
conditions pyrite is negatively charged down to below
pH ~ 2 in the absence of potential determining ions
(PDI).25,26 The surface charge is strongly dependent on the
presence of Fe2z in solution. The addition of PDIs changes the
pH-f-potential dependency considerably.25 Addition of
H2S (0.5 mM) results in more negative f-potentials, whereas
the addition of Fe2z (0.5 mM) induces a shift in isoelectric
point (IEP) to pHIEP ~ 5, below which pyrite becomes
positively charged. Both ®ndings are explained with a change
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in the relative abundance of surface functional groups, in the
case of H2S addition with the formation of more thiol groups
and in the case of Fe2z with the formation of positive Fe2z

surface sites. It was concluded in that study25 that the surface
charge development on metal sul®des not only depends on the
pH but also on the metal ion activity in solution. This is
fundamentally different from what is known for metal oxides
and metal (oxy)hydroxides. Hence, a meaningful statement
concerning pyrite's surface charge (and its f-potential) has
to include a de®ned aqueous metal ion activity.

The interaction of phosphate and phosphorylated organic
compounds with pyrite has also been investigated under anoxic
conditions.29 The study suggested that anionic inorganic
phosphate can overcome coulombic repulsion, probably
interacting with iron surface sites. It was also shown that the
phosphate functional group on 5'-adenosine monophosphate
can enhance sorption compared to the phosphate-free molecule
adenosine.

The interaction of organic compounds with pyrite is studied
here by evaluating the interaction of a few selected model
compounds. This strategy is designed to be able to evaluate
how different functional groups interact with the iron and thiol
surface groups of the pyrite surface. The interaction of some
functional groups may be governed by electrostatic forces,
while the interaction of others may be dictated by chemical
bonding to a speci®c surface group (cf. phosphate±pyrite
interaction).

3. Research strategy and background

The interaction between organic compounds and pyrite was
studied here by electrophoresis and batch sorption experi-
ments. Electrophoretic mobility measurements and batch
sorption experiments yield complementary information on
the extent and nature of the surface interaction. Batch sorption
experiments, as conducted in this study, provide a quantitative
assessment of the partitioning of a species between the mineral
surface and solution. Batch sorption experiments provide,
however, little or no information on the nature of the sorbate±
surface interaction. Electrophoresis experiments shed some
light on this interaction. In an electrophoresis experiment the
changes in f-potential of a colloidal-size particle as a function
of pH and aqueous solution composition are determined. If the
addition of a species changes the f-potential, then this implies
that the species sorbs speci®cally [Fig. 1 modes (b) and (c)]
within the shear plane of the particle.30

In this study crushed natural pyrite is used as a sorbent.
Although reproducible results were obtained using both
crushed and synthesized pyrite,25 it is well known that crushing
and grinding of minerals induces defects in the surface structure
and exposes an `ensemble' of different crystallographic
orientation.31 On an atomic level this is of importance since
it has been shown that the surface reactivity of pyrite is
dependent on its defect density.32±34 Also, the reactivities of

pyrite (100) surfaces have been found to differ from pyrite (111)
surfaces.35 However, the acid-wash pretreatment used in this
study has proven to be very effective in minimizing the defect
densities on pyrite.34

It should be kept in mind that an electrophoretic measure-
ment is essentially a snapshot of the sorbate±sorbent interac-
tion after the slurry is adjusted to the desired pH. For practical
reasons it is not possible to keep the slurry at a given pH for
more than 30 min. This may not be suf®cient time to ensure
that equilibrium has been achieved. Hence, it is possible that if
one could leave a slurry at a particular pH for an extended
period of time (hours to days), a different result would be
obtained. Whether sorbate±sorbent equilibrium has been
attained in some slurries is not crucial since our main objective
in these experiments is to determine if a species interacts
speci®cally or non-speci®cally. In essence, we use electrophor-
esis as a `screening method' which allows the investigation of
fairly large matrices of possible surface interaction as a
function of pH and solution composition. As pointed out
above, those species that show speci®c interaction are of most
interest. It is dif®cult to imagine a system in which a species
shows speci®c interaction on a short time scale, but reverts to
non-speci®c interaction as it approaches an equilibrium
partitioning.

The selection of organic sorbates and solution composition
was guided by the functionality of organic compounds and
their possible interaction with dissolved Fe2z as well as the
pyrite surface. The effect of the presence of Fe2z on sorbate±
pyrite interaction is of interest because of the high activity of
Fe2z in the near-surface region during pyrite precipitation and
dissolution processes. The activity of Fe2z is also of interest in
the context of the origin of life. It has been estimated that the
dissolved iron concentration in a Hadean (pre-Archean) ocean
was above 0.1 mmol.36 The iron could have been released
through deep-sea hydrothermal exhalative systems.37 Present-
day hydrothermal solutions venting from `black smokers'
contain Fe2z in millimolar concentration and appreciable
amounts of Cu2z as well.38 Metals such as Fe2z and Cu2z

form stable complexes with organic compounds.39±42 Metal
complexation could facilitate the uptake and retention of
organic molecules on metal sul®de surfaces by the formation of
ternary complexes.43

Organic molecules with different functional groups were
chosen to evaluate a variety of possible interactions (Table 1).
Acetate was chosen as a representative for a simple carboxylic
acid. The selection of amino acids included alanine, glycine,
cysteine and L-serine. All four amino acids have isoelectric
points between pH 5 and 6, with pKa1(a-COOH) values
between 2.0 and 2.3, and a pKa2(a-NH3

z) between 9.2 and
10.3. Ethylamine (CH3CH2NH2), formamide (HCONH2) and
carbamide [CO(NH2)2] were investigated in order to investigate
the effects of amine functional groups in simple organic
molecules. Ethylamine is mostly present in form of the
corresponding ammonium ion (CH3CH2NH3

z) with a pKa

value of 10.81. Adenine, its parent compound purine and D-
ribose are included to investigate possible interaction of
heterocycles and sugars with pyrite. Purine was included
because of its delocalized electronic structure which could
favour interaction with multiple surface sites on the mineral
surface. Additionally, adenine and D-ribose are considered
because of their precursor role in nucleotide and phosphate
chemistry.

4. Methods

4.1. Electrophoresis

The objective of the electrophoretic mobility measurements
was to determine if an organic compound sorbed speci®cally or
non-speci®cally. Electrophoresis experiments were performed

Fig. 1 Notional representation of pyrite surface sites and different
kinds of interaction. (a) Outer-sphere complexation of non-speci®c
nature; (b) inner-sphere complexation of a metal, speci®cally interact-
ing with a sulfur surface site; (c) speci®c outer-sphere complexation,
due to the speci®c interaction of the ligand. This arrangement is
referred to as ternary surface complex; (d) hypothesized non-ionic
surface sites.
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following the protocol outlined in an earlier study.25 In brief,
crushed pyrite (Huanzala, Peru) was acid-washed and H2O-
washed (both free of dissolved O2) under an N2 atmosphere.
This treatment has been shown to yield a clean and
stoichiometric surface.34 Particles were subsequently dried
under vacuum and then resuspended in deoxygenated aqueous
solutions of well-de®ned composition. Suspensions were kept
in the dark during handling to prevent possible photochemical
reactions. All electrophoresis experiments were performed in
5 mmol NaCl supporting electrolyte solution at 20 ³C. The
potential distribution and its dependence on ionic strength
have been discussed elsewhere.30 The pH was adjusted by
adding HCl and NaOH. The important parameters of each
experiment are listed in Table 1. Note that it is unfeasible to
perform experiments in seawater because the high ionic
strength causes a rapid electrical surface potential drop-off,
as a function of distance from particle, which results in a zero f-
potential measurement.

Most electrophoresis experiments were completed within 3 h
to limit possible transformations of some of the less stable
organic compounds used in this study. Deamination, dehy-
drogenation or oxidation reactions are not expected under the
experimental conditions. A sulfonation or sulfo-dehydrogena-
tion reaction between sul®te, added to removing traces of
dissolved oxygen from the pyrite slurries,25 and ethylammo-
nium could have proceeded. However, the ethylamine was
added in excess of sul®te. Furthermore, the reaction of sul®te
with remaining molecular oxygen to form sulfate is very rapid
and is likely to consume most of the sul®te present. Formamide
and carbamide acidic and basic hydrolysis with NH2 elimina-
tion is unlikely under the mild conditions.44 Traces of HS±

could potentially react through a nucleophilic addition to the
carbonyl carbon to form thioformate and thioamide. At room
temperature and the time period involved (y3 h) it is thought
to be of minor importance. The resonance-stabilized amides are
nonbasic and poor nucleophiles. Typically, no ions are formed
with aqueous acids.

4.2. Sorption experiment

The electrophoresis experiments with acetate were comple-
mented by a batch sorption experiment to quantify its uptake.

The sorption experiment was conducted under controlled N2

atmosphere in a water-jacketed 1 l reaction vessel wrapped in
aluminum foil to prevent possible photochemical reactions
during the experiment. The particles were prepared following
the same procedure as described for the electrophoresis
experiments. The deionized water was of milli-Q quality
(18 MV, ®ltered 0.22 mm). Aliquots (about 1.5 ml) were
taken with 3cc plastic syringes through Te¯on tubing and
then ®ltered through 0.2 mm polycarbonate membranes.

4.3. Analytical techniques

The iron concentrations for the electrophoresis experiments
were determined by atomic absorption spectrometry (AAS) or
inductively-coupled plasma atomic emission spectroscopy
(ICP-AES, Varian 5E). Iron analysis in the sorption experi-
ments was carried out spectrophotometrically with a Hach DR/
2000 using the FerroZine1 method #8147. Acetate was
analyzed by ion chromatography (Dionex 2000I) and purine
by UV-VIS spectroscopy.

4.4. Speciation calculations

The chemical speciation program PHREEQE, which is based
on an ion-pairing model, was used to calculate the aqueous
speciation of compound of interest.45 The speciation of a
compound dictates which aqueous species could possibly
interact with pyrite at a given pH. The dissociation constants
for the organic and inorganic ions, as well as the stability
constants for Fe2z complexes with the organic molecules, were
taken from existing compilations.46

5. Results

5.1. Electrophoresis

All electrophoresis results are shown in Fig. 2 through Fig. 8.
The f-potential is plotted against pH, which is measured in the
range from 2±11. All the curves measured on suspensions
containing Fe2z or Cu2z converge to zero f-potential near a
pH value of 8 (Fig. 2). This is the result of the collapse of the
colloidal dispersion induced by the precipitation of iron and
copper hydroxides. Therefore, the interpretation of results

Table 1 Composition of solutions used in electrophoresis experiments

Run Molecule Concentration Ionic strength I/mM Fe2z Particle load/g l21 NaCl SO3

er-2 Blank Ð 5.1 Ð 0.50 4.28 0.26
er-3 Fe(II) 0.5 5.2 0.50 0.50 0.83 0.29
er-50 Adenine 0.11 5.0 Ð 0.50 4.15 0.26
er-51 Adenine z Fe2z 0.10 5.0 0.50 0.51 0.65 0.25
er-24 Acetate z Fe2z 0.50 5.5 0.53 0.51 0.32 0.31
er-29 Alanine z Fe2z 0.50 5.1 0.50 0.50 0.29 0.26
er-37 Acetate 0.51 5.1 Ð 0.50 3.78 0.27
er-38 Alanine 0.50 5.0 Ð 0.50 3.76 0.25
er-39 Glycine 0.52 5.0 Ð 0.51 3.76 0.25
er-30 Glycine z Fe2z 0.52 5.3 0.50 0.51 0.53 0.24
er-52 L-Serine 0.12 5.0 Ð 0.50 4.15 0.25
er-6 Cysteine 0.50 4.9 Ð 0.51 2.79 0.37
er-21 Cysteine z Fe2z 0.50 5.5 0.50 0.52 0.26 0.26
er-23 Ethylamine 0.50 5.0 Ð 0.51 3.75 0.26
er-22 Ethylamine z Fe2z 0.51 5.0 0.50 0.51 0.26 0.25
er-47 D-Ribose 0.11 5.0 Ð 0.50 4.14 0.25
er-49 D-Ribose z Fe2z 0.11 5.0 0.50 0.50 0.67 0.24
er-34 Purine 0.50 5.0 Ð 0.51 3.78 0.25
er-41 Purine z Fe2z 0.50 5.1 0.50 0.50 0.27 0.27
er-26 Cu2z 0.11 5.1 Ð 0.50 4.01 0.25
er-33 Fe2z 0.11 5.0 0.11 0.51 3.55 0.25
er-32 Carbamide 0.45 5.0 Ð 0.52 3.76 0.25
er-40 Carbamide z Fe2z 0.51 5.0 0.50 0.50 0.25 0.26
er-55 Formamide 0.7a 5.6 Ð 0.51 4.15 0.26
er-56 Formamide z Fe2z 0.7a 5.6 0.50 0.50 0.64 0.25
aTwo drops of formamide were added. SO3 added as Na2SO3, Fe2z added as Fe(NH4)2(SO4)2 ? H2O.
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from such experiments is limited to a pH value below 8. The
presence of Fe2z or Cu2z induces either a shift in isoelectric

points (IEP) or a signi®cant change in the trend of the potential
as a function of pH. This observation can be interpreted in
terms of interaction of the speci®c aqueous species within the
electrophoretic shearplane of the particles. As shown for the
case of Fe2z, the f-potential is strongly dependent on the
activity of metal ion in solution (Fig. 2). Once the Fe2z

concentration reaches 0.5 mM, a charge reversal is observed at
pH 5. This effect has been observed earlier and discussed in
detail.25

The electrophoresis results for the acetate and alanine
experiments are strikingly similar. Up to a pH of about 5 they
both follow the reference curve (no added PDIs); above pH 5
both deviate from the reference curve (Fig. 3(b)). It is
noteworthy that around pH 5, the de-protonated species,
CHCOO± and CH3CH2NH2COO±, become the predominant
acetate and alanine species. This change in speciation may
contribute to the deviation from the reference curve (Fig. 3(a)).
In the presence of Fe2z, it is expected that alanine and acetate
form iron complexes ([CH3NH2CHCOOFe]z and [CH3COO-
Fe]z), which then can interact with surface sulfur sites.42 It
should be kept in mind that the speciation in experiments with
iron is pH dependent. As the pH of the slurry is increased to 8,
the total iron concentration drops off drastically due to
hydroxide precipitation (Fig. 3(c)). Hence, as the iron is largely
removed from solution there is little or no dissolved iron left to
form complexes with alanine or acetate.

Electrophoretic measurements in the presence of amino
acids other than alanine show a range of different degrees
of interaction. L-serine interacts little with pyrite (Fig. 4), at
least in the absence of Fe2z. Glycine shows interaction in
the presence of Fe2z shifting the IEP to a pH value of 3.
Cysteine displays a very strong interaction (Fig. 4), possibly
via its thiol-group with sulfur-de®cient (iron-rich) surface
sites. Addition of iron enhances the interaction between
cysteine and pyrite. In the presence of both Fe2z and
cysteine the f-potential is negative down to a pH value of
about 2. Cysteine is known to form strong complexes with
transition metals. The added Fe2z may serve as `bridging
agent' between the cysteine thiol group and the sulfur
surface sites of pyrite.

Formamide interacts with pyrite above pH 5 and shifts, in
the presence of Fe2z, the IEP to pH 6 (Fig. 5). Carbamide
behaves distinctly differently in the presence of Fe2z, reversing
the potential trend in the acidic pH region. Experiments with
ethylamine suggest that this compound has an af®nity towards
pyrite above pH 4 in the absence of Fe2z (Fig. 6).

The interaction of adenine with pyrite modi®es the f-
potential substantially as well, since it introduces shifts in

Fig. 3 Interaction of acetate and alanine with pyrite. (a) Aqueous
speciation distribution as a function of pH. (b) Curves er-37 (no added
Fe2z) and er-24 [0.5 mM Fe(NH4)(SO4)2] were measured in 0.5 mM
acetate suspensions, whereas curves er-38 (no added Fe2z) and er-29
[0.5 mM Fe(NH4)(SO4)2] were obtained measuring 0.5 mM alanine
suspensions.

Fig. 4 Interaction of L-serine (er-52, no Fe2z), glycine (er-39, no Fe2z

and er-30, 0.5 mM Fe2z) and cysteine (er-6, no Fe2z and er-21,
0.5 mM Fe2z) with pyrite.Fig. 2 Effect of 0.1 mM Fe2z (er-33), 0.5 mM Fe2z (er-3) and 0.1mM

Cu2z (er-26) on the f-potential of a pyrite suspension kept under
anoxic conditions. For reference, in experiment er-2 no metal was
added. Starting ionic strength for each experiment was 5 mM, NaCl
supported. For further parameters see Table 1.
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pHIEP (Fig. 7). This experiment suggests that adenine is
residing within the electrophoretic shearplane of pyrite below
pH 8. Similarly, purine shows strong interaction, especially in
the presence of Fe2z where the expected charge reversal below
pH 5 is not observed (Fig. 7). The aqueous purine concentra-
tion remained the same (y60 ppm) over the entire measured
pH range. D-ribose was found to affect the f-potential
signi®cantly as well, shifting the IEP to pH 3 (in the absence
of Fe2z) and suppressing charge reversal in the presence of
Fe2z (Fig. 8).

5.2. Acetate sorption

A multi-step sorption experiment investigating the interaction
of acetate with pyrite was performed. In a ®rst step the Na-
acetate (315 mM) was added to a pyrite suspension (10 g L21)
that had been equilibrated for 24 h at pH ~ 4 (Fig. 9, [1]).
During that equilibration time, anoxic dissolution of pyrite
released about 100 mM of Fe2z (Fig. 9(b), [1]). Uptake of
acetate was then monitored over a period of 24 h at which point
6% of acetate had sorbed (Fig. 9(a), [1]). The pH was then
increased to 7 which resulted in Fe(OH)2 precipitation
(Fig. 9(b), [1]) but no change in acetate concentration was
observed (Fig. 9(a), [1]). After 100 h, 390 mM of CuCl2 were
added which increased acetate sorption to 10% (Fig. 9(a), [2]).
The addition of the acidic CuCl2 solution lowered the pH
temporarily to 5 which was subsequently increased to 7 again.
The measured Cu2z concentration in solution never exceeded
40 mM which means that at least 90% of the added Cu2z was
sorbed onto pyrite at any given time (Fig. 9(b), [2]). A day later
(t ~ 129 h), the pH was lowered to 6 and 530 mM of Fe2z

[added as Fe(NH4)2(SO4)2]was added which promoted sorp-
tion of acetate to the 14% level (Fig. 9(a), [3]). After 150 h the
pH was lowered again to a pH value of 4 upon which the Fe2z,
and, to a smaller extent Cu2z, slowly desorbed. Subsequently,
under acidic conditions the iron concentration kept increasing
with time. Copper, on the other hand, initially increasing in
concentration somewhat, decreased to concentrations lower
than 1 mM. Thus, it appears as if Cu2z was replacing the Fe2z

sites on the pyrite surface (Fig. 9(b), [4]).

6. Discussion

The experiments demonstrate that anionic, zwitterionic,
cationic and non-ionic molecules interact with the pyrite
surface through the formation of chemical bonds (with the
possible exception of serine). Even though the overall surface
charge of pyrite is negative under anoxic conditions in the

Fig. 5 Interaction of formamide (er-55, no Fe2z and er-56, 0.5 mM
Fe2z) and carbamide (er-32, no Fe2z and er-40, 0.5 mM Fe2z) with
pyrite.

Fig. 6 Interaction of ethylamine with pyrite (a) in the absence of Fe2z

(er-23) and in the presence of 0.5 mM Fe2z (er-22).

Fig. 7 Change of f-potential with the addition of 0.1 mM adenine to a
pyrite suspension, in the absence of iron (er-50) and in the presence of
0.5 mM Fe2z (er-51). Note that er-51 was conducted with a 5-fold
excess of iron compared to adenine (see Table 1). Interaction of purine
with pyrite (a) in the absence of Fe2z (er-34) and in the presence of
0.5 mM Fe2z (er-41).

Fig. 8 Interaction of D-ribose with pyrite (a) in the absence of Fe2z (er-
47) and in the presence of 0.5 mM Fe2z (er-49).

Geochem. Trans., 2000, 8



absence of aqueous metal ions, anionic organic molecules, such
as acetate, can overcome overall Coulombic repulsion and
interact with the mineral surface. The nature of adsorbate±
pyrite interaction is therefore not limited to simple overall
electrostatic attraction or repulsion but must include speci®c
chemical interactions that are governed by localized forces. As
pointed out in our study on phosphate±pyrite interaction, we
think that anions can bind speci®cally with iron sites on the
pyrite surface, thus overcoming the electrostatic repulsion
forces near the surface. However, spectroscopic studies, which
provide insight into sorbate±sorbent interaction on the
molecular scale, are needed to support such conjectures.

As exempli®ed by the acetate sorption experiment, the
interaction between organics and the pyrite is enhanced by the
presence of Fe2z and Cu2z in solution. The added metal ions
may enhance the interaction by either modifying the surface or
by forming ternary complexes. The distribution of thiol and
iron surface functional groups on the pyrite surface is a
function of the concentration of PDIs in solution. An increase
in the iron activity in solution will increase the abundance of
iron groups on the surface providing more sites suitable for
negatively charged species to interact with. The added metals
can also enhance the interaction by ®rst forming an aqueous
metal±organic complex and then sorbing onto the surface,
perhaps preferentially on thiol sites with the metal as a bridging
atom. The interaction of heterocyclic compounds, such as
adenine and purine, may involve interaction with one or more
surface sites via induced dipole±dipole interaction.47 For
example, by laying ¯at on the pyrite surface, adenine could
interact with several iron sites at once. Detailed surface
spectroscopic studies and high-level ab initio molecular orbital
calculations are needed to resolve the geometry and electronic
interaction between organic adsorbates and the pyrite surface.
Such approaches are now becoming available. For example,
recent work by Rosso and co-workers has demonstrated that

the non-binding d-orbitals of pyrite play a key role in the
interaction between adsorbed molecular oxygen and pyrite.48

We speculate that much of the interaction between the organic
model compounds and pyrite is through these same orbitals.

The ®nding that the interaction of organic aqueous species
with pyrite surfaces under anoxic conditions cannot be
described satisfactorily using overall surface charge arguments
can tentatively be extended to other transition metal sul®des.
Earlier work has shown that most if not all metal sul®des show
very similar surface charge development in the absence of
PDIs.25

7. Implications

The fact that metal sul®de surfaces contain at least two
types of surface functional groups as opposed to one (cf.
metal oxides49) has some interesting implications. A multi-
ple-site surface, such as the pyrite surface, offers the
possibility to bind species that are chemically different; one
species binding to the thiol surface group, the other binding
to the iron surface group. Subsequent interaction, such as
electron transfer, between the co-adsorbates may produce
products that would be dif®cult to form on a surface with a
single surface site. Given the fact that pyrite is a
semiconductor, electron transfer between co-adsorbates
does not necessarily have to involve a direct transfer
between the co-asorbates. Earlier work in our group has
shown that co-adsorbates can exchange electrons by
injecting and withdrawing electrons from the semiconduc-
tor.50±52 The importance of this is that the co-adsorbates
only require orbital overlap with surface atoms and not
with each other. Hence, co-adsorbates that may not react in
solution because a suitable orbital overlap can not be
formed may react on the surface of a semiconductor with
multiple surface sites. Besides the thiol and iron surface
groups, the pyrite surface may also contain uncharged,
non-hydrolyzed sites (Fig. 1, site d). Such surface sites do
not contribute to the surface charge on pyrite, but they
could interact with molecular species via non-electrostatic
modes of interaction. Similarly to a mechanism proposed
for zeolites,53 neutral surface species may allow for bonding
of organic molecules, which may subsequently react with
sorbates held on the ionic surface sites.

Partial oxidation of a pyrite surface leads to the formation
of a heterogeneous surface with Fe-oxide patches decorating
the pristine surface.54,55 The presence of the patches
establishes a Fe±OH surface functional group with binding
properties that differ from those on the pristine surface. This
would further enhance the possibilities for complex reac-
tions to take place on a pyrite surface. It may also lead to
segregation of sorbates on the surface. Species forming
strong bonds with thiol groups (e.g., Au) would accumulate
on the pristine surface; while species forming strong bonds
with Fe±OH (e.g., PO4

32) would preferentially bind to the
patches. For example, it has been shown that Au sorption is
stronger onto pyrite than onto goethite, FeOOH.56 At the
edges of the patches sorbates bond to the pristine surface
and sorbates bond to the patches could interact, yielding
product that could not be formed on either a pristine pyrite
surface or an Fe-oxide surface.

The results presented in this study underscore the impor-
tance of dissolved metals in modifying the interaction between
the adsorbate and the pyrite surface. This has some interesting
implications for prebiotic synthesis of organic molecules at
exhalative submarine vent systems involving pyrite as `cataly-
tic' surface as proposed by WaÈchtershaÈuser.17 Because the
interaction of organic molecules and the pyrite surface is
dependent on the metal concentration in solution, the metal to
sul®de concentration in the vent solution becomes important.

Fig. 9 Sorption of acetate onto pyrite (a) and its corresponding
aqueous metal concentration (b) as a function of time. Note additional
information indicating pH changes and times of Cu2z and Fe2z

addition during the experiment ([1] through [4], see text).
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In metal-rich solutions, precipitation of metal sul®des will leave
some metal in solution, but metal sul®de precipitation from
sul®de-rich solutions will effectively remove all metal from
solution. Metal-rich solutions would appear to be better suited
for the types of surface reactions that were proposed by
WaÈchtershaÈuser. It is also interesting to observe that both D-
ribose and adenine interact with pyrite. It has been reported
earlier that adenosine and 5'-adenosinemonophosphate (5'-
AMP) interact with pyrite under similar conditions.29 Recently,
the monolayer ordering of 2,6-dioxopurine on MoS2 has been
reported.57 This opens up the possibility that there may exist
pathways for nucleotide synthesis on metal sul®de surfaces.
The actual assembly of a nucleotide, however, remains to be
shown.

8. Conclusion

The results of this study suggest that the interaction of a wide
range of low-molecular weight organic compounds is dictated
by interactions with speci®c surface sites and not by overall
electrostatic forces. Spectroscopic studies are needed to resolve
the exact nature of the speci®c sorbate±sorbent interactions.
The presence of dissolved metals typically enhances the
interaction, but the exact mechanism cannot be resolved with
the techniques used in this study. Sorption of acetate onto
pyrite is enhanced by the presence of Fe2z and Cu2z.
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