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Abstract

Large efforts are being made to streamline the conventional (chemical and physical) technological schemes of ore
processing, remediation and environmental protection towards reducing overall costs, limiting the use of dangerous
substances, decreasing waste streams and improving waste disposal and recycling practice. Hitherto, search for such
innovations has been performed mainly empirically and there is an urgent need to shift these technologies to be more
innovative and effective. Alternative biotechnological solutions and solutions mimicking natural processes are also
being proposed. However, except for bioleaching, practical exploitation of the biotechnological potential in extractive
industries and accompanying environmental protection measures remains far from feasibility. Understanding of the
fundamental concepts of aquatic chemistry of minerals—selective adsorption and selective redox reactions at mineral—
bacteria—solution interfaces, impact innovating conventional and bio-flotation, as well as (bio) remediation/detoxification
of mineral and chemical wastes are necessary. Molecular-level knowledge and coherent understanding of minerals
contacted with aqueous solutions is required that underlie great opportunities in controlling abiotic and biotic mineral—

solution interfaces towards the grand challenge of tomorrow’s science and mineral processing technology.

Keywords: Sulfide mineral; Flotation; Adsorption; Bioprocessing;
Surface reactivity; FTIR Spectroscopy

Introduction

Processes on minerals in aquatic media give the world as we know
it. Understanding these processes is important for mineral resources
sustainability and to develop technologies as diverse as ore processing,
heterogeneous catalysis in solution, (bio)remediation of contaminants,
radioactive waste storage and disposal, biochemical engineering,
development of novel surfactants, sorbents, sensors, synthesis of novel
materials and coatings, and especially in emerging nanotechnologies,
where stringent control of materials and surfaces is crucial. Despite
the obvious importance and the long history of chemistry of aquatic
heterogeneous processes [1], many fundamental issues, especially
related to biotic interfaces, are still unresolved or poorly understood.

Froth flotation is the main separation process used for collecting
selectively valuable minerals from a mined ore, and is based on
differences in hydrophobicity of particles. Particles with size below 10
microns are a common constituent of a flotation pulp, originating from
non-sulfide gangue, grinding in steel mills, and oxidation of sulfides.
Iron oxide/sulfide fines are the primary component of acid mine
drainage that control scavenging of toxic cations. Such fine particles
are produced during grinding of iron ores pose a serious problem
for flotation and degrade the quality of the concentrate. Generally,
attempts to remove and discard fines before beneficiation operations
result in significant economic losses. On the other hand, the continual
reduction in the ore grade is forcing miners to produce ultrafines in
order to liberate valuable minerals. Hence, improvements in both
flotation of fines and flotation of coarse particles in the presence of
fines will increase the sustainability of the mineral resources, while also
reducing the potential environmental impact of the discarded minerals.
In addition, there are persistent problem in sulfide flotation of non-
ferrous metal sulfides selectivity against ferrous pyrite, inadvertent
activation of silicate gangue by metal ions, hetero-coagulation between
sulfide and gangue minerals, and fine particle flotation. The solutions
to these problems are highly rewarded: even small technological
improvements would provide high economical and ecological return
on investments, with regard to the tonnages of material treated and the
multi-dimensional impact of ore processing.

Recent developments in biotechnology have given promise of
not only aiding mineral processing-hydrometallurgy operations
but also providing means for bioremediation of environmental
problems generated by the mineral industries. Many other uses of
microorganisms and their derivatives are potentially possible. These
include the use of microorganisms in flocculation and flotation of
minerals [2]. The biomodification of mineral surfaces involves the
complex action of microorganism on the mineral surface. There are
three different mechanisms by means of which the biomodification
can occur: i) attachment of microbial cells to the solid substrate, ii)
oxidation reactions and iii) adsorption and/or chemical reaction
with the metabolite products (EPS). Several types of autotrophic
and heterotrophic bacteria, fungi, yeasts and algae are implicated in
minerals biobeneficiation.

Aqueous redox chemistry of sulfides

The sulfide minerals are the most common on the Earth, most
important, most diverse, and richest in terms of physical, chemical, and
structural properties. Such diversity originates from the more complex
crystal and electronic structures compared to other classes of materials
[3]. The main reasons are found in the variety of oxidation states,
coordination numbers, symmetry, crystal field stabilization, density,
stoichiometry, and acid-base surface properties that metal sulfides
exhibit. The combination of variety of properties and applications of
sulfides makes redox reactions catalyzed by these minerals in aqueous
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solutions a very important subject of research from both fundamental
and industrial standpoints.

Quantifying and predicting redox chemistry of sulfides is separately
motivated within geochemical, electrochemical, and technological
communities. These minerals significantly impact bio-environment
geochemistry of near surface systems by altering pH and redox
conditions, thereby increasing or decreasing mineral bioavailability
[4]. Charge transfer processes on semiconducting sulfide electrodes
are today under intense investigation towards novel techniques for
conversion of solar energy and environmentally clean fuels such as
hydrogen [5]. Within a few years well over a thousand publications
about this topic appeared (see ref. 5 for a list). Therefore, increased
knowledge of electronic properties of the mineral surfaces, the detailed
mechanisms of charge transfer across their interfaces, and driving forces
in the interactions with species from solution will help in improving the
research in this area of electrochemistry.

Despite significant steps have been taken theoretically and
experimentally to obtain a molecular-level and coherent understanding
of aquatic reactivity of sulfides [5-8], a general theory of redox
chemistry of these solids in waters still does not exist. In the case of
oxides, the chemical mechanism is commonly considered [9,10], which
implies one of the following charge transfer reactions: 1) From the solid
to the adsorbate, 2) Between sorbates, or 3) From the adsorbate to the
solid. The main idea behind this mechanism is that catalytic effect of
the surface is caused by a decrease in the energy needed to modify the
solvent structure, the standard redox potential of the reductant, and
steric hindrance of the oxidant-reductant interaction [11]. However,
the chemical model does not explain different modes and different rates
of the oxidation film growth on different minerals [12-14] as well as
heterogeneous processes on sulfides [15]. A general disadvantage of this
model is in its explanatory character and low ability to predict.

An alternative is the electrochemical mechanism, in which the anodic
and cathodic semi-reactions of the sum redox reaction are spatially
separated. This mechanism has been invoked for interpreting abiotic
chemistry of semiconducting sulfides [15-18] and photochemical
reactions on both oxides and sulfides [5,9]. Apart from the energy level
redistribution among species in the (inner and outer) Helmholtz layer,
this model takes into account semiconducting properties of the solid
[19]. Provided the position of the Fermi level relative to edges of the
conduction and valence bands as well as specification, relative density

Ag/AgCl
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Culead \ purge gas inlet
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Figure 1: Experimental design of in situ FTIR [21].

and position of the surface states are known, the electron-accepting
and electron-donating abilities of different solids can be compared and
correlated with the direction and rates of a particular heterogeneous
redox reaction, including biotic reductive/oxidative degradation of
oxides and sulfides.

Oxidation of sulfides

Since reactivity of semiconducting sulfides under flotation
conditions is mainly electrochemical, spectro-electrochemical studies
that allows characterizing the sulfide surface (its composition and
structure) as a function of the mineral potential and the electrolyte
composition (including deoxygenation and/or carbonization) are
expected to be most advanced. Easily manipulating the interfacial
potential difference by a potentiostat, one can determine all states of
the mineral surface reactivity, which is of substantial importance for
modeling the flotation process. FTIR spectroscopy has become the
dominant tool for in situ studies of reactions at the electrode/electolyte
or mineral/water interface over the last decade due to a large body
of information provided, simplicity of the application in situ, and
a short-time scale of the measurements, which can be performed
simultaneously with a voltammogram. Three FTIR techniques have
so far been applied to strongly absorbing IR radiation natural sulfides.
Based on the comparitive analysis performed [20], the authentic ATR
technique that uses a glued mineral plate [21] has more advantages as
it is freer from kinetic limitations and technical artifacts (Figure 1). In
addition to in situ FTIR measurements, complimentary data by XPS
for the atomic surface composition and the valence state of the surface
atoms will provide surface structures of adsorbed species.

The mechanisms suggested for the oxidation of galena in previous
indirect studies at alkaline pH are:

a) Initial stage:

PbS + 2H,0 + 2xh* = Pb,_S + xPb(OH),

PbS + 2xh* =Pb,_S +xPb*

PbS + 2H,0 + 2h* = Pb(OH), + S + 2H*

PbS = Pb*" + $*

b) Bulk oxidation:

2PbS + 5H,0 = PbS,0, + Pb(OH), + 8H" + 8¢

2PbS + 7H,0 = 2Pb(OH), + $,0,> + 10H" + 8¢

2PbS +2CO,* + 3H,0 = 2PbCO, + 5,0,> + 6H" + 8¢

Where h* stands for hole [16,17], and has been initially suggested
[22,23] to explain the prepeak in voltammograms (at -0.05 V (SHE) in
0.001 M n-butyl xanthate solution [24]).

The products of anodic oxidation determined by in situ FTIR
spectra [16, 17] (Figure 2) with increasing potential in deaerated 0.01
M borate buffer of pH 9.2 at 0.1 V: Pb, S; 0.2 V: Pb(OH), and PbSO;
0.3V: PbSZOS; and 0.4 V: S“OGZ‘.

Based on the spectral results (Figure 2), the first stage produces Pb
Sand then "

PbS + 2xh* = Pb,_ S + xPb*"
PbS + 2h* = Pb?* + S (E° = 0.354 V)

Then, Pb(OH), is formed by a precipitation mechanism followed
by lead sulfite and thiosulfate from the elemental sulfur produced in
the first stage:
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Figure 2: Anodic oxidation of galena by in situ FTIR spectra [17].
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Figure 3: AFTIR study of anodic oxidation of pyrite with increasing redox potential [15].

§°+3H,0 + 4h* = SO,> + 6H" (E* = +0.59 V)
SO, + Pb?* = PbSO,
SO, +8°=50,” (logK=8.14)

Oxygen not only provides the cathodic half-reaction of the
galena oxidation but also react with the anodic areas, accelerating the
incongruent dissolution. Similarly, the anodic oxidation of pyrite by
in situ FTIR spectra (Figure 3) Revealed that the surface consist at 0

V: bulk hydrated ferric hydroxide gel and bulk FeSO, in the amount
less than one monoloayer; 0.4 V: less than one monolayer of a surfce
ferric iron-hydroxyl complex; 0.5 V: bulk oxidation produced ferric
hydroxide, ferrous sulfite and polythionates [15]; and at 0.6 V: SO 42"
Anodic reactions on pyrite are: 1) FeS = Fe** + S, followed by hydrolysis,
oxidation of (bi)sulfide ion (SS) and hydrolyzed iron(II) either
chemically by dissolved oxygen or electrochemically, and precipitation
of the products (elemental sulfur, sulfite, and ferric hydroxide); 2) SS..
+h*+ OH = SS, OH; and 3) thiosulfate pathway: FeS, + 3H,0 + 6h*
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Figure 4: Differential ATR spectra for (100) PbS and 8 x 10° M sodium n-butyl
xanthate in deaerated 0.01 M borate buffer at anodic potential scan from —0.5 V [16].

= Fe** + 52032' + 6H", thiosulfate and ferrous ions are further oxidized
both electrochemically and chemically (by ferric hydroxide) to sulfate
at the outer side of the pyriote surface, while elemental sulfur can be
formed from polythionates. On some surfaces a pseudo-electrochemical
(PE) mechanism is expected, when the redox process is activated at
the edge of the surface heterogeneity domain and proceeds through
enlarging the initial spot, not starting new ones. Relative contribution
of the different pathways obviously depends on the electronic properties
of the mineral bulk and surface. Assuming that bacteria recognize
favorable materials for colonization through redox sensing [25], it is
reasonable to suggest that there can exist a “redox” source of enhanced
and selective reactivity of minerals with redox-active solutes.

For redox modification of mineral surfaces as a tool for providing
adsorption selectivity, it is imperative to investigate and answer the
following questions:

« Do the mineral surfaces have intrinsic oxidizing and reducing
sites? In situ FTIR-ATR study of the CO, CN-, Fe(CN) >, and
Fe(CN),* adsorption. Discrimination and characterization

of mono- and clustered surface defects based on the effect of
dynamic coupling of the adsorbates on the vibrational spectra
and, where possible, on the STM/AFM data

o What are adsorption forms of the redox-active anions
ubiquitous in geochemical systems (sulfite/sulfate, selenate/
selenite, arsenate/arsenite, chromate, etc.)? How does
introduction of S*-, CN-, 0, and H,0, before/after the anion
adsorption influence this picture? Complex in situ and ex situ
spectroscopic study

« How does the partitioning between adsorbed and adsorbed-
and-reacted anions change with time? Evaluation of the kinetic
parameters of the redox reactions catalyzed by the minerals.
Inferring the reaction mechanisms

o What are adsorption forms of redox-active surfactants
(xanthates and dithiophosphates) in the absence and presence
of the pre-adsorbed anions? How this picture is influenced by
solvated §*, CN~, O,, and H,0,? In situ and ex situ complex
spectroscopic measurements

o What is the difference between the anodic semi-reaction
paths on (semi)conducting oxides and sulfides in the redox
process controlled “chemically” and electrochemically with a
potentiostat? FTIR-ATR spectro-electrochemical study

o Analysis including surface complexation modeling of the whole
data. Development of a predictive general model of redox
catalytic activity of wide band-gap metal oxides and sulfides

Mechanisms of collector adsorption

Molecule-level knowledge of the mechanisms of the interfacial
processes will certainlyboost technological innovationsin ore processing
and (bio) remediation of organic and inorganic contaminants. For
example, despite a more than one-century history of flotation - the
major industrial process for mineral separation — suitable reagents
and reagent regimes are still being developed mainly empirically and
scientists are just in the beginning of understanding of basic principles
of selective interactions of minerals with hydrophobizing reagents
(collectors). One of the possible ways to selectively control adsorption
of a collector is conducting redox reactions before or after its
adsorption at the mineral surface, as used, e.g., in sulfide flotation with
xanthates [25]. It is well known that the toxicity, solubility, sorption,
bioavailability, and transport of elements in soil and aquatic systems are
strongly dependent on the oxidation state [10].

Interaction of galena with xanthate by in situ FTIR spectroscopy is
shown [16,18] in Figure 4. The se spectral results confirmed that i) At
the first stage xanthate is adsorbed with charge transfer (chemisorbed),
ii) dixanthogen is formed at the reversible potential for the xanthate/
dixanthogen pair, independently of the xanthate concentration. The
appearance of dixanthogen makes the surface most hydrophobic,
which can be followed from the changes in the water spectrum,
and iii) the mechanisms of the xanthate adsorption at high and low
concentrations have differences. At a concentration of 10 M, oxidative
decomposition of galena and adsorbed xanthate is inhibited by the
xanthate chemisorption, which is followed by the formation of lead
xanthate, Pb(X),, and (X),. At 8.10° M, bulk Pb(X), is formed by the
precipitation mechanism. At higher applied potentials first Pb(X),
transforms into Pb(OH),. Afterward (X), decomposes into a dimer of
monothiocarbonate,

(ROCS,), + 20H: + 2h* = (ROCSO), + 2H*
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Figure 5: Effect of water pH on H,0O, formation after 5 min mixing of dry
ground solids with water [37].

while galena decomposes into lead sulfite and lead thiosulfate.

Thus, surface speciation of sulfides in the absence and presence
of collectors as a function of the sulfide potential controlled
electrochemically using a potentiostat or chemically by changing the
redox potential of the pulp needs to be carried out by in situ spectro-
electrochemistry. The results may lead to surface speciation with
significant inference of hydrophobic or hydrophilic nature of the
surface for different redox conditions.

Complex sulfide ore flotation

The use of NaHSO, as a flotation depressant [26] is being practiced
in selective flotation of sulfide minerals. The depressing effect generally
increases from copper sulfides to galena, pyrite and sphalerite. However,
there is no common agreement about the depression mechanisms. In
particular, the following three effects have previously been proposed
for depression of pyrite flotation by SO_>: 1) stripping/decomposition
of xanthate [27]; 2) reaction with the pyrite surface to form hydrophilic
iron oxides [28]; and 3) a decrease of redox potential of the pulp below a
level at which binding/oxidation of a collector (electron donor) becomes
energetically unfavorable [29]. In the presence of copper, sulfite was
shown [30] to promote the oxidation of copper on the pyrite surface,
preventing the adsorption of xanthate and thus leading to the mineral
depression, but has no effect on sphalerite. At the same time, in the
case of chalcopyrite, it was postulated [31] that sulfite removes both the
sulfur-rich phase and iron oxides from the surface, leaving a sulfur-rich
sulfide layer, which in turn promotes collector adsorption. Also, it was
found [32] that the depressing effect of sulfite on chalcopyrite flotation
depends on the presence of Fe** ionsreleased from grinding media. Apart
from the decomposition of xanthate/dixanthogen and the decrease in
xanthate adsorption following a decrease of the redox potential of the
pulp, several additional mechanisms have been put forward to explain
the depression of the flotation of sphalerite [33]. These include: the
formation of a zinc sulfite hydrophilic layer at the mineral surface; the
reduction of copper-activation as a result of consumption of copper in
solution as copper sulfite; and the consumption of dissolved oxygen.
Sulfite ions are also known to react with polysulfide or elemental
sulfur and form thiosulfate ions; a decrease in surface hydrophobicity
is therefore expected from this reaction. Finally, compared to sulfate,
this reduced sulfoxyanion has higher adsorption affinity due to lower
S-0 bond order [34]. Therefore, we expect that sulfate anions produced

upon catalytic oxidation of sulfite species will much more strongly be
bound to the sulfide surface compared with the sulfate anions that are
directly adsorbed through ion exchange/outer-sphere complexation,
thus competing more efficiently with collectors for the adsorption sites
on sulfides, which may strengthen the depressing effect of sulfite. This
effect, if properly understood, can open a new cost-effective approach
to selectively regulate surface properties of sulfides.

Recently it was revealed [35] that ferric defects on ground pyrite
surfaces can generate OH' radicals upon interaction with water. It
may be the existence and reactivity of OH" that plays a crucial role
in catalytic degradation of organic pollutants by pyrite. However,
participation of these species, if any, in non-selective oxidation of the
pulp components and hence in deteriorating the concentrate grade
has not still been explored yet. To fill the gap, it is important to build
correlation between percentage of pyrite in the concentrate, grinding
conditions and concentration of OH'/H,O, in the pulp as well as to
study possible ways of flexibly controlling the formation of these species
through known chemical means. One of such ways can be addition of
chloride ions, which are known to inhibit the deposition of elemental
sulfur on the pyrite electrode surface by promoting the oxidation of
an adsorbed intermediate, believed to be the thiosulfate ion, to soluble
tetrathionate ions. In the absence of chloride ions, the thiosulfate
intermediate undergoes acid decomposition on the pyrite surface to
yield elemental sulfur [36].

For the problem of low selectivity between ferrous and non-ferrous
sulfides, and among sulfides, the effect of production of H,0, by metal
sulfides needs to be examined. To pinpoint the dominant contribution
(natural hydrophobicity, formation of elemental sulfur on the surface
under the flotation conditions, and/or activation) to low selectivity of
sulfide flotation against pyrite, surfaces of pyrite particles from both
concentrate and tailings need spectroscopy characterization for surface
speciation.

Our recent results of dry-ground pyrite when mixed with water
leading to the formation of H,O, are shown in Figure 5. The water pH
in which the ground solids are placed has a significant influence [37]
on H,0, formation of its increase with decreasing pH below 8. Figure
5 shows that the formation of H,0, is lower at pH 8 and above. This
observation found to be valid with other sulfide minerals [38] as well
(Figure 6).

Fine particle flotation

The floatability of fine particles has slow kinetics due to low
momentum through the pulp resulting by their small mass, which leads
to alower probability of collision with passing air bubbles. Furthermore,

1.6+
12
pyrite
é 08 L chalcopyrite
= B sphalerite
< gl
= o4 L galena
0 - : _—
25 4.5 8 10.5 115
pH

Figure 6: Effect of pH on production of H,O, after 5 min mixing of dry
ground solids with water [38].
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slimes have a significant depressant effect on polysulfide ores and their
depressant effect is three-fold: 1) fines of non-sulfide gangue report to
concentrate; 2) valuable sulfides are lost due to low floatability of the
fine particles and 3) non-sulfide gangue slimes covering the originally-
hydrophobic sulfide particles through hetero-coagulation mechanism
rendering the particles hydrophilic.

However, recent data showed that there are intrinsic differences in
the surface and bulk stoichiometry and crystal structure of very fine
particles from those of the corresponding large bulk crystals [39].
Atoms exposed on nano-sized particles experience an anisotropic
environment. To lower free energy per unit surface, the crystal structure
of the near surface region is distorted, which in real conditions is
accompanied by adsorption of water/hydroxyls. It is expected that with
decreasing particle size the redox potential of the sulfide decreases,
along with sorption capacity per nm? These effects can be balanced by
using the more easily oxidizable homologues of xanthate and carbamate
with longer chain lengths and/or employing sterically appropriate
chelating legands with flexible distance between the reactive groups.
Thus to shed light on solution and solid state chemistry of submicron
particles and to get a possibility to control their reactivity, which is
important for flotation, it is necessary to perform a systematic study of
how and why reactivity of sulfides changes with particle sizes.

Biobeneficiation of metal sulfides

The biobeneficiation includes the processes of bio-flotation and
bio-flocculation where selective removal of undesirable mineral
constituents from an ore is accomplished. Several studies showed that the
microorganisms could function similarly as that of traditional reagents
in flotation and flocculation processes [2,40]. Adhesion of microbes to
particle surfaces can alter the hydrophobicity of minerals markedly.
Such surface modification to impart hydrophobicity or hydrophilicity
is used in flotation of sulfide and non-sulfide minerals. In some systems
they also cause excellent flocculation of fine particles. Since the bacteria
adhere to mineral surfaces and alter the surface properties that are
essential in mineral beneficiation techniques, the microorganisms

have formidable applications in flotation and flocculation processes.
The adhesion of microorganisms results an alteration of the surface
chemistry of minerals due to a consequence of the formation of a
biofilm on the surface or surface-active chemicals and their adsorption,
accumulation and precipitation of ions and compounds on the surface.

Microorganisms adhere to mineral surfaces for various reasons.
S. oneidensis utilize minerals as the terminal electron acceptor in
the respiratory cycle. Bacteria of Thiobacilli group recover energy
from minerals by the enzymatic oxidation. Common to both these
microbiologic processes is the bacterial need to access, adhere to, and
react with the mineral-water interface. Previous studies have shown that
under most physiological conditions the bacterial cell surface carries a
net negative charge, while, along with electrostatic forces, hydrophobic,
entropic, acid-base, and Van der Waals interactions and H-bonding are
important in the bacterial adhesion [2].

The information on the mechanisms of both bacterium adsorption
and reagent (collector) adsorption in the presence and absence of the
adsorbed bacteria is necessary. However, this area is a dark spot at the
moment. The tremendously complex problem of gaining insight into
the mechanisms of adsorption of living organisms is met by a not-
less-complex surface chemistry in a pulp as far as even in the absence
of adsorbed bacteria the sulfide surface species are instable. We have
showed that adapted bacteria of the Thiobacilli group (Thiobacillus
ferrooxidans, Thibacillus thiooxidans, and Leptospirilum ferrooxidans),
which are associated of sulfide ores and mine water, and Paenibacillus
polymyxa, can be selectively attached to sulfides, thereby essentially
modifying the following adsorption of flotation reagents [41-43] (these
systems are among few that have been extensively reported in the
literature). This phenomenon can be put into the basis of elaboration
of principally novel flotation schemes providing both ecological and
economical gain.

Though the mechanisms of adsorption of the microbe’s extracellular
polymeric substance (EPS) components onto solid surfaces are
generally known [44], they are system specific. The interaction of the
biopolymers produced by bacteria grown in the presence of specific
minerals with surfactants requires investigation focusing on the
applicability to bioflotation. More specifically, the EPS produced by
bacteria of Acidithiobacilli group during the growth in 1) culture media,
2) in the presence of either chalcopyrite, pyrite, galena or sphalerite,
and 3) in the presence of both mineral and flotation reagent (xanthate
and dithiophosphate). The interaction of the biopolymers produced by
bacteria grown in the presence of specific minerals and minerals with
xanthate and dithiophosphate require special attention.

Our initial in situ FTIR spectra of Paenibacius polymixa interaction
with galena and pyrite are shown in Figure 7. Spectra (1) on the top
and bottom panels show the sulfide-water interface after conditioning
with a suspension of Paenibacius polymixa adapted to FeS, The microbe
concentration was 10 ml™ (pH 6.5). One can see the appearance of
weak bands of PbSO, at 1170 and 985 cm™ in the case of galena. The
spectral picture is somewhat different in the case of pyrite: First, except
for bands of a Fe(III)-SO, complex at 1105 and 980 cm™, prominent
bands at 1420 and 1542 cm™ assignable to Fe(III) carbonate are
observed. Second, intensity of these bands is noticeably higher than for
galena, implying that interaction with the microbe results in a higher
degree of corrosion for pyrite. The presence of the carbonate species
implies the formation of amorphous ferric (hydr)oxide, the absorption
of which is masked by the water absorption below 800 cm™.

The subsequent addition of a 10° M aqueous solution of ethyl
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xanthate results in the formation of both lead xanthate (1215, 1090,
and 1009 cm™) and dixanthogen (a component at 1265 cm™ marked
by an asterisk) on galena. This process is accompanied by appearance
of a strong negative band (§H,0) of water at 1630 cm™', which indicates
that water is pushed off the interface, consistent with experimentally
observed hydrophobicity of the mineral under similar conditions.
Though some dixanthogen is formed upon the xanthate adsorption on
pyrite (bands at 1265, 1090, and 1009), the presence of a band at 1035
cm™ testifies to the concomitant formation of ferric xanthate-hydroxide
species. Positive intensity of the water band at 1630 cm™ shows that
density of the interfacial water increases, in agreement with the
observed depression of pyrite. Inspection with an optical microscope of
the sulfide minerals after the experiments described revealed that about
10 microbes had adhered to the polished pyrite surface of 10 mm?,
while none to galena. Based on these observations and since no typical
bands of biopolymers (proteins, polysachharides, etc.) are present in
the in situ FTIR spectra, one can make preliminary conclusion that the
main mechanism of bioregulation of the surface properties relates to
biooxidation of the sulfides and/or to change in the sulfide potential (in
that particular experiment we did not measure potential of the sulfide
electrode but this can be done) rather than to surface properties of the
adsorbed microbes themselves or expressed biopolymers.

To provide a new insight into the phenomena, the whole problem
of the mineral-bacterium interaction can be conveniently divided into
two problems: biochemical and geochemical. The former is related to
the bacterium side of the interface (the bacterium envelope) in terms
of particular mechanisms of sensing/recognition and response to
extracellular minerals, molecule-specific pathways of charge transfer,
and genomic mechanisms of regulation of these processes. The
geochemical problem concerns the mineral response to the bacterium
presence, which is essentially interplay between microorganism and the
physicochemical properties of the mineral surface, such as the atomic
and electronic structure, the net charge/potential, acid-base properties,
and wettability of the surface. Consequently, the biocatalyzed electron-
transfer reactions on metal oxides and sulfides can be controlled
through variation of these parameters, which require a systematic study
in order to find answers to the following questions:

o Are the redox mechanisms established for abiotic interfaces are
valid in the case of bacterium-mediated reduction/oxidation of
the mineral?

 Is direct bacteria-mineral contact necessary for oxidative or
reductive dissolution of sulfides, iron oxides, or manganese
oxides?

« Do bacteria exploit the energetic perturbations present in the
surface defects to adhere and oxidize/reduce the mineral? If yes,
defects of which type (point vs. clustered) are more preferable
by bacteria?

«  Which type of surface defects bacteria generate by their own?
What is the mechanism of generation of these defects?

o  Whatare the roles of different kinds of the initial and bacterium-
induced mineral heterogeneity in the overall biogeochemical
interaction?

o How size of the mineral particle influences the microbe
adhesion and the rate of the biotic oxidation/reduction of the
mineral?

o How the mineral potential (regulated either by pH or
potentiostatically) influences the attachment of the whole

bacteria and the EPS components and the heterogeneous
charge transfer reaction?

« How the mineral potential affects forms of collector adsorption
and surface equilibrium of model redox couples in the presence
of the bacteria?

Though the mechanisms of adsorption of the microbe’s extracellular
polymeric substance (EPS) components onto solid surfaces are generally
known, they are system specific. The mechanisms of the interaction
of the biopolymers produced by bacteria grown in the presence of i)
culture media, ii) specific minerals and iii) both mineral and surfactant
(flotation collector) need special attention focusing on the applicability
to bioflotation. Another environmentally sound and cost-effective
biochemical innovation in sulfide flotation could be replacement of
Na,S and reduced sulfur compounds, which are widely used in flotation
practice as regulator (reductants), by sulfate reducing bacteria. Clearly,
to develop a biochemical control of sulfide flotation, it is necessary
first of all to understand difference in floatability of the sulfide surfaces
reduced chemically and biochemically, which require intensified effort.

Summary

The molecule-level understanding of the aquatic solids interfaces is
the key to innovate many society-formative technologies including ore
processing, waste recycling and the environmental protection that are
based on stringent control of interfacial processes. There are no general
concepts of selective interactions of minerals with solutes, which imply
that fundamental additions to aquatic chemistry of minerals are one
of the major demands of the day. The interface between biological
and geological materials, as well as a means to design and manipulate
that interface, is currently virtually completely unexplored. The lack
of knowledge could be recognized to the complexity and technical
constraints of the problem. Progress in this area is hampered by a deficit
of direct, not to mention in situ, spectroscopic molecular/atomic-level
data about the mineral-bacterium interfaces. What is exactly happening
at the mineral-bacteria-solution interfaces at the molecular level and
in real time controls mineral (bio) processing technologies and there
is an urgent need to understand the interfacial charge transfer and
adsorption mechanisms to shift the technologies to be more innovative
and effective.
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