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ABSTRACT
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The abiotic oxidation of pyrite requires the supply of oxygen and water only.

In

abiotic systems, pyrite oxidation may proceed via several paths, with multiple steps in
each of the paths.

Defect sites (S-deficient, Fe3+ bearing sites) on the pyrite surface

have been shown reported to be the initial reaction sites on pristine pyrite surfaces. In
neutral to slightly acidic solutions (3.5<pH<7), ferric iron hydroxide patches will
form on the surface.
electron exchange.

These patches have been shown to be the predominant sites for
Efforts were undertaken to suppress the electron transfer at these

sites to inhibit pyrite oxidation. It has been shown that pyrite oxidation can be
controlled by exposing the pyrite to phosphate under relatively high pH values (pH
above 5.0). However, phosphate ceases to function as an inhibitor under lower pHs.
The use of two-tail phospholipids instead of phosphate to inhibit the pyrite oxidation
proved to be very effective under abiotic conditions. The purpose of the present study
is to determine if the use of two-tail phospholipids can be extended to systems that
have bacteria present.
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Batch experiments were conducted in which pyrite slurries were treated with
two-tailed lipid either before or after exposure to bacteria.

Iron release into the

solution was used as a reaction progress variable and Atomic Force Microscopy was
used to study the distribution of lipids and bacteria on the pyrite surface. AFM images
showed that the formation of 7nm lipid bilayers contributes to the majority of lipid
structures on pyrite surface. The bilayers render the pyrite surface hydrophobic and
inhibit the reaction of water with the surface, which is known to be a critical reactant .
AFM images also showed that phospholipids are capable of displacing a large
fraction of bacteria attached to pyrite, reducing the oxidation rate of the mineral.
However, addition of heterotrophic bacterial (Acidiphilum acidophilum) to the system
resulted in the increase in pyrite oxidation rate again. Cross-linking of the 23:2 dyne
phospholipids by exposing the lipid to UV light greatly enhanced the stability of the
lipid in the presence of the heterotrophic bacteria. UV pretreated lipid layers reduced
pyrite oxidation in the presence of heterotrophic bacteria for up to 30 days.
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CHAPTER 1
INTRODUCTION

Pyrite (FeS2) is the most abundant metal sulfide in nature, and is normally found
in quartz veins, sedimentary rock, and metamorphic rock, as well as in coal mine
areas. 1-3 Pyrite is sometimes referred to as fool’s gold because of the similarity of its
luster to gold. The exposure of pyrite to atmospheric conditions during mining and
excavation leads to a reaction between pyrite and oxygen and water, producing
sulfuric acid. The formation of sulfuric acid and the liberation of metals associated
with pyrite leads to an environmentally devastating problem known as acid mine
drainage (AMD).4-20 Acid mine drainage (AMD), or acid rock drainage (ARD), refers
to the outflow of acidic water from (usually) abandoned metal mines or coal mines. 8,
19

The occurrence of AMD is often associated with sub-surface mining activities
(often through flooding of abandoned mines). The introduction of water to mine sites
is regarded as the initial step of AMD. Colonies of bacteria can accelerate the
decomposition of pyrite and increase its oxidation rate up to a factor of 106, although
this mineral also oxidizes in an abiotic environment.

21-23

Iron-oxidizing bacteria,

especially A. ferrooxidans have the ability to survive in harsh conditions, occur
naturally in the rock, but limited water and oxygen supplies usually keep their
numbers low (between 1.0x102and 5.70x106cells/ml).
ferrooxidans

is

reported

to

be

1

one

24,

25

of

Acidithiobacillus
the

key

Figure 1.1: Image of the damage and corrosion of Rio tinto river at Carol Stoker in
southwestern Spain. NASA Ames by AMD (650 × 488 pixels, file size: 149 KB,
MIME type: image/jpeg

2

contributors to pyrite oxidation.21, 22, 26-38
About half of the coal mine discharges in Pennsylvania have pH values between
2-5 standard units. When the pH of AMD is raised above 3, either through contact
with fresh water or neutralizing minerals, originally soluble Fe(III) ions produced
from the oxidation of pyrite precipitate as an Fe(III) hydroxide (Figure 1.1). This solid
precipitate typically has a yellow-orange color and is colloquially known as Yellow
boy. Yellow boy discolors water and smothers plant and animal life on the streambed,
disrupting stream ecosystems. The process also produces additional hydrogen ions,
which can further decrease pH.

24

It is mentioned that research is currently being

conducted as to the feasibility of using Yellow boy as a commercial pigment.
The damage of AMD to the environment is very significant. Not only does AMD
endanger aquatic species, but it can contaminate drinking water systems. It has been
estimated previously that AMD is responsible for the contamination of over 10,000
miles of streams and rivers and 180,000 acres of lakes and reservoirs in the United
States alone.

39

Moreover, it is estimated that about 10 million tons of pyrite are

deposited per year by top six producing states in the US.

40

Globally, the effects of

AMD on environments are even worse than in the US considering the larger metal
and coal mine activities in countries such as China, and African continent. Therefore,
the search for a solution to the AMD problem is both important and timely. Research
presented in this thesis will develop and investigate possible solution to AMD.

3

1.1 Pyrite Structure
1.1.1 Geometric and Physical Properties of Pyrite
Pyrite mineral occurs as isometric crystals that usually appear as cubes. Many
pyrite cubes have very smooth faces as shown in Figure 1.2. Some as grown pyrite
cubes have observable parallel lines on the crystal surface known as striations. Pyrite
structure is similar to the rock salt structure in which Na+ and Cl- were replaced with
Fe2+ and the dumb-bell shaped S 22− .41-47 The dumb-bell shaped S 22− groups are
oriented diagonally along the space and possess two different orientations in each
layer. The unit cell of pyrite contains four FeS2 formula units as shown in Figure 1.3.
The unit cell is generally described by cell parameter a0 and the Wyckoff parameter x.
The parameters are generally accepted as a0=5.416 Å and x=0.385Å.

48, 49

Each iron

atom is coordinated to 6 S atoms and each S atom is coordinated to 3 Fe atoms and its
dimer partner, creating a distorted octahedral partner.
Pyrite has a hardness of approximately 6-6.5, and a specific gravity of 4.95-5.10.
Pyrite is a brittle material and it can be identified by its distinct odor released when
pyrite samples are crushed. 24
1.1.2 Electronic Properties of Pyrite
Pyrite is a semiconductor material with a band gap slightly less than 1eV. The
oxidation state of pyrite can be described as Fe2+S22-, in which the sulfur atoms occur
in pairs with S-S bonds. In general, pyrite has the top of its valence band primarily
consisting of non-bonding Fe 3d t2g states that lie above a bonding S 3p-Fe 3d eg band.
The bottom of the conduction band of pyrite is generally described as the mixture of

4

vibrate.wordpress.com/2007/07/30/iron-pyrite/

Figure 1.2: The typical shape of natural grown pyrite, so called “fool’s gold”.

5

Figure 1.3: A representation of the atomic structure of pyrite (FeS2). Black balls
represent Fe2+ atoms and grey balls represent S-1 atoms.

6

Fe 3d e*g and S 3p states. However, some computational theoretical studies have
suggested that the bottom of the conduction band is solely from S 3p derived states.50

1.2 Oxidation of Pyrite
In general, pyrite oxidation can be classified into two categories:

abiotic

oxidation and biotic oxidation. Abiotic pyrite oxidation refers to pyrite oxidation in
the absence of bacterial species. Biotic pyrite oxidation refers to pyrite oxidation in
the presence of bacterial species. A complete understanding of pyrite oxidation
necessitates an understanding of the reactions of this mineral in both types of
environment. The Background information relevant to abiotic and biotic oxidation of
pyrite is now given. This background is important in framing and understanding the
research contribution detailed later in this thesis
1.2.1.0 Abiotic Oxidation of Pyrite
A complete understanding of the abiotic pyrite oxidation mechanism has not yet
been fully developed, because of the difficulties in finding each elementary step of
pyrite oxidation. In general, the composite reactions making up pyrite oxidation can
be described as following: 23, 38, 51
FeS2(aq) + 15/ 4 O2(g) + 7/ 2 H2O(l)
FeS2(s) + 7/ 2 O2(g) + H2O(l)
FeS2(s) + 14 Fe

3+
(aq)

Fe2+ + 1/ 4 O2 + H+

+ 8H2O(l)

Fe(OH)3(s) + 2H2SO4(aq)...
Fe

2+
(aq)

15 Fe

+ 2 SO4(aq)2- + 2H
2+

Fe3+ + 1/ 2 H2O

(aq)

+

(aq)

+ 2 SO4(aq)2- + 16 H+

(1)
(2)
(3)
(4)

Although detailed information about the mechanism of abiotic pyrite oxidation is
difficult to obtain, a summary of the product pathways has been reported. For
7

example, Borda et al. proposed important abiotic pyrite oxidation pathways as shown
in Figure 1.4.52 Figure 1.4 shows a variety of sulfate intermediates and products
formed from possible pyrite oxidation pathways. Sulfate, elemental sulfur, and
thiosulfate have all been identified as solution components, consistent with this
summary. 52 With regard to mechanism, Singer et al. found that the oxidation of Fe (II)
by oxygen is the rate limiting step of abiotic pyrite oxidation because of the slow
reaction, and Fe(III) produced from the oxidation of Fe(II) is the major oxidant of
pyrite because it significantly accelerated abiotic pyrite oxidation(more than100
times)23. Later, Moses showed that Fe(III) in Fe(III) saturated solution is the direct
oxidant even in the presence of dissolved oxygen.53 Moses et al. suggested that the
Fe(III)/Fe(II) couple on the pyrite surface in the aqueous environment is a key step
with regard to the transfer of electrons from Fe(II) to O2. 54To be specific, electrons
transfer from Fe(II) to oxygen and electron transfer from the pyrite to the resulting
Fe(III) occurs. Eggleston et al. then proposed a convincing theory in which Fe (II)
sites around the vicinity of Fe(III) oxyhydroxide patches are oxidized rapidly in
preference to Fe(II) sites not neighboring Fe (III) because the electron transfer from
Fe(II) to Fe(III) and then to O2 is much faster than direct transfer from Fe(II) to O2. 55
Schaufuss et al. later proposed a mechanism to explain the initial formation of Fe(III)
56

oxyhydroxide as showed in Figure 1.5.

Figure 1.5 indicates that the shortest

distance between iron atoms is 0.38nm, and they are separated by only one sulfur
atom either above or below the iron plane. 56 They found that the initial formation of
Fe2O3 may commence with the transfer of an electron from Fe (II) to Fe(III) centre,

8

where oxygen is absorbed through the sulfur atom bridging the Fe (II) and Fe (III)
centers. Finally O2− is produced by electron transfer to oxygen. The result is the
production of second Fe (III) species around the vicinity of original Fe(III) sites
across pyrite surface.
Recently, a unifying pyrite reaction scheme was proposed by Rimstidt and
Vaughan et al. to elucidate pyrite oxidation process 57. They concluded that pyrite
oxidation could be described by an electrochemical-based model. Specifically,
electrons were transferred between anodic sulfur sites and Fe-cathodic sites through
the semiconductor material (Figure 1.6). Specifically, water molecules react with the
electron deficient sulfur sites to form the sulfur oxyanions and oxygen is reduced at
the cathodic site.
The mechanism proposed by Rimstidt and Vaughan is consistent with earlier
experiments performed by Taylor and his colleague Bailey as well as Peter et al.
Bailey and Peter et al. indicated that water was the origin of oxygen from sulfate
under low pH (pH 2) or high temperature and pressure (up to 130oC and 972 psi
oxygen).

58-61

In each case the sulfate was analyzed by precipitating it from solution

and further reacting it to form SO2 for analysis. Moreover, Reedy et al. used isotopic
substitution for oxygen and followed the precipitation of sulfate by BaCl2.

60

The

resulting spectra of solid BaSO4 were compared and studied using FTIR and Raman
spectroscopes. However, these attempts to understand pyrite oxidation have
deficiencies, because ex-situ experiments can not yield convincing evidence about the
nature of the surface bound intermediates. In an attempt to disclose the origin of

9

Figure 1.4: Schematic representation of some of the possible reactions describing
different pathways for pyrite oxidation. To the right is the thiosulfate pathway (Path
1A) where thiosulfate detaches and reacts, while to the left is the thiosulfate pathway
where the Fe–S bond does not break; rather the S–S bond breaks, releasing sulfite
which oxidizes to sulfate (Path 1B). To the bottom of the Figure we represent the
sulfide-polysulfide elemental sulfur pathway (Path 2) and at the top is the defect
photochemically-driven pathway where holes or radicals react and drive S oxidation
to sulfate (Path 3). Note that there are many more reactions which would fully
describe these pathways than can be readily presented in one Figure. Figure reprinted
with permission from Ref.[52]. ©, 2006, Elsevier.
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Fig. 1.5: Proposed reaction mechanism of pyrite oxidation on an atomic scale. A
section representing the (110) plane is drawn. ‘‘Fe(II )’’represents Fe(II ) sites and
‘‘S’’ sulfur atoms of surface S 22− dimers. Sulfate ions formed by the oxidation of S2surface sites bonded to Fe(III ) sites are displaced by O2, H2O and OH- through
competitive adsorption. Electrons are transferred from Fe(II ) sites via sulfur bridges
to Fe(III ) sites and finally to adsorbed O2 to produce O22− and ultimately O2-. The
electron transfer is represented by arrows.
Ref.[56].©, 1998, Elsevier.
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56

Figure reprinted with permission from

Figure 1.6: The pyrite oxidation reaction consists of three steps. In the first step, a
cathodic reaction transfers electrons from the surface of the pyrite to the aqueous
oxidant species, usually O2 or Fe3+. The second step transports charge from the site of
an anodic reaction to replace the electron lost from the cathodic site. In the third step,
at an anodic site, the oxygen atom of a water molecule interacts with a sulfur atom to
create a sulfoxy species. This releases an electron into the solid and one or two
hydrogen ions to solution. Figure reprinted with permission from Ref. [57]. ©, 2003,
Elsevier
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oxygen in sulfate during pyrite oxidation with water and dissolved oxygen, in-situ
horizontal attenuated total reflectance infrared (HATR-IR) were used to investigate
the sulfate and iron oxyhydroxide products formed directly on pyrite during the
mineral oxidation in water with dissolved oxygen. This experiment utilized water
isotopes (H216O, and H218O) to determine the source of oxygen atom in sulfate and
iron oxyhydroxide products. 62 A mode with a maximum spectral intensity at 1105cm-1
appeared first. Additionally, at longer reaction times, peaks near 900 and 840 cm-1
appeared. The peak at 1105 cm-1 is assigned to the V3 vibration of sulfate, S16O42-,
while the latter absorption was assigned to an iron oxyhydroxide mode that is
consistent with prior FTIR spectra of iron oxyhydroxides. Figure 1.7 indicated that the
incorporation of

18

O in the sulfate product, as opposed to the lighter

16

O, cause a

red-shift in the vibrational mode around 1105 cm-1. However, no obvious shift was
observed around 840 cm-1. This result verified that water is the primary source for
oxygen in the sulfate product, and only an insignificant amount of dissolved oxygen is
incorporated into this sulfur oxyanion. Also, the results indicated that dissolved
oxygen is the primary source of oxygen in the iron oxyhydroxide product. Regarding
sulfur, Rosso et al. conducted an Ab initio calculation of pyrite with absorbed oxygen
and water species. 63 Their calculation showed that this sulfur species become more
electropositive during pyrite oxidation, making it more susceptible to attack by water.
63

Presumably, Fe-O2 could withdraw electron density from sulfur and such an

interaction will also lead to the formation of iron hydroxide that could be the reason
for the finding of our observed peak around 835cm-1.
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Figure 1.7: In situ horizontal attenuated total reflectance infrared (HATR-IR) spectra
of surface species on pyrite during oxidation with water and dissolved oxygen
showing the sulfate and iron oxyhydroxide products. The dotted spectrum shows the
result using H216O (sulfate at 1105 cm-1 and iron oxyhydroxide at 840 cm-1 and near
900 cm-1); the solid line shows the result using H218O (sulfate at 1030 cm-1 and iron
oxyhydroxide at 835 cm-1). Each spectrum was obtained in situ after 3 h of reaction
time. Figure reprinted with permission from Ref. [62].©, 2004, Elsevier
14

Figure 1.8: A comparison plot of the final spectra collected for a dark oxidation
experiment with Fe3+ (pH 2.5) and O2 (pH 2.5) as oxidant, respectively. The oxygen
spectrum was multiplied by 2x to be of comparative absorbance. The similarity in
these two spectra suggests that the sulfur oxidation products are comparable with
either oxidant. Figure reprinted with permission from Ref. [64]. ©, 2004, Elsevier.
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Borda et al. investigated the pyrite oxidation in the presence of Fe3+ and O2
oxidants, observing vibrational modes that were consistent with SO2-4 and thiosulfate
as shown in Figure 1.8. 64 The 1115cm-1 mode was assigned to sulfate mode and the
peak around 1010cm-1 was proposed to be associated with a monodentate thiosulfate
complex. Also, a third species, sulfite (SO2-3), or bisulfate (H SO-4) could be present.
This research also suggests that the intermediate products observed on pyrite surface
are largely independent of the oxidant (Fe3+ or O2 ).
1.2.1.1Initial Pyrite Oxidation Sites
While the general mechanistic information about pyrite oxidation has been
presented already, it is useful now to discuss the contribution of specific active sites
on the pyrite surface. Prior research has used X-ray Photoelectron Spectroscopy (XPS)
and Scanning Electron Microscopy (SEM) to determine the nature of reactive sulfur
surface species and the relative reaction rate of each of the species.

45, 46, 65-70

In an

attempt to understand the oxidation rates of different sulfur species on fractured pyrite
surface, Schaufuss et al. obtained the oxidation rates from XPS experiment as shown
in Figure 1.12.

71

Figure 1.9 and 1.10 showed that the sites where surface S-S bond

broke (peak a) are more reactive than other areas. Similar experiments revealed that
Fe(II) species neighboring Fe(III) species on the surface are oxidized to Fe (III) more
rapidly during the initial 24 hours than sulfur species.

55

Therefore, it is obvious that

the initial oxidation sites on pyrite are Fe(III) oxyhydroxide patches bearing sites as
shown in Figure 1.11. It is also important to mention that understanding of the initial
oxidation sites is fundamentally important for the remediation of AMD results

16

Fig. 1.9: X-ray Photoelectron Spectroscopy (XPS) S 2p spectra of pyrite fractured in
vacuum (A), in a nitrogen-filled glove bag (B), in air (C) and after different times of
exposure to air: (D) 10 min, (E) 40 min and (F) 14 h. Samples (B) and (C) were
transferred into the spectrometer immediately.Their exposure time to the atmosphere
was about 1 min. The S 2p spectrum is only fitted for components ‘‘a’’, ‘‘b’’, ‘‘c’’
and sulfate oxidation product ‘‘d’’. Peak a results from the presence of S2- and peak b
represents a lower coordinated sulfur atom resulting from the breakage of Fe-S bond.
(2Fe, 1s) and peak c are originated from bulk sulfur atom. Figure reprinted with
permission from Ref.[71].©, 1998, Elsevier.
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Fig. 1.10: Model of a fractured pyrite surface. Component ‘‘a’’ represents S2- sites
caused by the fracture of S–S bonds. Component ‘‘b’’ arises from surface sulfur
atoms that have lost an iron coordination partner during fracture of Fe–S bonds. ‘‘c’’
represents the sulfur of the surface disulfide that is fully coordinated. Both atoms ‘‘c’’
and ‘‘c*’’, which represents atoms from the pyrite bulk, contribute to the sulfur signal
‘‘c’’. 56 Figure reprinted with permission from Ref.[71].©, 1998, Elsevier.
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Fe3+

bearing

product

oxidation

forming at defects

Figure 1.11: Schematic representation of initial pyrite oxidation sites. White ball
represents sulfur atom; blue ball represents Fe(II); red balls represent Fe(III) species;
white circle represents the defect site.
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from pyrite oxidation.
1.2.2 Biotic Oxidation of Pyrite
The mechanisms by which microorganisms accelerate pyrite oxidation under
acidic conditions are still under debate. Silverman proposed two pathways for metal
sulfide oxidation by autotrophic microorganisms, termed direct and indirect
approaches.72 The direct mechanism involves enzymatic reactions taking place
between attached bacteria and the mineral surface, with the microbe mediating both
solublization and iron oxidation directly at the mineral surface. In the context of pyrite
oxidation, the indirect mechanism claims that the mineral oxidizing agent is dissolved
ferric iron and the role of the microbe is to oxidize the ferrous iron product from the
abiotic mineral oxidation to ferric iron. When these two mechanisms are coupled,
mineral oxidation proceeds with a net production of ferric iron, sulfate, and acidity
[see reaction (1)]. Because of the importance of bacterial species in pyrite oxidation
and AMD, two types of major bacterial species, autotrophs and heterotrophs are
introduced below.
1.2.2.1 Iron Oxidizing Bacteria
Microorganisms that obtain energy from the oxidation of inorganic compounds
are called chemolithotrophs. 73Most chemolithotropic bacteria are also able to obtain
carbon for their metabolic pathways from CO2, and they are also referred to as
autotrophs. Table 1 lists the diverse type of bacteria present in AMD sites in the state
of California.

74

Common iron oxidizing bacteria found at AMD sites are

gammaproteobacteria as shown in Table 1.1. The bacterial species in Table 1 were

20

grouped according to their phylogeny of 16S rRNA gene sequences. Among all the
species, Thiobacillus ferrooxidans (Figure 1.12) is a major biological agent and most
commonly referred to iron-oxidizing bacterium for the oxidation of pyrite. 34, 35, 73 It is a
gram-negative and rod-shaped autotrophic bacterium with indistinguishable
morphologically from most other gram-negative rods. Iron oxidizing bacteria are very
common in acid-polluted environments such as coal-mining dumps. It is able to grow
autotrophically using ferrous iron as electron donor as described in Figure 1.13. In
Figure 1.13, the initiation of Fe2+ oxidation begins in the bacterial periplasm where
rusticyanin oxidizes Fe2+ to Fe3+ (composite reaction 4). The rusticyanin then reduces
cytochrome c, and this subsequently reduces cytochrome a. The latter interacts
directly with oxygen to form water. ATP is then synthesized from the proton
translocating ATPases in the membrane. It is reported that the oxidation of Fe(II) to
Fe(III) by the bacteria can be accelerated by a factor of 106 by relative to the abiotic
oxidation of Fe(II) in the presence of dissolved oxygen at pH value common to AMD
sites. 23
1.2.2.2 Heterotrophic Bacteria
Another type of bacteria that frequents AMD sites are heterotrophic bacteria that
appear in the alpha, gamma, beta, etc. groups of proteobacteria and bacillales such as
BW7 and Ferromicrobium acidophilum shown in Table 1.1.

74

By definition,

heterotrophs are microorganisms that obtain carbon as their major nutrient from one
or two organic compound sources. 73 The presence of heterotrophic bacteria in AMD
areas where there are some organic sources was reported previously, and the role of

21

heterotrophs in pyrite oxidation among all kind of microorganisms is proved to be
important, especially in the environments where Acidithiobacillsu ferrooxidans
(Figure 1.12) is abundant.

73, 75-78

It was also reported that the presence of some

heterotrophic bacteria (Figure 1.14) might inhibit pyrite oxidation caused by
iron-oxidizing bacteria such as A. ferrooxidans by out-competing the autotrophs for
oxygen, nutrients, or attachment sites on the mineral surface.

78

However, The

competing strategy requires large volume of degradable organic compounds for the
growth of heterotrophic bacteria, which is not very common in AMD sites.

78

Moreover, detailed information about the interaction of heterotrophs and autotrophs
under various conditions is not well known. Hopefully, future work focused on
understanding of the interaction between the herterotrophic species and the
iron-oxidizing species around AMD sites will bring new strategies towards the
remediation of AMD.
Most heterotrophs, like common AMD autotrophs, are also rod-like or roundshape
bacteria and their sizes vary within 0.5-3µm. Therefore, it is almost impossible to
distinguish them from other bacteria species found at AMD sites using size-dependent
techniques.
The heterotroph that was used for the experiments presented in this thesis is
Acidiphilum acidophilum that lies in the alpha group of proteobacteria. The reason we
chose this heterotrhop is because of its abundance in many AMD sites and its
representativeness of heterotrophic bacteria found at AMD sites. 79

22

Table 1.1: List of bacterial 16S rRNA gene sequences and their taxonomic affiliations
(based on BLAST searches of NCBI GenBank database) from the January 19,2001
sampling. n.i.: not included in phylogenetic analyses. Table reprinted with permission
from Ref.[74]. ©, 2004, BioMed Central.
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Figure 1.12: Acidithiobacillus ferrooxidans. This species has a rod-like shape in rich
media, and a round-like shape in limiting nutritients. Sizes of this species vary
between 0.6 m to 3 m.
(http://images.google.com/images?q=acidithiobacillus+ferrooxidans&ndsp)
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Figure 1.13: Electron flow during Fe2+ oxidation by the Acidithiobacillus ferrooxidans.
The periplasmic copper-containing protein rusticyanin is the immediate acceptor of
electrons from Fe2+. From here, electrons travel a short electron transport chain
resulting in the reduction of oxygen to water. Reducing power to drive the Calvin
cycle comes from reactions of reverse electron flow.

25

Figure 1.14: Transmission electron microscopy of heterotrophic bacteria. The
envelope consisting of heterotrophic bacteria and the bacterial excretes form the
surface of the area. Below the envelope two filaments of Phormidium sp. and one
diatom (lower right side) are documented. The space between organisms is filled by
EPS (Extracellular Polymeric Substances).
(http://paleopolis.rediris.es/cg/CG2004_L03/CG2004_L03_Fig_02.htm)
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1.3 Previous Proposed Strategies for the Inhibition of Pyrite Oxidation
There are two general strategies to deal with AMD that result from pyrite
eoxidation. The first strategy focuses on inhibiting the oxidation of the mineral80-87,
and the second strategy focuses on the neutralizing the low pH values of AMD sites. 88,
89

However, these strategies still have many problems.

80-87

One of the strategies for

the inhibition of pyrite oxidation is called microencapsulation that uses inorganic
phosphate compound such as potassium hydrogen phosphate (K2 HPO 4 ) or
silica-based compounds to create a ferric phosphate or ferric silica complex around
pyrite to prevent pyrite oxidation. Besides the method mentioned above, phosphate
minerals were also used for this purpose.

90-93

Hydroxapatite [Ca5(PO4 )3OH] or

fluoroapatite [Ca10(PO)4F2] were found to be able to complex and precipitate Fe(II).
However, all these microencapsulation methods require an oxidizing agent such as
hydrogen peroxide be used prior to the introduction of K2HPO4.

94

In the case of

phosphate minerals, ferrous phosphate complexes will form at the surface of the
pyrite or coal and this makes the phosphate source inactive. Because of the lack of
stability of this complex, the overall effectiveness of this application procedure is
consequently short-lived. The use of phosphate salts or minerals to control pyrite
oxidation ultimately results in the liberation of large amounts of sulfur, resulting in the
formation of sulfuric acid. Matlock et al. used the disodium salt of the ligand 1,3
benzenediamidoethanthiol (Na2BDET) to coat pyrite.95 This method showed very good
results at high pH values. But the suppression rate at pH 3.0 is only 66.4%. Moreover,
traditional methods such as application of limestone to neutralize pH in environments
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Figure 1.15: Pyrite oxidation inhibition strategies. The upper part denotes the pyrite
surface with a defect site (black circle) experienced the oxidation without any
inhibition. The lower part indicates that the defect site was coated with a phosphate
group to shut down the electron transfer from iron(2+) to oxygen.
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need frequent reapplication.

96

New methods such as an ion exchanging method is

very expensive.96 Kalin et al. used microorganisms as bioreactors to remove heavy
metals.97 But removal of these metals does not inhibit pyrite oxidation by a large
percentage. A summary of remediation methods are listed in Table 1.2.
In our group, we proposed the use of inorganic phosphate to bind on to the defect
sites of pyrite as shown in Figure 1.15. The purpose of the inorganic phosphate used
in our group was to form a bond between the phosphate and iron group at the Fe (III)
defect sites of pyrite surface. Thus, the electron transfer from iron (II) via defect sites
to oxygen would be suppressed by the coated phosphate compound.

98

Figure 1.16

showed that the effect of the phosphate compound on the inhibition of pyrite
oxidation was greatly impaired under pH values lower than 4.0. 98This method has no
effect on pyrite oxidation when the pH value is near to 2. 98 Figure 1.16 also clearly
indicated that pyrite oxidation rate was reduced by at least 60% with absorbed
phosphate (concentration larger than 20 micromole) under pH values higher than 4.
Even though this method is useful under certain conditions, such as high pH values
and normal temperatures, the oxidation rate is not significantly reduced. Moreover,
the stability of phosphate coating on pyrite surface was not fully examined and tested.
In addition, the effectiveness of the inhibition method using phosphate coating was
not tested in the presence of pyrite oxidizing bacterial species or other bacterial
species. Since pyrite oxidizing bacteria, especially Acidithiobacillus ferroxidans
utilize both ferrous/ferric and phosphate as their food sources, it is presumed that
coated phosphate group will be consumed by these species, especially under the
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circumstances in which there is only limited amount of growth media for bacterial
species. We then used phospholipids (Egg PC, 23:2 PC diyne etc.) to coat on pyrite,
and we obtained very good inhibition results (81%) under low pH values (pH 2-7). 99
The lipid used are showed in Figure 1.17 and the pyrite oxidation results are showed
in Figure 1.18. However, these remediation methods have not been tested under biotic
conditions, especially in the presence of both autotrophic and heterotrophic bacterial
species.

1.4 Rationale and Objectives of the Thesis
As already presented, a microscopic understanding of the molecular controls of
pyrite oxidation has been developed over the past two decades. The motivation behind
the work detailed in this thesis is to use this prior understanding to develop methods
to suppress pyrite oxidation in biotic and abiotic conditions. The specific goals can be
outlined as follows:

•

To investigate the efficiency of using two tailed phospholipids as the coating
agent for pyrite oxidation inhibition. The behaviors of lipid in the absence and
presence of bacterial species were analyzed and compared. The lipid structures
such as bilayer formation were intensively studied and attachment patterns
were imaged with AFM. Furthermore, in order to understand the inhibitive
efficiency of lipid under biotic conditions, the application of lipid particles to
pyrite surface as the inhibition agent was modified by addition of iron
o x i d i z i n g b a c t e r i a , A c i d i t h i o b a c i l l u s f e r ro o x i d a n s t o p y r i t e
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Table 1.2: List of various remediation strategies for the Acid Mine Drainage (AMD) and
their limitations.
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Figure 1.16: Relative rate of pyrite oxidation (i.e., relative to pyrite in the absence of
phosphate) versus the amount of phosphate sorbed on the pyrite surface. All
experimental conditions were the same except for the initial pH values. Figure
reprinted with permission from Ref.[98].©, 2001, Elsevier.
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Figure 1.17: Structures of the two-tail lipids used in this study. The lipids are
characterized by the presence of two organic hydrophobic tails and a polar
(hydrophilic) head group. The lipids used in this study vary in the nature of the
hydrophilic head group and linking group (ester or ether). Figure reprinted with
permission from Ref.[99].©, 2003, Elsevier.
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Figure 1.18: Total Fe [Fe(II) plus Fe (III)] release as a function of time for pyrite in
water (control experiment) and in the presence of (a) various two tail lipids and (b) a
single-tail lipid, stearic acid. All these data were obtained at a pH of 2. Figure
reprinted with permission from Ref.[99].©, 2003, Elsevier.
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solution prior to and after the introduction of lipid.
To find out the possible interactions between pyrite surface and bacterial
species. The attachment of iron-oxidizing bacteria to pyrite depends on a
variety of factors, such as hydrophobic properties, ionic strength of the
solution, electrical properties, and possible bond formation between the
bacterium species and pyrite surface groups. ATR-FTIR was used to analyze
the attachment mechanism and microbe-pyrite interface was analyzed in the
presence of lipid too.

1.5 Organization
Chapter 1 introduces the environmental impact and presents prior work that
has developed an understanding of pyrite oxidation mechanisms and typical
inhibition process. It reviews the whole background and objectives for this
study.
Chapter 2 emphasizes the experimental details and instrumentation as well as
the techniques and methodology used for this research.
Chapter 3 focuses on the inhibition of pyrite oxidation in the presence of
iron-oxidizing (Autotrophic bacteria) bacteria and the exact mechanisms of
bacterial attachment to pyrite surface. This work is published in Geochemical
Transactions, 2006, 7:8.
Chapter 4 describes the use of polymerized phospholipids to inhibit pyrite
oxidation in the presence of mixture of bacterial species (Both heterotrophic
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and autotrophic bacteria species). It also provides detailed information about
displacement of bacteria attached to pyrite by pumping lipid and the
formation of chemical bond between pyrite and bacteria. This work has been
submitted to Geochimica et Cosmochimica Acta
Chapter 5 Summarizes the thesis research.
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CHAPTER 2
EXPERIMENTAL DETAILS AND INSTRUMENTATION

2.1 Pyrite Powder Preparation
Pyrite preparation is an important process, because different preparation
procedures can affect the reactivity and amount of initial pyrite oxidation. To be
specific, pyrite oxidation exhibits different reactivity patterns due to their surface
features.

63, 100

In our experiments, we used acid (HCl) washed as-grown pyrite

(obtained from natural pyrite cubes) instead of freshly cleaved pyrite to produce pure
pyrite surface. Acid washing helps remove the outermost part of pyrite that has
residual contaminants and impurities.

100

Natural pyrite cubes were purchased from

Wards Natural Science (Rochester, NY) and crushed to pyrite powder with particle
sizes ranging from 5µm to 40 µm. The powder was first deposited on the filter of a
250ml funnel connecting to an aspirator as shown in Figure 2.1. All the preparation
procedures were completed within a nitrogen purged bag. The nitrogen bag was
purged with dry nitrogen three times in order to remove all the air inside the bag. The
air was squeezed out by opening one of the 4 clamps that seal the bag. Subsequently,
pyrite powder was rinsed with 10ml 0.2M HCl acid and then followed by the addition
of 20ml sterile & deoxygenated water to remove all the HCl and other residues. The
pyrite powder was then dried under a constant nitrogen flow for 1 hour inside the bag.
Finally, the dried powder was transferred into a 50ml centrifuge test tube and then
stored inside a desiccate container for future use.
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Figure 2.1: The schematic design for the preparation of acid-washed pyrite inside a
sealed and nitrogen-filled airbag.
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2.2 Preparation of Polished Pyrite Platelets
Single-crystal pyrite cubes (Navajun, Spain) purchased from Ward’s Natural
Science (Rochester, NY) were cut using a diamond trim-saw to 12.8x12.8x1.00mm3.
Uncut growth surfaces (100) remained on one side of the crystals were used for
experimental studies. The (100) faces of the platelets were then polished using a
VP-160 polisher (Leco) at 350RPM. Three aluminum polishing pastes with particle
sizes of 1µm, 0.3 m and 0.05µm were used, and each of the pastes was used
continuously for 1 hour respectively. The pyrite platelets were then sonicated in a
series of chloroform, methanol, and acetone baths respectively at room temperature
for 30 minutes. After sonication, the pyrite platelets were rinsed with deoxygenated
ultra pure water (18M -cm) multiple times and subsequently etched in HCl solution
at pH 2.0 for 1 minute to remove oxidized parts from the surface. Finally, the platelets
were rinsed again with deoxygenated ultrapure water and then wrapped in aluminum
foils for experimental use.

2.3 Maintenance of Bacterial Species and Culture Transfer Process
Pure culture of Acidithiobacillus ferrooxidans was obtained from the American
Type Culture Collection (ATTC 23270).

101

The microorganism was routinely

maintained (biweekly) in 250ml autoclaved sterile flasks according to its natural
characteristics reported elsewhere. 101-105 The growing media consisted of solution A,
solution B and 5.0mL Wolfe’s Mineral Solution. We dissolved 0.8g (NH4)2SO4, 2.0g
MgSO4·7H2O, and 0.4g K2HPO4 in 800 mL distilled water to make solution A. The
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resulting solution was adjusted to pH 2.3 with H2SO4 and then filter-sterilized using a
47ml 0.2µm pore size polycarbonate filter membrane. The filtrate was collected and
labeled as solution A. Solution B containing 20.0g FeSO4·7H2O and 200.0ml distilled
water was stirred and quickly filter-sterilized too. Cultures for experiments were
grown unshaken in 250ml erlenmeyer flasks (autoclaved at 126°C and 20 psi for 0.5 h
prior to use) at 25°C. Cultures were harvested by double filtrations at the early
exponential growth period as shown in Figure 2.2. Aliquots (normally 15ml for each
aliquot) of culture were transferred into new media (typically 50ml media) biweekly
to maintain optimum growth in a bio-safety hood.

2.4 Enumeration of Cells and Slide Preparation
Enumeration of bacterial cell densities in solution and on pyrite powder were
performed with epifluorescence microscopy following staining with the fluorochrome
dye, acridine orange (AO).

106, 107

Briefly, preserved samples were vacuum filtered

with 0.2- m-pore-size blackened polycarbonate filters (Nuclepore) and the cells
collected on the filter were stained with acridine orange (AO) with a concentration of
0.01% for 3 min as shown in Figure 2.3. The volume of sample filtered for cell counts
was chosen such that the layer of pyrite particles that accumulated on the filter would
not obscure the bacteria. Cells in solutions and cells attached to pyrite were imaged
and counted with a Zeiss standard microscope equipped for epifluorescence
microscopy. Filter sets used for AO fluorescence observations were as follows: a
BP450-490 exciter filter, and FT510 chromatic beam splitter, and an
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Figure 2.2: A schematic description of the process of harvesting bacteria during early
exponential growth. Bacterial solutions were filtered twice from the syringe filter system. The
solutions were first filtered using a 5 µm filter membrane from Fisher Scientific Corp. to
remove large iron precipitates. The filtrate was then collected and transferred into a 50ml
sterile centrifuge test tube. Second, bacteria were filtered again using a 0.2µm filter
membrane and subsequently the membrane was transferred into another 50ml sterile
centrifuge test tube containing 10ml pH 2.0 sterile DI water

41

Filters
Filter Support

Mechanical
Pump

Figure 2.3: The system design required for the preparation of bacterial slides for
Epifluorescence Microscope studies. The slide on the right side of the arrow has a
cover glass on it to prevent contamination.
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LP520 barrier filter. For each sample, the number of bacteria on 10 to15 randomly
chosen fields distributed over the filter (or approximately 300 to 600 cells in total per
filter) was counted. To determine the number of cells bound to pyrite, 0.1 ml aliquots
(initial total volume was 50 ml) of the bacteria/pyrite solutions were collected on a 5
m polycarbonate membrane filter (Millipore). The particles were subsequently
washed so that any bacteria in solution would pass through the filter. The density of
cells on the particulate material remaining on the filter was then determined using the
staining method described above.

2.5 Lipid Solution Preparation
The general procedure of lipid solution preparation IS well established and it
includes dissolution of the lipid in an organic solvent, hydration of the lipid, and
sizing the lipid to a homogeneous distribution of vesicles. 108 An organic solvent, such
as chloroform, is used to assure a homogeneous mixture of the lipid. The solution is
then sonicated for about 3 hours to obtain a homogeneous distribution of the lipid
particles. After the sonication, the lipid is dried using a nitrogen flow or an argon
stream in a fume hood at room temperature. A vacuum pump is then needed to
withdraw the residual organic solvent. This process might take a whole day to remove
the entire residual. Once the residual solvent is removed, an aqueous medium such as
water is added to hydrate the lipid. The temperature of the hydrating medium should
be above the gel-liquid crystal transition temperature (Tc or Tm) of the lipid with the
highest Tc or Tm before adding to the dry lipid. It is also believed
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Figure 2.4 Structural transformation of large multilamellar vesicle (LMV), small
unilamellar vescicle (SUV), microvillus vesicles (MVV), and large unilamellar
vescicle (LUV). 109 Figure reprinted with permission from Ref. [109]. ©, 2008 Avanti
Polar Lipids, Inc.
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that allowing the vesicle suspension to stand overnight (aging) prior to downsizing
makes the sizing process easier and improves the homogeneity of the size distribution.
108

Aging is not recommended for high transition lipids as lipid hydrolysis increases

with elevated temperatures. The hydration medium is generally determined by the
application of the lipid vesicles. Suitable hydration media include distilled water,
buffer solutions, saline, and non-electrolytes such as sugar solutions. After hydration,
large, multi-lamellar lipid vesicles (LMV) that have sizes around 200-500nm were
formed. The lipid bilayers in LMV were normally separated by a water layer (Figure
2.4). Small, unilamellar vesicles (SUV) were produced from LMV by sonicating the
LMV suspensions. The typical diameter of SUV is between 15-50nm.
In our group, we have several ways to make lipid solutions of different
concentrations. One of the methods is described as: A stock suspension of lipid was
prepared by adding Egg PC or 23:2 PC diyne 1,2-bis(10,12-tricosadiynoyl)-sn-Glycero-3-Phosphocholinesolid (Figure 2.5)

to 100 mM NaCl at 298 K and pH 7.

The suspension was vortexed for 20 min and sonicated for 45 min at room
temperature. The sonication homogenized the lipid suspension by disrupting large
multilamellar vesicles to form small unilamellar vesicles.

110

A portion of the stock

suspension, referred to hereafter as “high concentration” (viz. 1.5 mM or 1.14 g/L),
was diluted with buffer solution to make a “medium concentration” suspension of
0.15 mM. A “low concentration” suspension was prepared by centrifuging a portion
of the high concentration suspension at 16 000g and 10 °C for 35 min and extracting
the supernatant. 110The centrifuging removed large vesicles, leaving in the supernatant
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23:2 PC DIYNE
1,2-bis(10,12-tricosadiynoyl)-sn-Glycero-3-Phosphocholine

Egg PC 99%
L-α-Phosphatidylcholine (Egg, Chicken)
(Avanti Polar Lipids, Alabaster, AL)

Figure 2.5: Typical structures of phospholipids used in our experiments
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Figure 2.6: Preparation of lipid solutions using hot water bath evaporation method.
Lipid was first dissolved in chloroform solution and kept in refrigerator overnight.
Then the chloroform was evaporated using a hot water bath.
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only vesicles smaller than 100 nm. The lipid concentration in the supernatant,
determined by total organic carbon analysis (Shimadzu TOC-Vws), was 0.014 mM.
The above procedures thus resulted in low (0.014 mM), medium (0.15 mM), and high
(1.5 mM) concentrations of lipid in 100 mM NaCl at pH 7. We only used lipid
solutions prepared via this method for some control and comparison experiments.
Another way to prepare lipid suspensions was referred to the standard method
that utilized chloroform as the solvent to dissolve a lipid solid first. The use of
chloroform leads to the formation of a homogeneous mixture of the lipid. Typically
lipid solutions were prepared by dissolving 20mg lipid in 40ml chloroform solvent.
Sometimes larger amount of lipid (around 40mg) may be dissolved in 40ml
chloroform solvent if there is no lipid solubility problem. Once the lipid was
thoroughly mixed in the organic solvent, the solvent was removed to yield a lipid film.
In Figure 2.6, chloroform was evaporated by an 80oC water bath and withdrawn into a
glass flask by the vacuum aspirator. Dry ice was used to liquidize the gaseous
chloroform and dried lipid remained in the original flask for future use. The dried
lipid was subsequently frozen in the freezer of a refrigerator and stored overnight.
Then the lipid was hydrated using 50ml DI water buffer solution. The lipid solution
was then sonicated in a 70oC water bath for about 3 hours. The sonication disrupts
large multilamellar vesicles (LMVs) and produces small, unilamellar vesicles (SUVs)
with diameter within the range of 15-50nm ideal for experiments. Lipid solutions
prepared via this method were used for Chapter 3 experiments. The last method to
prepare lipid solutions was achieved by simply dissolving the lipid directly in pH 7.0
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DI water and then sonicating the solutions in a 70oC water bath for about 3 hours.
These lipid solutions were used in experiments in Chapter 4.

2.6. Total Iron Concentration Measurement
2.6.1 Determination of Pyrite Oxidation Rate
Many approaches have been focused on the understanding of pyrite oxidation and
its many elementary steps. 23, 35, 54, 111-139Because of the net production of sulfuric acid,
we planned to use H+ to determine the pyrite oxidation rate. The choice of H+ as the
progress variable was based on its simplicity for measurements. To perform this
experiment, a Fisher Scientific pH meter (ACCUMET 50 with a resolution of 0.01)
was used. The probe of the pH meter was immersed into pyrite samples with and
without the presence of lipid to compare the oxidation rates. Duplicate samples were
prepared and each sample was measured seven times over the 14 day experimental
period. From Figure 2.7, we can see that the amount of H+ released under the
experimental conditions (initial pH=2.0) experienced an obvious increase over time
for both systems. However, we can not conclude based on the data that there is much
difference in pyrite oxidation between the lipid/di/pyrite system and the di/pyrite
system. Also, the measurements of same samples on a single day at slightly different
time intervals yielded significantly different results sometimes. Formation of
hydrogen peroxide due to the interaction of pyrite and water in the absence of
dissolved oxygen might change the pH a little bit

140

, but our experiments were

conducted under a sufficient supply of oxygen condition. We therefore attribute the
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Figure 2.7: Pyrite oxidation using H+ as the progress variables. Two systems were
detected for comparison studies. Lipid/di/pyrite system contains 5ml lipid with
concentration of 0.2mM, 0.1g pyrite and 25ml pH 2.0 (initial) DI water. di/pyrite
system contains 0.1g pyrite and 30ml pH 2.0 DI water (initial).
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inaccurate measurements of H+ concentrations in both systems to lack of the detection
sensitivity of the pH meter we used. Because of the difficulties in obtaining accurate
results using the pH meter under our experimental conditions, other progress variables
must be served in our lab to be applied for the determination of pyrite oxidation rate.
An alternative to determine pyrite oxidation rate is to use total iron concentration
as the progress variable. There are many advantages in using total iron concentration
as the progress variable. First, it is very easy to reduce iron (III) to iron (II) and
therefore the determination of total iron concentration is straightforward and fast,
because all the intermediate iron species will be converted to iron (II). Second, the
detection of total iron concentration is much more sensitive and accurate than that of
pH measurements. Third, the detection of total iron concentration always gave us very
stable and reliable results comparing to that of pH measurements. It is also interesting
to point out that some researchers also used sulfate as the progress variable to describe
pyrite oxidation rate. The sulfate concentration can be accurately measured by
Iron-chromatographic methods too. Since both of the methods are accurate, we were
only focusing on total iron measurement only.
2.6.2 Use of Ferrozine to Couple Iron
In the late of the nineteenth century, organic molecules containing –N=C-C=Nwas reported to react as bidentate ligands with some metal ions such as ferrous.141-143
Later, ferrozine was proved to be an excellent one for iron measurement.

144

To be

specific, FeSO4 purchased from Sigma was used to prepare iron solutions of known
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Standard Curve for Total Iron Measurement
3.5
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Absorbance

2.5
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1.5

Coefficients:
b[0]
-0.054083
b[1]
1.150421
r²
0.996027
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0.0
0.0
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Figure 2.8: A standard plot made by measuring the absorbance of a series of Fe (II)
solutions of known concentrations.

The determinations of the concentrations of

unknown Fe (II) solutions were obtained by fitting their absorbance into the plot.
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Figure 2.9: A stick representation of the iron-ferrozine compound where Fe(II) is
complexed with three (3) ferrozine ligands.

145

Figure reprinted from free online

source, Ref. [145].
Note: The carbon atoms are green, the hydrogens are white, the iron atoms are
magenta, the nitrogen atoms are blue, the oxygen atoms are red, and the sulfur atoms
are yellow in this stick representation.
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concentrations: In Figure 2.8, a series of standard solutions with concentrations
ranging from 0 to 2.5mM was used to calculate the standard curve. 0.1ml of each of
the standard or unknown was added into a 3ml cuvette containing 2.0ml DI water,
0.2ml of 30mM ascorbic acid and 0.2ml of 15mM ferrozine. Ascorbic acid was used
to reduce oxidized iron to iron (II) for total iron measurements. Ferrozine was
reported to be capable of binding with iron (II) to form a complex as shown in Figure
2.9. Typically, three ferrozine ligands complex with a Fe (II) to form a new compound
with pink color or dark red color depending on the concentrations of Fe (II) used. 145
2.6.3 UV-vis Spectroscopy
Many molecules absorb ultra-violet or visible light. The absorbtivity of a certain
concentrated UV absorbing solution obeys Beer’s Law. 146-148
A= -log10(I/I0) = ·c·L
where A is the measured absorbance, I0 is the intensity of the incident light at a given
wavelength, I is the transmitted intensity, L the pathlength through the sample, and c
the concentration of the absorbing species,

is a constant known as the molar

absorbtivity or extinction coefficient. This constant is a fundamental molecular
property in a given solvent at a particular temperature and pressure.
2.6.4 Electronic Transitions
The absorption of UV or visible radiation by a molecule corresponds to the
excitation of outer electrons. There are basically three types of electronic transitions
we should consider:
1. Transitions involving p, s, and n electrons
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2. Transitions involving charge-transfer electrons
3. Transitions involving d and f electrons (not covered in this Unit)
When an atom or molecule absorbs energy, electrons are promoted from their
ground state to an excited state. In a molecule, the atoms can rotate and vibrate with
respect to each other. These vibrations and rotations also have discrete energy levels,
which can be considered as being packed on top of each electronic level

149

(Figure

2.10). Because of the existence of many levels of energy levels, the UV absorbance
looks like a continuous broad peak. The instrument used in ultraviolet-visible
spectroscopy is called a UV/vis spectrophotometer. UV-vis directly measures the
intensity of light passing through a sample (I) normally containing inside a plastic or
quarts cuvette, and the intensity of initial exciting light (Io) is compared to (I). The
ratio I / Io is called the transmittance, and is usually expressed as a percentage (%T).
The absorbance, A, is based on the transmittance:

A = − log(%T)
The light source could be an incandescent bulb for the visible wavelengths, or a
deuterium arc lamp in the ultraviolet region. The instrument also contains a sample
holder which is normally suitable for 1.5ml to 10ml cuvettes. Most commonly used
cuvettes are plastic ones. Quarts cuvettes were used in situations when absorbance
regions other than visible regions were measured. For example, measurements of
absorbance around 255 nm require use of quarts cuvettes. A diffraction grating or a
monochromator must also be used to separate and eliminate the different
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Figure 2.10: The excitation of electrons from their ground energy state to the excited
state by UV absorbance. Because there are many rotational and vibrational electronic
levels, sometimes UV spectra appear continuous.
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wavelengths of light. The detector is typically a photodiode or a CCD. Photodiodes
are used in pair with monochromotor to separate different wavelengths. Diffraction
gratings are used in pair with CCD, which collects light of different wavelengths on
different pixels.
A spectrophotometer can be either single beam or double beam. In a single beam
instrument as shown in Figure 2.11, all of the light passes through the sample cell. Io
must be measured by removing the sample. This was the earliest design, but is still in
common use in both teaching and industrial labs.
In a double-beam instrument, the light is split into two beams before it reaches
the sample. One beam is used as the reference; the other beam passes through the
sample. Some double-beam instruments have two detectors (photodiodes), and the
sample and reference beam are measured at the same time. In some other instruments,
the two beams pass through a beam chopper, which blocks one beam at a time. The
detector alternates between measuring the sample beam and the reference beam. Most
new UV/Vis instruments have double-beam designs.
Samples for UV/Vis spectrophotometry are mostly liquids, although the
absorbance of gases and even of solids can also be measured. Samples are typically
placed in a transparent cell, known as a cuvette. Cuvettes are typically rectangular in
shape, commonly with an internal width of 1 cm. (This width becomes the path length,
L, in the Beer-Lambert law.) Test tubes can also be used as cuvettes in some
instruments. The best cuvettes are made of high quality quartz, although glass or
plastic cuvettes are common. (Glass and most plastics absorb in the UV, which limits
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Figure

2.11:
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ultraviolet/visible light by a molecule causing the promotion of an electron from a
ground electronic state to an excited electronic state.
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their application to visible wavelengths.)

2.7 Basic Introduction to Attenuated Total Reflectance FT Infrared Spectroscopy
2.7.1 Basic Theory of IR
Infrared (IR) Spectroscopy is one of the most commonly used spectroscopic
techniques for quantitative and qualitative analysis of many chemical compounds. 150,
151

It measures the absorptions of different IR frequencies by a sample positioned in

the path of an IR beam. The adsorption of IR frequencies by the functional groups in
the sample provides evidence for quantitative and qualitative determination of the
sample. 150-159 IR radiation spans a region from 13,000 to 10cm-1. IR absorption bands
can be described using wavelengths ( ) or wavenumbers ( ), their relations is
described as follow:

Transmittance, T, is the ratio of radiant power transmitted by the sample (I) to the
radiant power incident on the sample (I0). Absorbance (A) is the logarithm to the base
10 of the reciprocal of the transmittance (T). The spectrum of T is shown in Figure
2.12

The theory of infrared adsorption relies on the vibration of all atoms in the
molecules. It is important to point out that not all vibrations of molecules generate
infrared adsorption. At temperatures above absolute zero, all the atoms in molecules
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are in continuous vibration with respect to each other. When the specific frequencies
of molecular vibrations resulting from the functional group movements are within the
range of IR radiation and are equal to the frequencies of some IR frequencies, the
molecule absorbs the radiation.

159

According to the translational, rotational, and

vibrational movements of molecules, a polyatomic molecule of n atoms has 3n total
degrees of freedom. Among the 3n degrees, 3 degrees of freedom are required to
describe translation, the motion of the entire molecule through space. Additionally, 3
degrees of freedom represent the rotation of the entire molecule. Therefore, the
remaining 3n – 6 degrees of freedom represent the fundamental vibrations for
nonlinear molecules. As for linear molecules, since 2 degrees of freedom is enough to
describe rotation modes of molecules, the molecules possess only 3n – 5 fundamental
vibrational modes. However, not all the fundamental vibrations lead to an IR activity.
Some vibrations are not IR active. The reason for this finding is that only those
vibrations that produce an actual change in dipole moment may cause an IR activity,
and those that give polarizability changes may give rise to Raman activity. Naturally,
some vibrations can be both IR- and Raman-active. However, the absence of some
observed absorption bands from the above-mentioned calculation suggest that some
modes are reduced because some modes are not IR active and a single frequency can
cause more than one mode of motion to occur. On the other hand, the presence of
additional bands was attributed to the appearance of overtones (integral multiples of
the fundamental absorption frequencies), combinations of fundamental frequencies,
differences of fundamental frequencies, coupling interactions of two fundamental
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Figure 2.12: The infrared spectrum of pure NH3 ice. The absorption bands seen in the
spectrum correspond to specific vibrational modes of the molecule.
reprinted from the free online material. Ref. [160]
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160

Figure

Figure 2.13: The typical infrared vibrational modes of molecules. 161 Figure reprinted
from the free online material, Ref. [161].
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absorption frequencies, and coupling interactions between fundamental vibrations and
overtones or combination bands (Fermi resonance). Overtones, combination bands,
and coupling interaction bands are normally weaker than the fundamental bands. The
combination and blending of all the factors thus create a unique IR spectrum for each
compound. The major types of molecular vibrations are stretching and bending modes
as shown in Figure 2.13.
2.7.2 Spectrometer Components
An IR spectrometer consists of three basic components: radiation source,
monochromator, and detector.

Some inert solids are normally used as radiation

sources for the IR spectrometer. They produce IR radiation when heated electrically
to 1000 to 1800 °C. Nernst, Nichrome coil, and Globar are three commonly used
radiation sources made of inorganic oxides. The radiations produced by them are all
continuous but differ in energy profiles. The raw IR radiation produced is broad and
not aligned, and therefore monochromator is used to disperse a broad spectrum of
radiation and provide a continuous calibrated series of electromagnetic energy bands
of determinable wavelengths or frequency range. Common monochromators are
prisms or gratings that can be used in conjunction with variable-slit mechanisms,
mirrors, and filters to achieve certain effects. Thermal detectors include
thermocouples, thermistors, and pneumatic.
2.7.3 Fourier Transform Spectrometers
Traditional IR absorbance measurements have a lot of disadvantages. For
example, the measurements of frequencies simultaneously are impossible for IR
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spectrometers. Also, the sensitivity of IR spectra resulting from the dispersive
analysis techniques is very low and therefore makes it hard to distinguish some
absorbance sometimes. The invention of Fourier Transform spectrometer successfully
resolves these issues and provides opportunities for extended applications of IR
radiation due to its superior speed and sensitivity.162-171
A FTIR Spectrometer is comprised of three basic components similar to that of
IR spectrometer: A radiation source, an interferometer, and a detector. Figure 2.15
shows the schematic design of Nicolet 6700 FTIR. The major difference between
FTIR and IR is that an FTIR spectrometer has an interferometer instead of a
monochromator. The interferometer is designed to divide radiant beams, generating
an optical path difference between the beams. And then recombine them to produce
repetitive interference signals. The Fourier transform spectrometer is just a Michelson
interferometer with a movable mirror. The beams interfere, allowing the temporal
coherence of the light to be measured at each different time delay setting. By making
measurements of the signal at many discrete positions of the moving mirror, the
spectrum can be reconstructed using a Fourier transform of the temporal coherence of
the light. Michelson spectrographs are capable of very high spectral resolution
observations of very bright sources. As indicated in Figure 2.14, a typical Michelson
interferometer consists of three active components: a moving mirror, a fixed mirror,
and a beam splitter. 172
Traditionally, samples analyzed by FTIR spectrometer have to be deposited at
places where IR radiation can directly transmit through the samples. Typically, sample
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Figure 2.14: The schematic design of a typical Fourier Transform Infrared Microscope
172

Figure reprinted with permission from Ref.[172]. ©, 2008 Thermo Fisher

Scientific Inc.
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thickness can not be more than a few tens of microns. The presence of Attenuated
total reflection (ATR) accessory successful provides researchers with a lot of
advantages in sample preparation and spectra reproducibility. 173ATR accessory offers
an opportunity to measure the changes in the total internally reflected infrared beam
when the beam comes into contact with a sample as indicated in Figure 16. 174-176
An ATR is normally an optically dense crystal with a high refractive index at
certain angle. When the IR radiation propagates toward the crystal, the internal
reflectance creates an evanescent wave that extends beyond the surface of the crystal
and penetrates part of the sample sitting on the surface of the crystal. The penetration
depth is typically in the range of 0.5-5 µm and can be described as:

Where n1 is the refraction index of the ATR crystal; n2 is the refraction index of the
sample;

is the incidence angle of the crystal. Since the penetration depth is normally

several micrometers, close contact between the sample and the crystal is required.
This method is very good for analysis of both liquid and solid and a variety of
corrosive chemicals because of the availability of large number of ATR crystals.
The application of ATR is shown in Figure 2.15, we can see that the laser beam
penetrates the crystal first and further goes through a thin layer of the sample sitting
on the crystal. The multiple reflectances enhance the signal and promote the detection
limit.
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Figure 2.15: A multiple reflectance Attenuated Total Reflection (ATR) system173
Figure reprinted with permission from Ref [173]. ©, 1998-2002 PerkinElmer, Inc.,
U.S.A.
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2.7.4 Our Setup for ATR-FTIR Experiments
For pure bacteria analysis, cells harvested by centrifugations were rinsed multiple
times with sterile DI water to remove the residual media. Cell pellets were then
transferred to a diamond ATR window. Cells on the diamond window were dried
using a nitrogen flow. The preparation of lipid/pyrite or bacteria/pyrite systems was
different from that of pure bacteria sample. First, 01.g of pyrite powder with particle
size ranging from 7 micron to 50 micron was acid washed in a nitrogen filled bag.
Then the pyrite powder was dried under a continuous nitrogen flow inside the bag.
The pyrite powder was subsequently autoclaved for 30 minutes before use. The
sterilized pyrite powder was then mixed with 10ml lipid solution or/and bacteria
solution to make the complete system. Finally, a 200µl aliquot was withdrawn from
the system and deposited on the diamond ATR crystal. Sample was then rinsed with
sterile DI water to remove loosely attached lipid or/and bacteria species. After drying
the sample with a flow of nitrogen, FTIR spectra were collected. Last, the collection
of pure lipid spectra was simple. 3mg lipid powder or 200µl lipid solution prepared
using the methods described before was deposited on the ATR crystal, spectra were
then taken. The detailed preparation procedure is described in Figure 2.16

2.8 Atomic Force Microscopy (AFM)
2.8.1 Basic Theory about AFM
Atomic Force Microscopy is a very high resolution scanning probe microscope
that is capable of obtaining images of several nanometers in size.
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It is also

Figure 2.16 Schematic designs for Attenuated Total Reflection Fourier Transform
Infrared (ATR-FTIR) experiments on pyrite. 200µl of pyrite slurry (lipid/pyrite or
lipid/bacteria/pyrite system) was deposited on the ATR crystal. Samples were rinsed
with sterile DI water to remove the loosely bound cells.
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capable of providing researchers with three-dimensional profiles of a featured item
such as a substrate surface and tiny little pieces on some surfaces. An AFM consists of
a scanner and a microscale cantilever with a sharp tip (probe) at its end. The AFM
cantilever is typically silicon or silicon nitrate with a tip radius of curvature on the
order of nanometers. The principles of AFM rely heavily on Hooke’s law in which the
deflection of cantilever caused by bringing the tip towards the sample obeys Hooke’s
law.
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For systems that obey Hooke's law, the extension produced is directly

proportional to the load:

F =-Kx
Where: X is the distance that the spring has been stretched or compressed away from

the equilibrium position.
is the restoring force exerted by the material (usually in newtons),
is the force constant (or spring constant). The constant has units of force per unit
length (usually in newtons per meter).
The deflection of the force is measured by a laser beam. The changes in the laser
beam reflected from the top of the cantilever provide detailed information about the
morphology of the scanned sample. And the reflected laser is directed to an array of
photodiodes for analysis. There are several imaging modes for different application of
AFM:
1. Tapping mode AFM measurements. Tapping mode imaging is very useful for the
analysis of loosely bound particles on substrates or sticky things in ambient air or in a
liquid. Tapping mode AFM operates by vibrating a tip which is at the end of a
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cantilever and bringing the tip into intermittent contact with a sample surface. The
cantilever oscillates at or near its resonant frequency controlled by a piezoelectric
crystal. The cantilever typically oscillates with high amplitude (typically greater than
20nm). As the cantilever approaches the surface, the amplitude is reduced and the tip
is raised up in order to be maintained constant. The amplitude is maintained via a
feedback loop.
2. Contact mode AFM measurements. In contact mode, the force between the tip and
the surface is kept constant during scanning by maintaining a constant deflection.
Contact mode AFM measurements are suitable for many tightly bound features on
surfaces and the cantilever needs to be less stiff to obtain high signal to noise ratio.
2.8.2 Structural Components of AFM
A typical AFM instrument contains a laser source, a piezoelectric scanner, a
cantilever, a photodiode, a feedback loop, a controller, and a computer. Some AFM
instruments also have an important microscope accessory for sample adjustment.
Figure 2.17 indicates the detailed structure of an AFM imaging system.
2.8.3 Our Experimental Designs for AFM Imaging
Most of our experiments were conducted in aqueous conditions using tapping
mode AFM. Since the bacteria attached to pyrite surface can be greatly affected by the
surrounding media, imaging bacteria in air will drastically change the surface features
of bacteria. For example, dehydration of cells in air will cause the cells attached to
pyrite to shrink in sizes and this makes the imaging of bacteria of representative shape
and sizes difficult. Thus, we designed a sample flow cell that can secure
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Figure 2.17: A schematic presentation of Atomic Force Microscope components.
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Figure reprinted from permission of free online resource. Ref [182]. ©, 2006,
Wikipedia.
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The flow cell
Plastic
tube

Syringe

Inlet
channel

Sample
Holder

Outlet
Channel

Figure 2.18: Our experimental design for the in-situ AFM experiment that requires
continuous pumping of solution to the crystal to be imaged. The syringe was installed
into an electronic pump which can adjust pumping velocity and volume.
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Figure 2.19: List of commonly used AFM cantilevers and tips.
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pyrite crystal to be imaged inside the cell while pumping solution into the flow cell as
shown in Figure 2.18. The flow cell can serve several purposes. First, the flow cell
can better stabilize pyrite sample. Second, the flow cell is excellent for control
experiments. For example, different ironic strength or media solutions can be easily
added to the flow cell for AFM imaging. Also, mounting pyrite samples onto the flow
cell is simple. First, a pyrite sample was glued inside the middle of the cell. Then the
flow cell was simply mounted on the AFM sample holder. The selection of an AFM
tip is very important. Figure 2.19 listed a variety of tips and their characteristics.

2.9 Epifluorescence Microscope Analyses
2.9.1 Basic Theory of Fluorescence Microscope
Typical Epifluorescence Microscope is a useful tool for imaging bacterial species
of different kinds; it is also widely used in life science.
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This instrument makes

use of the phenomenon of fluorescence in addition to the reflection and adsorption of
light. Many bacteria can bind with certain fluorescence dye compounds such as
Acridine Orange (A.O.) to give a luminescence under the microscope. The Acridine
Orange solution (typically 0.1%) can permeate cell membrane and interacts with DNA
and RNA by intercalation or electrostatic attractions. The bound Acridine Orange is
spectrally similar to fluorescein (a fluorophore commonly used in microscopy) and
has an excitation maximum at 502nm and an emission maximum at 525nm. When it
associates with RNA, the excitation maximum shifts to 460 nm (blue) and the
emission maximum shifts to 650 nm (red). The dye is often used in epifluorescence
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Figure 2.20: The instrumental design and schematic components of a typical
Epifluorescence Microscope.
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microscopy. A typical epifluorescence microscope comprises a light source that can be
a xenon arc lamp or mercury-vapor lamp, a dichroic mirror that serves as a beam
splitter and only allows a small range of color light to pass, and an emission filter as
shown in Figure 2.20. Normally, the excitatory source light can pass from above
through the objective first and then onto the specimen instead of passing first through
the specimen first. The Acridine Orange dyed sample on the slides will give rise to an
emitted light with a wavelength of 525nm. The emitted light is then focused to the
detector by the same objective that is used for the excitation. The filter located
between the objective and the detector is used to block the excitation light from
fluorescence light in an attempt to obtain clear images. Since most of the excitatory
light is transmitted through the specimen, only reflected excitatory light reaches the
objective together with the emitted light and this method therefore gives an improved
signal to noise ratio. Fluorescence dye techniques are commonly used in biology is to
image a protein, bacteria and/or other molecule of interest.
2.9.2Our Experimental Design for Epifluorescence Microscope Analysis
Bacteria stained with 0.01% Acridine Orange solution were first collected on
filter membranes and then transferred to glass slides. We have two major kinds of
bacterial measurements. First, initial bacterial density determination was achieved by
measuring the pure bacterial solution concentration immediately before the addition
of pyrite to cell solution. Second, bacteria attached to pyrite and cell growth in
solution over time was determined by separating pyrite with attached bacteria and
bacteria in solution. In the second case, 1ml of pyrite/bacteria solution was separated

77

by filtering the 1ml solution using a 5 m pore sized filter membrane, leaving pyrite
with attached cells remained on the membrane. All bacterial cell counts were
performed using a Zeiss standard microscope equipped for epifluorescence
microscopy. Filter sets used for AO fluorescence observations are as follows: a
BP450-490 exciter filter, an FT510 chromatic beam splitter, and an LP520 barrier
filter. For each sample, the numbers of bacteria on 10 to 15 randomly chosen fields
distributed over the filter (or approximately 300 to 600 cells in total per filter) were
counted. To determine the number of cells bound to pyrite, the 5 m membrane
containing pyrite with attached bacteria and prepared from the 1 ml aliquots (initial
total volume of solution was 50 ml) of the pyrite/bacteria solutions were first rinsed so
that any bacteria in solution would pass through the filter. The density of cells on the
pyrite powder retained on the filter was then determined using the staining method
described above. Cell densities in the filtrate were also determined using the
epifluorescence microscope. Total cell densities were obtained by addition of the cell
density in solution to the cell density attached to pyrite.

2.10 Cross-linking of Lipid particles by UV light
Cross-linking of lipid particles was found to improve pyrite oxidation inhibition
efficiency.186Prior researchers have found that diacetylene groups often undergo
polymerizations under UV irradiation when they are oriented in mono or multi-layers.
187-190

Also, UV irradiated lipid solutions exhibit a red color, yet lipid solutions

without UV irradiation only show a little white color, indicating an occurrence of a
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A

B

Figure 2.21: The proposed polymerization process of phosphocholine lipid in the
presence of UV radiation. The exact mechanisms via which the lipid polymerizes are
still under debate. Here we present tow possible polymerization pathways based on
prior researches that showed diacetylene groups polymerize under UV irradiation
when they are oriented in mono or multi-layers.187-190 The first pathway is the
formation of cross-linked bilayer structures via mono layers, which is very possible in
the presence of limited amount of lipid (a). The second pathway favors the formation
of oriented multilayer structures in the presence of multilayer lipids as shown in (b).
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chemical reaction after UV irradiation. The possible reaction scheme is shown in
Figure 2.21. The polymerization of lipid particles was assumed to be more
impermeable and structurally stable than the absorbed lipid without UV treatment.
Experimental design can be described as following:
20ml lipid solution of medium concentration (20mM) was transfer to a 50ml
centrifuge test tube containing 0.1 or 0.13 gram of pyrite powder. A stir bar was then
added into the solution and the test tube was secured on a stirrer. The suspension was
then exposed to the UV radiation emitted from a 900 W Xe lamp by hanging the UV
probe right above the test tube. After 2.5 hours, the irradiated lipid/pyrite suspension
was transferred into pH 2.0 solutions with or without the presence of bacteria for
oxidation rate measurements or transferred onto the diamond ATR crystal for IR
measurements. A pure lipid solution (20ml, 0.2mM) were also irradiated by UV
exposure following the same protocol as lipid/pyrite system for control purposes. The
polymerized lipid has longer chains and double carbon bonds as shown in Figure
2.21.
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CHAPTER 3
PYRITE OXIDATION INHIBITION UNDER BIOTIC CONDITIONS

The chemolithoautotrophic bacterium, Acidithiobacillus ferrooxidans, commonly
occurs in acid mine drainage (AMD) environments where it is responsible for
catalyzing the oxidation of pyrite and concomitant development of acidic conditions.
This investigation reports on the growth of this bacterial species on the pyrite surface
and in the aqueous phase at a pH close to 2 as well as the role of adsorbed lipid in
preventing pyrite dissolution. Both acid washed pyrite and acid-washed pyrite coated
with lipids were used as substrates in the studies. The choice of lipid, 1,2-bis(10,12tricosadiynoyl)-sn-Glycero-3-Phosphocholine

lipid

(23:2

Diyne

PC),

a

phosphocholine lipid, was based on earlier work that showed that this lipid inhibits
the abiotic oxidation rate of pyrite. Atomic force microscopy showed that under the
experimental conditions used in this study, the lipid formed ~4–20 nm layers on the
mineral surface. Surface-bound lipid greatly suppresses the oxidation process
catalyzed by A. ferrooxidans. This suppression continued for the duration of the
experiments (25 days maximum). Analysis of the bacterial population on the pyrite
surface and in solution over the course of the experiments suggested that the pyrite
oxidation was dependent in large part on the fraction of bacteria bound to the pyrite
surface

3.1 Introduction
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It is well-known that several species of prokaryotes are able to catalyze the
oxidation of pyrite and play an important role in the development of Acid Mine
Drainage (AMD), a severe environmental problem. Acidithiobacillus ferrooxidans, for
example, utilize reduced Fe2+ in AMD environments as an electron donor for energy
production at low pH. 33-35, 191 Due to the importance of microbes in the chemistry of
such environments, a significant amount of research activity has been focused on
understanding the role of microbes in the oxidation of sulfur-bearing minerals such as
pyrite. 35, 114, 116
With regard to microbial-induced pyrite oxidation it is the general consensus that
these microorganisms exert their impact on pyrite dissolution to a large degree by
increasing the amount of available Fe3+ reactant [i.e., convert Fe2+ to Fe3+], which
increases the rate of pyrite oxidation. 34, 192, 193A goal of our research was to build on
this prior research and to extend our understanding of microbial-accelerated pyrite
oxidation to surfaces having adsorbed organic layers. With regard to this last point, the
inhibition of pyrite oxidation using lipid having two hydrophobic tails (per polar head)
has been studied as an AMD abatement strategy 99, 186, 194
The interaction of phospholipid vesicles and mineral surface has been extensively
studied. 194-204 However, the lipid-induced inhibition of pyrite oxidation in the presence
of microbes relevant to AMD has not been investigated. Toward this end, the
experiments reported here were designed to investigate the effect of A. ferrooxidans
microorganisms on pyrite oxidation in the presence and absence of adsorbed lipid
layer at a solution pH near 2. Our studies show that surface-bound lipid inhibits the
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oxidation of pyrite, even in the presence of bacteria. The lipid layers that suppress the
oxidation limit the colonization of the bacteria on the pyrite, compared to lipid-free
samples. This effect is observed throughout the duration of the experiment (about 25
days in all cases). Hence, in the presence of A. ferrooxidans the lipid coating remains
in tact for at least 25 days and probably much longer. Furthermore, our study supports
the notion that the rate of pyrite oxidation process is significantly controlled by the
bacteria that colonize the pyrite surface.

3.2 Experimental Section
3.2.1 Preparation of a.f./pyrite System
First, 0.1 gram of acid washed and autoclaved pyrite powder was deposited into a
50ml centrifuge test tube in sterile environment. The pyrite powder has a surface area
of 0.75m2/g measured by BET method. Second, Acidithiobacillus ferrooxidans was
harvested by double filtrations at the early stationery growth period. To be specific,
bacteria were first separated from large iron precipitates by first filtration using 5.0µm
filter membrane from Fisher Scientific Corp. The filtrate was then collected and
transferred into a 50ml sterile centrifuge test tube. Second, bacteria were filtered again
using a 0.2µm filter membrane and subsequently the membrane was transferred into
another 50ml sterile centrifuge test tube containing 10ml pH 2.0 sterile DI water. The
bacterial solution was then vortexed for 2 minutes to remove bacteria attached to the
filters. By vortexing. The amount of nutrients in this cell suspension (carried over
from the culture) was 1% of the original concentration. This low nutrient
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concentration was necessary to minimize the impact of aqueous phosphate on pyrite
oxidation.98 Nevertheless, the concentration of nutrients present was sufficient to
support growth of the bacteria in the presence of pyrite. 1ml aliquots were then
withdrawn from the bacterial solution for cell density determination. After the
determination of bacterial concentrations, bacteria with definite concentration were
added into a test tube containing pyrite powder and 1% bacterial growth media. The
total volume of the systems was adjusted to 30 ml by adding sterile pH 2.0 DI water
into the centrifuge test tube.
3.2.2 Preparation of bacteria/lipid/pyrite Systems
The preparation of pyrite with lipid system is very different from the systems
without lipid. In the current study, 0.1 g of acid washed pyrite was added to lipid
solution (20 ml). The lipid solution contained 7.5 mol of 23:2 Diyne PC lipid (Avanti
Polar Lipids). This particular concentration of lipid was chosen on the basis of prior
research in our laboratory, and it was sufficient to cover the majority of the pyrite
surface. 99After 1 hour of mixing, the pyrite slurry was allowed to settle and the
supernatant, which contained free lipid, was subsequently removed by decanting. The
remaining fraction of lipid-coated pyrite slurry was used in the experiments. The
preparation of a.f./lipid/pyrite system is similar to that of lipid/pyrite system. In short,
after the preparation of lipid/pyrite system, newly harvested bacteria with certain
concentration was added into the system and approximately 1% of bacterial growing
media was added to maintain basic growth of bacteria in the system. Finally, sterile
pH 2.0 DI water was added to increase the total volume to 30ml.
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3.2.3 Batch Experiments of Pyrite Oxidation
The experiment was performed on two separate dates (from here on referred to as
Experiment 1 and 2). The experimental conditions, treatments and analyses for both
experiments were identical with the exception of the starting bacterial densities (see
below). The treatments consisted of: 1) pyrite, 2) lipid-coated pyrite, 3) pyrite +
bacteria, 4) lipid-coated pyrite + bacteria. All the treatments were prepared, in
duplicate, in distilled water (pH 2.0) for a total volume of 50 ml. The treatments with
pyrite contained 0.1 g of pyrite. Approximately the same amount of pyrite was present
in the pyrite/lipid treatments (see preparation of lipid-coated pyrite slurry described
above). The final density of A. ferrooxidans in the treatments with bacteria was
approximately 3.3 ×107cells/ml for Experiment 1 and 1.7 × 107 cells/ml for
Experiment 2. Each treatment mixture was stirred continuously (using a teflon coated
stir bar) throughout the experiment, which lasted a maximum of 25 days. Aliquots (1
ml) were withdrawn every 2–3 days for cell count analysis and preserved in 3.7%
formaldehyde. In addition, 0.1ml aliquots were withdrawn to determine the iron
concentration in solution, which was used as a reaction progress variable. Total iron
solution concentration determinations (including ferrous and ferric iron) were
determined spectrophotometrically by using the ferrozine technique (UV method
8008). Since this technique is intrinsically sensitive to the concentration of ferrous,
ascorbic acid was added to the solution prior to analysis to reduce any ferric to ferrous.
All the sample aliquots for the ferrozine test were filtered through a 0.2

m

polycarbonate filter before analysis. Solution pH measurements were carried out with
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a PHM82 standard meter with a resolution of 0.01 pH units.
3.2.4 Bacterial Attachment to Pyrite Surface Using Epifluorescence Microscope
Enumeration of bacterial cell densities in solution and on pyrite powder were
performed by epifluorescence microscopy following staining with the fluorochrome
dye, acridine orange (AO)107. Briefly, preserved water samples were vacuum filtered
onto 0.2- m-pore-size blackened polycarbonate filters (Nuclepore) and the cells
collected on the filter were stained with AO at a final concentration of 0.01% for 3
min. The volume of sample filtered for cell counts was chosen such that the layer of
pyrite particles that accumulated on the filter would not obscure the bacteria. Cells
were observed and counted with a Zeiss standard microscope equipped for
epifluorescence microscopy. Filter sets used for AO fluorescence observations are as
follows: a BP450-490 exciter filter, and FT510 chromatic beam splitter, and an LP520
barrier filter. For each sample, the number of bacteria on 10 to 15 randomly chosen
fields distributed over the filter (or approximately 300 to 600 cells in total per filter)
was counted. To determine the number of cells bound to pyrite, 0.1 ml aliquots (initial
total volume was 50 ml) of the bacteria/pyrite solutions were collected on a 5 m
polycarbonate membrane filter (Millipore). The particles were subsequently washed
so that any bacteria in solution would pass through the filter. The density of cells on
the particulate material remaining on the filter was then determined using the staining
method described above.
3.2.5. Lipid Vesicles Binding to Pyrite Surface
Surfaces for AFM were prepared from pyrite cubes (Navajun, Spain) obtained
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from Ward's Natural Science. Growth surfaces were cut from the cube and were
subsequently polished. Prior to an experiment, the samples were exposed to pH 2
water (by HCl addition) to remove oxidized layers prior to exposing to lipid solution.
To prepare the lipid/pyrite samples the pyrite platelet was submerged into the lipid
solution in a vertical orientation (via a leading edge). The sample was then
immediately removed, washed with pH 2 water to remove any loosely bound lipid,
and then reintroduced to pH 2 water for imaging with a PicoSPM II (Molecular
Imaging) microscope. The probes used in all the AFM measurements [NSC15,
Masch] had a nominal spring constant of 40 N/m and a resonant frequency of 325
kHz.

3.3 Results and Discussion
3.3.1 Batch Experiment Results
Pyrite oxidation in the presence of iron-oxidizing bacteria is different from that in
the absence of bacteria species as shown in Figure 3.1. The amount of total Fe
oxidized in the systems during the experimental period can be used as the progress
variable for pyrite oxidation. This is appropriate because the amount of total iron will
not be limited by the iron oxide precipitation at the low pH conditions maintained in
these experiments. Total Fe concentration was measured using an UV-vis
spectroscopy at 562 nm wavelength. Fe3+ was reduced by ascorbic acid to Fe2+ in
order to measure the total Fe concentration. Figure 3.1 indicates the trends of pyrite
oxidation under all experimental conditions. There are at least three important
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observations that can be made. First, the rate of oxidation is the highest for
experiments in which pyrite without a lipid pretreatment is exposed to A. ferrooxidans.
Second, if the pyrite is exposed to lipid, prior to the exposure to the bacteria, there is a
significant decrease in the amount of pyrite oxidation. Specifically, over the last
10-day period (where the solution is supporting the steady growth of the bacteria; see
below) of the experiment, there is a >4-fold decrease in the oxidation rate when pyrite
has an adsorbed lipid layer. Third, while lipid suppresses the amount of
bacterial-induced pyrite oxidation, the rate of oxidation in the presence of microbes is
higher than in the absence of microbes. Hence, the presence of the lipid on the pyrite
surface does not entirely suppress the influence of the bacteria. For example, over the
last 10-day period, the amount of oxidation associated with the bacteria/lipid/pyrite
system was a factor of three higher than the rate of oxidation associated with the
abiotic lipid/pyrite system, and it was very similar (within experimental error) to the
rate of oxidation associated with untreated pyrite in pH 2 water (i.e., no bacteria or
lipid).
A summary of these oxidation results can be better interpreted by Table 3.1.
Table 3.1 was calculated from Figure 3.1. It is a much more straightforward method
for measuring the effects of lipid on the inhibition of pyrite oxidation. The oxidation
rate of 2.1 × 10-9 and 1.62 × 10-8 mol/m2-s at pH 2 for the abiotic and biotic situations
are in good agreement with our ultimate goals. Taking into account of longer time, the
amount of pyrite oxidation can be greatly suppressed in the presence of lipid coating,
obtaining approximately 81% suppression even in the presence of iron-oxidizing
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bacteria. This is tremendous considering the surprisingly high effects and simplicity
of the methods, and the low cost of this method.
3.3.2 Bacterial Attachment Experiment Results
Bacteria attached to pyrite surface were analyzed using epifluorescence
microscope as shown in Figure 3.2. Epifluorescence images of the bacterial/pyrite
samples illustrate these differences in bacterial attachment (Figure 3.2). Images 3.2a
and 3.2b compare the bacteria/pyrite and bacteria/lipid/pyrite samples, respectively, after
the samples were exposed to oxidizing conditions in solution for 10 days. The pyrite
particles are not visible with epifluorescence microscopy (because the fluorochrome
dyes used for staining cells specifically bind to protein and/or DNA only), and
bacteria that are attached to the pyrite are visible as microcolonies (cell aggregates).
This observation is common when visualizing surface-bound cells on organic or
inorganic particles by epifluorescence microscopy. Such microcolonies of
surface-bound bacteria were abundant in the pyrite/bacteria sample (Image 3.2a) but
not the pyrite/lipid/bacteria sample (Image 3.2b) (quantification of images to
determine cell densities was also performed and is presented below.) These images
suggest that the presence of the lipid impedes the interaction of the bacteria with the
pyrite surface. To support our contention that the bacteria are actually bound to the
pyrite particles, the samples were vigorously vortexed prior to imaging (see
Figure3.2c and 3.2d). After this treatment, the bacterial aggregates were still present,
suggesting a strong adhesion of the microbes to the pyrite surface. We argue that if a
bacterium simply settled on the pyrite surface during preparation (see methods) it
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Figure 3.1: The amount of oxidation, based on the solution concentration of Fe, for
the various pyrite systems. The initial cell density for the bacteria was 3.3 × 107
cells/ml. All the systems were initially at a pH of 2.0. A.F. denotes A. ferrooxidans.
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Table 1

Samples

Lipid

Oxidation

%

Amount

rate

Suppression

(10-8M s-1m-2)
a.f./pyrite

N/A

1.62

N/A

a.f./lipid/pyrite

7.5µmol

0.30

81

lipid/pyrite

7.5µmol

0.088

95

di/pyrite

N/A

0.21

N/A

Table 3.1: Summary of experimental observations for the amount of pyrite oxidation
in the presence of lipid and bacteria.

N/A denotes Not Applicable
*Rates are estimated from a linear regression analysis of the final 10 days of data in
Figure 3.1.
#Values are relative to A. ferrooxidans/pyrite rate.

91

Epifluorescent images (microbes appear as bright spots) of pyrite powder after various

Figure 3.2: Epifluorescent images (microbes appear as bright spots) of pyrite powder
after various reaction conditions. (a) Pyrite exposed to bacteria for 10 days; (b)
lipid/pyrite exposed to bacteria for 10 days; (c) a different pyrite sample exposed to
bacteria for 10 days and the (d) same sample after vortexing. These images suggest
that A. ferrooxidans colonize untreated pyrite surfaces and that the presence of lipids
inhibits this colonization. The scale bar for all the images is 10 m.
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would have been removed by the additional vortexing and washing.
3.3.3 Cell Viability Monitoring Results
It is also important to address the issue of the viability of the bacteria under our
experimental conditions. Our staining technique presumably counts both living and
dead cells, and hence, our cell densities should be taken as an upper limit. While we
cannot distinguish the viable from non-viable fraction of bacteria, we can assert that a
significant fraction of the bacteria fall in the former category, based on at least two
experimental observations; 1) the rate of pyrite oxidation is greatly enhanced by the
presence of bacteria (Table 3.1 and Figure 3.1) and 2) the surface and solution cell
community populations increase with time for the lipid-free circumstance (Figure 3.3
and 3.4,). Figure 3.3 shows the distribution of A. ferrooxidans density between the
surface bound and solution fraction as a function of time for the bacteria/lipid/pyrite
system. Independent data sets for the two experimental runs are shown, and aside
from differences in the initial cell densities at time-zero, the data from both
experiments reveal similar trends. After a slight decrease in bacterial density in the
bacteria/lipid/pyrite treatment over the initial 5 days (most evident in Figure 3.3b),
there is an increase in the solution concentration of bacteria and a decrease in the
surface-bound fraction (Figure 3.3a and 3.3b). We attribute the initial decrease of
bacteria in solution to the lack of substrate (the treatments were prepared in DI water)
required to support bacterial growth during the early stages of the experiment.
Presumably, there is residual uncoated (i.e., lipid-free) pyrite present and its
dissolution at the beginning of the experiment starts to provide nutrients for the
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Figure 3.3: Cell density plots for (a) bacteria bound to lipid/pyrite, (b) bacteria in
solution for lipid/pyrite as a function of time. Data is plotted for two independent
experiments, denoted by exp. 1 (left y-axis) and exp. 2 (right y-axis). Exp.1 and Exp.2
were performed on two separate dates (the two experiments from now on are
described as experiment 1 and experiment 2). All the experimental conditions such as
temperature, volume of solution, amount of media used, etc. were kept the same for
experiment 1 and experiment 2 except for the initial cell concentrations.
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(a) bacteriound to pyrite,
and (b) bacteria in the contacting solution

Figure 3.4: Cell density plots for (a) bacteria bound to pyrite, and (b) bacteria in the
contacting solution as a function of time. Data is plotted for two independent
experiments, denoted by exp.1 (left y-axis) and exp. 2 (right y-axis).
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bacteria so that a net growth can be achieved after the 5-day period. This experimental
observation also is the reason why Table 3.1 compiles oxidation rate data for the last
10-day period of each experiment. In contrast, the surface bound fraction of bacteria
shows an experimentally resolvable decrease between 5 and 20 days when lipid is
present. Figure 3.4a and 3.4b exhibit bacterial density measurements for the
bacteria/pyrite system (no lipid). Again two independent experimental data sets are
shown. While the solution density of bacteria in the pyrite and lipid/pyrite system is
similar [compare Figure 3.4b (Exp. 1) to Figure 3.3b (Exp. 1)], the bacterial density on
the surface of the lipid free pyrite after 20 days is more than a factor of 10 greater than
that of the lipid/pyrite system [compare Figure 4a (Exp. 1) to Figure 3.3a (Exp. 1)].
Additionally, the surface bound fraction in the lipid-free circumstance continues to
grow over the entire 25-day experiment, in contrast to the decrease associated with the
lipid-coated pyrite case. Perhaps, the most revealing experimental observations
concerned with the data presented in Figure 3.3 and 3.4 are as follows. First, the
solution concentration of bacteria in the bacteria/pyrite system after the 20-day period
is approximately 15% higher than in the bacteria/lipid/pyrite system (4.8 ×
107compared to 4.1 × 107 cells/ml, respectively). Second, after this same time period,
the attached cell density for the bacteria/ pyrite system is more than an order of
magnitude (20×) higher than for the bacteria/lipid/pyrite system (6.4 × 105 compared
to 2.3 × 104 cells/cm2, respectively). Furthermore, the attached cell density for the
lipid pyrite system actually decreases over the 20-day period (from 4.0 × 104 to 2.3 ×
104 cells/cm2), while the surface cell density for the lipid-free system underwent
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more than a three-fold increase (from 1.9 × 105 to 6.4 × 105 cells/ml).

3.3.4 Lipid Binding to Pyrite Results
The interaction between pyrite surface and 23:2 dyne lipid solution of
medium concentration was analyzed using Atomic Force Microscope (AFM) as
shown in Figure 3.5. Figure 3.5a is a 15 × 15 m scan and shows a rather "patchy"
lipid coverage on the surface, suggesting that at the conditions used in our
experiments, some of pyrite surface is left lipid-free. An analysis of the topography of
the features present in the image shows that the highest features extend ~20 nm above
the baseline in the image, but the majority of the lipid features exhibit height values in
the range of 7–16 nm (features as small as 4 nm are present). The baseline height in
this image, however, may be an underlying lipid layer or the pyrite surface. To address
this height issue, we present the image in Figure 4b that is associated with a different
part of the pyrite surface, that has a lower coverage of lipid, and allows the bare pyrite
surface to be identified with more certainty. The height of the lipid features associated
with this image range from about 4–20 nm, similar to the heights of the features
associated with the more concentrated lipid layer exhibited in Figure 3.5a. We can
zoom in the images to have a closer look at lipid structures as shown in Figure 3.5b.
Figure 3.5b showed different sizes of topographical features of lipid on pyrite surface.
The cross section analysis of the features showed that the highest features extend
20nm above the base line in the image, and more than 70% of the features have the
height values ranging from 7-15nm. The observation of some small particles such as
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Figure 3.5: AFM images of lipid covered pyrite in two different regions of surface. (a)
A 15 × 15 micron scan showing a region with a heterogeneous, but relatively high
lipid coverage. (b) A 4 × 4 micron scan of a region of the pyrite that had a lower lipid
coverage. Certain features are labeled to emphasize the variation of lipid island
heights. Features 1, 2, 3, 4, and 5 have heights of 4, 7, 10, 15, and 20 nm,
respectively.

98

4nm could be attributed to the monolayer structure of lipid or some pyrite surface
features.
3.4 Discussions
Bacterial attachment to pyrite substrates such as pyrite powder and pyrite
platelets has been analyzed by researchers over decades.

205-218

And the effect of

iron-oxidizing bacteria on the acceleration of pyrite oxidation rate is very important. 35,
128, 208

It is generally accepted that the overall composite reaction for pyrite oxidation

leads to the production of ferrous iron and sulfuric acid. Since the oxidation of ferrous
iron to ferric iron by molecular oxygen is very slow under abiotic conditions, the
concentration of ferric iron is very low. Thus the overall rate limiting step is
controlled by the amount of ferrous iron which is very low under pH 2.0 conditions.
Therefore, we believe that the iron-oxidizing bacterium, Acidithiobacillus
ferrooxidans catalyzes the oxidation of ferrous iron to ferric iron, greatly increasing
the oxidation rate.
Both Figure 3.3 and 3.4 showed increases in solution cell concentrations for both
systems. Since, the solution concentration of bacteria is within about 15% for both
these systems, it is difficult to attribute the difference in oxidation rate entirely to
differences in the concentration of this fraction of bacteria. Instead, we argue that the
difference in oxidation rate between the bacteria/lipid/pyrite and bacteria/pyrite
systems must be largely due to differences in the concentrations of surface colonized
bacteria for the two systems. Only the lipid-free pyrite shows a significant increase in
the surface-bound fraction of bacteria, in contrast to the decreasing concentration of
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surface-bound bacteria on lipid/pyrite over the course of the experiment. Prior studies
have in general shown the indirect mechanism to dominate, 192, 193but during the early
stages of the pyrite oxidation process the relative contribution of the direct mechanism
can be significant.

219

We suspect that the growth rates of the surface attached and

solution phase bacteria achieved in our study (which are non-exponential growth rates)
are consistent with an early stage of the oxidation process, where bacterial growth in
solution is limited by the availability of aqueous Fe2+ (resulting from the dissolution
of the mineral surface). In general, the importance of the surface-bound bacterial
fraction for pyrite oxidation is well appreciated by prior research. It has already been
shown in prior research, for example, that bacteria attached to the pyrite surface has
significant effects on the oxidation process, due in part to the microbe's influence on
the evolution of the mineral surface and contacting solution
Lipid is a good compound used to analyze the role of iron oxidizing bacteria in
pyrite oxidation because of its effects on the suppression of pyrite oxidation under
abiotic conditions and its ability to interact with pyrite mineral surface.

220, 221

In an

effort to better characterize the structure of the lipid layer on pyrite, we carried out
AFM experiments in the absence of bacteria that investigated the adsorption of the
lipid on pyrite platelets. In contrast to the pyrite powder, the mechanism by which the
lipid suppresses the pyrite oxidation reaction appears to be connected to the formation
of a surface coating with a hydrophobic pocket. The AFM analysis of this coating
shows a relatively thin coating ranging from 7 to 16 nm, within the experimental error
of our measurement. Prior results in our laboratory suggested that another
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phosphocholine lipid, L- -Phosphatidylcholine, Hydrogenated (Egg, Chicken),
assembles into a bilayer structure on the pyrite surface. Such a structure would consist
of a phosphate group in a phosphocholine headgroup binding to the mineral, and a
second phosphate group extending into the aqueous phase, leaving an hydrophobic
interior. This prior model was first deduced from vibrational studies of the
lipid/mineral interaction,

194

but more recent atomic force microscopy (AFM) results

lend support to this model. 220In particular, imaging of the lipid/pyrite (platelet sample)
surface at similar conditions to those used in the prior study (i.e.,pyrite surface area to
lipid concentration ratio) find that the layer height of the lipid is consistent with what
would be expected for a bilayer, although these structures occupy the surface along
with thicker or mulitilayer structures. 220Our imaging results of the 23:2 Diyne lipid in
the present study are consistent the presence of bilayer structures. The chain length of
the particular lipid used in this study is approximately 3.5 nm. Hence, a bilayer might
of been expected to be about 7 nm, or two stacked bilayers would be ~14 nm, similar
to some of our experimentally determined heights. Certainly, a more detailed study of
the surface is needed to make any conclusive arguments concerning the existence of a
bilayer structure. Perhaps, more importantly, we infer from our AFM results that the
pyrite powder used in our study would likewise be covered by a lipid coating under
similar conditions. We further argue that this coating both limits the amount of
microbial adhesion and the reaction of oxidants, such as Fe3+, and water with the
mineral surface. Finally, the results from the present study also show that the 23:2
Diyne PC structure is stable in the presence of A. ferrooxidans under our experimental

101

conditions for at least a period of 25 days.
The lack of non-exponential growth (Figure 3.3, 3.4) which is typically observed
for bacteria growing in pure media solution might be due to the lack of growing
media and limited pyrite surface for colonization. 215This argumentation can also be
served to explain the decrease in bacterial density during the initial 5 days from
Figure 3.3b and Figure 3.4b.

3.5 Summary
The amount of pyrite oxidation in the presence of bacteria and with an adsorbed
phosphocholine layer has been investigated. The presence of A. ferrooxidans greatly
increases the amount of pyrite oxidation relative to the bacteria-free system.
Pretreatment of pyrite with the phosphocholine lipid reduces its oxidation rate
compared to untreated pyrite. By measuring the density of surface bound and solution
bacteria it was determined that under our experimental conditions the amount of
pyrite oxidation is more a function of the surface-colonized bacteria concentration
than the solution bacterial fraction. Our results also show that the lipid oxidation
barrier layers are stable in the presence of A. ferrooxidans for at least 25 days under
our experimental conditions. A separate study will be conducted to evaluate the fate of
the surface-bound lipids in the presence of heterotrophic bacteria.
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CHAPTER 4
BIOTIC PYRITE OIDATION INHIBITION IN THE PRESENCE OF
MIXTURE OF BACTERIAL SPECIES

Pyrite oxidation occurring in solutions containing the iron oxidizing autotrophic
bacteria, Acidithiobacillus ferrooxidans (A. ferrooxidans), and/or the heterotrophic
bacteria, Acidiphilium acidophilum (A. acidophilum), has been investigated.

Under

the conditions used, the amount of pyrite oxidized in the presence of both species was
similar to the amount oxidized in the presence of A. ferrooxidans alone over a period
of

30

days.

Pretreatment

of

pyrite

with

the

phospholipid,

1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (23:2 Diyne PC), to form
an adsorbed organic layer reduced the amount of pyrite oxidation in the absence of
bacteria and in the presence of A. ferrooxidans.

The addition of lipid to pyrite prior

to its exposure to a mixed A. ferrooxidans/ A. acidophilum solution also showed initial
oxidation suppression.

However, after 4-5 days the effectiveness of the lipid in

suppressing pyrite oxidation was lost and oxidation of the mineral proceeded at a rate
that was similar to lipid-free pyrite in the presence of both microbial populations.

If,

however, lipid/pyrite was pretreated with UV radiation to induce cross-linking of the
lipid tails (via polymerization of diacetylene groups in the tails), the lipid layer
showed a strong suppression of pyrite oxidation for up to at least 30 days in the
presence of both microbial populations.

It was also shown with in situ atomic force

microscopy (AFM) that the introduction of lipid to pyrite with colonized A.
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ferrooxidans led to the displacement of the surface bound bacteria.

This lipid

induced displacement was confirmed by ex situ attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR).

4.1 Introduction
Pyrite, FeS2, is the most abundant sulfide component of coal and coal mining
waste.

Within coal mining regions, oxidation of the mineral, which is facilitated by

the presence of microbes, leads to the environmental phenomenon known as acid
mine drainage (AMD), that destroys ecosystems primarily through a sulfuric acid
laden runoff

22, 222, 223

.

With an eye toward understanding the chemistry associated

with AMD, there has been a significant effort focused on studying the mechanistic
details of pyrite oxidation under abiotic and biotic conditions 51, 99, 100, 210, 224-227.
Prior investigations of pyrite oxidation have led to a relatively detailed
understanding of the molecular controls associated with the oxidation of this mineral
228, 229

. In the abiotic or biotic circumstance, it is generally accepted that the

interaction of aqueous Fe(III) with the pyrite surface or the presence of
Fe(III)-bearing oxides on the pyrite surface plays a key role in the oxidation process 13,
55, 230

.

In the former circumstance aqueous Fe(III) acts as a strong oxidant of the

pyrite surface and in the latter circumstance surface bound Fe(III) bearing oxide
products can act as an electron conduit for the flow of electrons from pyrite to the
terminal electron acceptor

[e.g., dissolved O2 or Fe(III)]. With regard to pyrite

oxidation under biotic conditions, it has long been recognized that a major role of
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microbes, such as the iron-oxidizing Acidithiobacillus ferrooxidans (A. ferrooxidans)
species, is to efficiently convert aqueous Fe(II) to

Fe(III).

With an eye toward methods to reduce the oxidation of pyrite in the environment,
prior research

99, 227, 231, 232

has shown in the laboratory-based environment that

phospholipid adsorption suppresses the oxidation of the mineral.
occurs not only in the abiotic environment
ferrooxidans
(for

227

up

.

This suppression

99, 232

, but also in the presence of A.

Specifically, on the basis of pyrite oxidation rate measurements
to

25

days)

adsorbed

[1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine

(23:2

phospholipid,
Diyne

PC)],

suppressed the oxidation of the mineral by a factor of 4 in the presence of
ferrooxidans compared to the A. ferrooxidans/pyrite system without phospholipid
It was proposed in this prior work

227

A.
227

.

that the oxidation suppression was due to the

assembly of the phospholipid into a bilayer structure.

Binding of the bilayer was

proposed to occur preferentially on the Fe(III) bearing oxide patches that are
intimately involved with the oxidation of the mineral

232

. The presence of the bilayer

on these patches was proposed to decrease the interaction of these active sites on the
mineral surface with aqueous oxidants such as dissolved oxygen and Fe(III), and A.
ferrooxidans.
Results presented in the current contribution extend this earlier work by
investigating pyrite oxidation in the presence of the heterotrophic microbial species,
Acidiphilium acidophilum (A. acidophilum), that exist in the AMD environment.
The motivations for this study are twofold.
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First, while phospholipid layers show

stability in the presence of the autotrophic species, A. ferrooxidans, it is unknown
whether heterotrophic, species such as A. acidophilum, which oxidize organic matter,
would lead to a disruption of the lipid layer.
that the exposure of

Second, prior research

231

suggested

23:2 Diyne PC adsorbed on pyrite to UV radiation led to a

significant reduction in the abiotic oxidation of the mineral relative to 23:2 Diyne PC
coated pyrite that did not receive the UV pretreatment.

It was proposed that the UV

pretreatment resulted in the cross linking of neighboring lipid molecules through the
diacetylene groups in each of the lipid tails (2 tails per polar head group). This
polymerization reaction led to a more impermeable lipid layer, resulting in an
additional suppression in the oxidation of the underlying mineral surface.

Results

are shown in this contribution that investigate the effect of this UV pretreatment on
the 23:2 Diyne PC/pyrite system in the presence of
acidophilum.

A. ferrooxidans and A.

Finally, we present results from atomic force microscopy (AFM),

epifluorescence microscopy, and attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) that shed light on the effect of 23:2 Diyne PC adsorption
on the binding of A. ferrooxidans and A. acidophilum on pyrite.
The accuracy and reproducibility of Tapping mode AFM make it possible to
obtain detailed heights and morphological profiles of bacteria,

233-244

lipid layers, and

EPS components from bacteria. 241AFM images of iron-oxidizing bacteria attached to
substrates such as hematite, mica, and glass have been obtained.

240, 245, 246

However,

little is known about bacterial attachment specificity, attachment stability, and
interaction of bacteria with lipid for lipid/a.f./pyrite and a.f./pyrite systems. Although
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bacterial surface hydrophobicity, surface charges, ionic strength, etc. were believed to
play significant roles in bacterial attachment to mineral surfaces, 247-257direct chemical
bonding between pyrite and bacteria may also contribute to the attachment.
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) has
been used for bacterial identification in solution and bacteria attached to iron oxide.
258-270

And the penetration depth dp (around 1.0µm) is ideal for interface analysis of

pyrite-bacteria system.

263

We present results from atomic force microscopy (AFM),

epifluorescence microscopy, and attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) that shed light on the effect of 23:2 Diyne PC adsorption
on the binding of A. ferrooxidans and A. acidophilum on pyrite.

4.2 Experimental Section
4.2.1 Preparation of bacteria/pyrite Systems for AFM Imaging
Pyrite crystals were purchased from Wards Natural Science (Rochester, NY).
Pyrite platelets used for AFM experiments were cut from pyrite cubes.

The

dimensions of these pyrite samples typically were ∼1.2 x 1.2 x 0.1 cm (width x length
x thickness). Pyrite powder was used for both the batch and ATR-FTIR experiments
presented in this contribution.

The BET surface area of this powder was 0.75 m2/g.

Prior to use, both the pyrite plates and powder were acid washed with 1.0 M
deoxygenated HCl solution in a nitrogen environment for 3-5 minutes.

The samples

were subsequently rinsed with deoxygenated DI water and dried under a flow of dry
nitrogen. Finally, the cubes were deposited into sterile centrifuge test tubes containing
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30ml bacterial solutions of various cell densities and certain amount of bacterial
growing media. The 23:3 Diyne PC phospholipid was added later on to make
lipid/bacteria/pyrite systems for AFM imaging. It is also important to mention that
different bacterial species were added individually or together to make the
bacteria/pyrite systems, but the amounts of different bacterial media were controlled
for control experiments.
4.2.2. Preparation of Samples for ATR-FTIR Experiments
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
was performed using a Nicolet 6700 spectrometer with a DTGS detector and Thermo
Electron Smart OrbitTM single-bounce diamond ATR accessory.

In general, spectra

were collected with a 4 cm-1 resolution.
Tapping mode AFM images were obtained using both a Nanoscope
IIIa-MultiMode atomic force microscope (Digital Instruments, Santa Barbara, CA)
equipped with a “J” (120 µm) scanner and a PicoSPM II (Molecular Imaging)
microscope equipped with a 100 µm multipurpose scanner. The probes used in all the
AFM measurements [NSC14,

Masch] had a 125µm cantilever, a nominal force

constant of 5 N/m, and a resonant frequency of 160 kHz. Scan rates ranged from 1-3
Hz with 512 sampling points per scan line. AFM tips were replaced frequently to
minimize the possibility of tip-induced experimental artifacts in the images

271, 272

.

The Nanoscope IIIa-MultiMode atomic force microscope was used to obtain images
for pyrite/DDI (distilled deionized) control and pyrite/bacteria experiments. PicoSPM
II microscope was used for all other experiments.
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4.2.3. Epifluorescence Microscopy Study Preparation
Cell densities quoted in this contribution were derived from epifluorescence
microscopy.
publication

While details of the method used in our laboratory are given in a prior
227

, we mention here that water samples were vacuum filtered onto

0.2-µm-pore-size blackened polycarbonate filters (Nuclepore).
stained with the fluorochrome acridine orange (AO)
0.01% for 3 min.

106, 107

Collected cells were

at a final concentration of

A Zeiss standard microscope equipped for epifluorescence

microscopy was used to count the cells.

Similar to our earlier work, 10-15 fields,

which were randomly distributed over the filter, were counted.
4.2.4 Batch Experiments in the Presence of Autotrophic and Heterotrophic Bacterial
Species.
The concentration of aqueous iron resulting from pyrite oxidation was
determined by using the ferrozine technique, that is based on the 562 nm- absorption
associated with the ferrozine-Fe(II) complex.

Ascorbic acid was added to all

samples prior to analysis to reduce any Fe(III) to Fe(II)

144

. A Perkin-Elmer

UV-Visible spectrometer was used to carry out these measurements.

Error bars

presented in the aqueous iron versus time plots in this contribution were calculated on
the basis of multiple trials of duplicate samples.
Lipid treated pyrite was prepared by placing the mineral in the phospholipid
solution (see above) for up to 30 minutes.

The supernatant was decanted off and the

pyrite powder was dried under a nitrogen stream.

These lipid/pyrite samples were

then used under the various experimental conditions presented in this contribution.
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Further details of the solutions (cell densities, total volumes etc.) are given in the
figure captions.

Some lipid/pyrite samples were pretreated with UV radiation.

This particular preparation was carried out by exposing lipid/pyrite in pH 2 water to
UV radiation from a 900W Xe lamp for 3 hours.

After irradiation the supernatant

was decanted off and the UV treated lipid/pyrite was added to the appropriate
solution.

4.3 Results and Discussions
4.3.1 Studies of A.ferrooxidans Attachment to Pyrite Using AFM
In an attempt to analyze bacterial attachment to pyrite surface under pH 2.0
condition, we conducted bacterial attachment experiments using A. ferrooxidans as
described in Figure 4.1. Figure 4.1 described A. ferooxidans attachment to the same
pyrite surface over a 40 day period. The pyrite cube was first incubated inside the
bacterial solution containing 1ml solution A and 29ml pH 2.0 sterile DI water ( initial
cell density is 2.1x106 cells/ml). Figure 4.1a showed the existence of many rod-like or
round shaped bacteria attached to pyrite surface on the 6th day of incubation. Images
obtained from control experiments which contained only pyrite, 1ml solution A and
29ml pH 2.0 sterile water showed that no bacteria like features were observed on
pyrite surface. Therefore, we believe that these 40-60nm features shown in Figure
4.1a were virtually all bacteria. Control experiments performed under the same
conditions but imaged 3 days after the addition of A. ferrooxidans bacteria to pyrite
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A

a

6days

B

b

15days
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C

c

40days

Figure4.1: Bacterial attachment to pyrite at different times. Scale bar for 2a is 2.5µm,
for 2b is 4µm and for 2c is 2µm. Initial bacterial density is 2.1x106cells /ml.
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solution showed that only few surface features (10-20nm) were observed and the
images looked very similar to those of plain pyrite surfaces. After 15 days, we
observed an increase in average height of surface features as shown in Figure 4.1b.
Even though the average height of surface features increased to 90nm after 15 days,
the total number of the features did not change significantly. Cell attachment
orientation still exhibited similar patterns. After 40 day’s incubation, the average
bacterial height increased to 200nm. Also, we did not observe obvious increases or
decreases of bacterial density on the surface. Figure 4.1 was chosen from multiple
bacterial images and is representative of all images obtained.
AFM experiments were also carried out to prove the hypothesis that the addition
of phospholipid displaced A. ferrooxidans from the pyrite surface. We point out that
we attempted to carry out similar AFM experiments for A. acidophilum, but in this
circumstance the AFM images were difficult to interpret due to the presence of
extrapolymeric substances (EPS).

The presence of EPS Fig. 4.2 exhibits a series of

AFM micrographs that show a bacteria laden pyrite surface before and after the
introduction of phospholipid.

Image “a” was acquired from a pyrite sample that had

been exposed to A. ferrooxidans for 4 days. The image shows the presence of
features with heights ranging from 200 to 600 nm that we contend are bacteria bound
to the pyrite surface (enclosed by white ovals and squares).

We also make a

distinction to the type of bacterial binding and suggest that the higher features are
associated with bacterial microcolonies (enclosed by white ovals on Fig. 4.2) on the
pyrite.

The remaining features with heights near 200 nm are proposed to be
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associated with individual bacteria (enclosed by white squares). We emphasize that
repeated scanning of this area with AFM resulted in no noticeable change in the
bacterial surface population or surface morphology.
Successive images taken after the addition of lipids to the bacteria-covered
pyrite provide evidence for a preferential loss of colonies. Image “b” shows that a
fraction of the bacteria was removed from the surface (e.g., compare area 1 enclosed
by the oval ring in 4.2a and 4.2b). We note that a phospholipid concentration was used
that was a factor of 4 less than that used in prior studies, due to the difficulty of in situ
imaging in solutions with high phospholipid contributions. We attribute the change in
the micrograph to the rapid phospholipid-induced displacement of bacteria attached to
pyrite.

Analysis of image “c” shows a further loss of bacteria from area 1 and that

there is a loss of bacteria that initially were located in area 2.

For the rather short

times used in our in situ experiments (1 h exposure), we observe little displacement of
individually bound bacteria (see area 3, white squares) from the pyrite surface.

The

experiments presented here suggest that the majority of the bacteria that are displaced
from the surface were initially bound in microcolonies.

Image “d” was obtained 1 h

after image c and is essentially the same as the image acquired 0.5 h after
phospholipid introduction (image “c”).

We mention that no changes in the images

were noticeable when repeated scans were carried out with and without phospholipid
in solution. Hence, our interpretation of these AFM images is that the introduction of
phospholipid resulted in the loss of a fraction of the surface-bound bacteria, and this
conclusion is consistent with our ex situ ATR-FTIR measurements presented above.
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B

C

D
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Figure 4.2: In situ AFM images of a pyrite platelet (a) after a 4 day exposure to a

A.

ferrooxidans (2x107/ml) containing solution, (b) 10 minutes after the introduction of
0.1 mM phospholipid, (c) 30 min of phospholipid exposure, and (d) after 1 h.

The

solution flow rate through the AFM cell was 0.2 ml/min. The images suggest that
microcolonies (enclosed in white rectangles) were displaced upon phospholipid
addition, while individually bound bacteria (enclosed by squares) show little if any
displacement.

Control experiments showed that repeated AFM scanning in the

absence of phospholipid led to no changes in the A. ferrooxidans surface population.
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We also conducted ex situ AFM experiments that investigated pyrite surfaces that
were exposed to A. ferrooxidans for up to 40 days and then exposed to phospholipid
for 42 h.

Fig. 4.3 presents representative images for pyrite surfaces that were

exposed to A. ferrooxidans for 8 (image “a”) and 40 days (image “b”), respectively.
Both the 8 and 40 day image show topographical features ranging from 200 to 600 nm
that are attributed to bacteria directly bound to the pyrite surface (200 nm features)
and bacteria bound in microcolonies where bacteria can be indirectly bound to pyrite
via lower lying bacteria (600 nm features).

Image 4.3b is representative of a pyrite

surface after a 40 day A. ferrooxidans/pyrite surface was exposed to phospholipid for
2 days.

A cross sectional analysis of the topography associated with the image

shows a predominance of features that range from 5 to 7 nm, which we associate with
the presence of phospholipid, consistent with prior measurements in our laboratory for
phospholipid layers on pyrite

220

.

Also, present in the image are features with

heights of 200 nm that we associate with surface bound A.ferrooxidans.

The

population of bacteria on this surface is significantly less than on the surfaces prior to
phospholipid addition.

This ex situ result, which suggests that A. ferrooxidans is

displaced from pyrite by phospholipid, is in general agreement with the in situ AFM
experimental results.
4.3.2 The Interfacial Analysis of A. ferrooxidans and Pyrite Using ATR-FTIR
We conducted ex situ FTIR experiments to investigate the effect of lipid addition
on the surface population of A. ferrooxidans on pyrite.

Fig. 4.4 shows data

associated with pyrite that has been exposed to A. ferrooxidans for 24 h., with a 0.5
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a

b

Figure 4.3: The displacement of bacteria attached to pyrite by introducing of
phospholipid after 40 days. (a) represents the AFM image obtained from
bacteria/pyrite system after 8 days incubation, (b) represents the AFM image obtained
32 days after addition of lipid to the bacteria/pyrite system.
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and 24 h. subsequent exposure to phospholipid, and data for pyrite that had been only
exposed to A. ferrooxidans for 24 h. (e.g., lipid is absent).
the spectra in terms of two spectral regions.

It is convenient to analyze

We use the first region of the spectrum

between 1400 and 1800 cm-1 as an indicator for the surface-bound fraction of bacteria.
There are two significant spectral features in this region near 1650 cm-1 and 1550 cm-1,
that based on prior studies can be associated with the bacterial species

273

.

Specifically, the features at 1650 and 1550 cm-1 are assigned to primarily the C-O
stretch (referred to as the amide I band) and

C-N stretch/N-H bend (amide II band),

respectively 274, 275 associated with the bacteria.

We mention that while the 800-1400

cm-1 range also contains modes associated with bacteria (spectrum d)

276

, they are

convoluted with pyrite oxidation product (e.g., sulfur oxyanions) and phospholipid
modes 194.

Hence, we will restrict our attention to the 1400-1650 cm-1 window when

analyzing surface bound bacteria.
Analysis of the FTIR data suggests that upon addition of phospholipid to pyrite
that had been exposed to bacteria for 24 h, there is a reduction in the amount of
surface bound bacteria.

Specifically, there is a reduction of the amide I and II mode

intensity in spectrum “b” compared to spectrum “a”.

This reduction in bacteria

concentration occurs within 0.5 h of phospholipid addition.

After exposure of

bacteria/pyrite to phospholipid for 24 h (spectrum “c”) a small increase in the amide I
mode occurred, but the mode is still ∼0.5 times the intensity of the bacteria/pyrite
sample

prior

to

the

addition

of

the

phospholipid.

The

24

h

phospholipid/bacteria/pyrite spectrum also shows the presence of a band at 1730 cm-1,
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which is assigned to the C-O stretch of the ester linkage in the phospholipid.
Interestingly, the reduction in the bacteria surface-bound population occurs before an
appreciable amount of phospholipid adsorbs on the pyrite surface (compare spectrum
b to spectrum c).

A possible reason for this experimental observation will be

elaborated on later.
Representative data for control experiments (no lipid) are associated with
spectrum “e” and “f”. Exposure time of pyrite to bacteria associated with spectra
“e” and “f” are similar to spectra “a” and “c”. We believe that the most important
conclusion to be drawn from these data is that the surface-bound fraction of bacteria
increases over the time frame of 24 h in the absence of phospholipid.
We feel that it is relevant to introduce one more experimental observation
concerning the ATR-FTIR data (Figure 4.4).

Prior studies that have investigated

bacteria on mineral surfaces have shown that on iron oxides, the binding of
gram-negative bacteria (having a phospholipid outer membranes) results in a mode
near 1020 cm-1.

Since this mode was not apparent for pure bacteria, the conclusion

drawn was that it was associated with the binding of the bacteria phosphate functional
group with the mineral surface (i.e., P-O-Fe stretch)

276, 277

. A similar conclusion can

be drawn from our ATR-FTIR data by comparing spectrum “a” or “f” to spectrum “d”
(Figure 4.4) for the pure bacteria. Interestingly, this contribution decreases upon lipid
addition (compare spectrum “a” to “b”), but increases in intensity as the added
phospholipid builds up on the pyrite surface.

This latter observation, is likely due to

the phosphate group of the added phospholipid (not associated with bacteria) binding
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to the pyrite surface through the iron site, a notion that has been proposed in prior
work 194.
ATR-FTIR experiments were also carried out to investigate the effects of
phospholipid on pyrite pre-exposed to A. acidophilum.
circumstance is shown in Fig.4 .5.

Ex situ FTIR data for this

Spectra “a” and “b” are associated with pyrite

that had been exposed to A. acidophilum for 15 h and 9 days, respectively. The
subsequent addition of phospholipid to A. acidophilum /pyrite for 2 days (spectrum
“c”) led to no decrease in the amide I and II bands at 1650 and 1550cm-1, respectively.
While the experimental conditions are somewhat different from those used to obtain
the data for A. ferrooxidans/pyrite, we do believe that the data in Fig. 4.5 shows that,
unlike A. ferrooxidans on pyrite, the surface population of A. acidophilum. on pyrite is
unaffected by the addition of phospholipid. All the modes mentioned is listed in Table
4.1.
4.3.3. The Interaction Study between Lipid and Bacterial Species Using
Epifluorescence Microscope Experiment Results
Moreover, using epifluorescence microscopy we investigated the effect of
phospholipid on solution phase A. ferrooxidans. Fig. 6a shows a micrograph of a
sample of A. ferrooxidans taken from the growth solution.

The image suggests that

the rod-shaped A. ferrooxidans species exists as both an isolate and aggregate in the
growth solution.

Fig. 6b is representative of the case where phospholipid is added to

a sample of A. ferrooxidans from the growth solution.

In this case the aggregates of

A. ferrooxidans that predominated in Fig. 6a are not present when phospholipid is

121

present.

This experimental observation strongly suggests that the presence of

phospholipid impedes the attractive interactions between bacteria that facilitate
aggregation in solution.

We suspect that a similar effect is responsible for the

phospholipid-induced displacement of A. ferrooxidans from microcolonies on pyrite.
4.3.4 Batch Experiment Results
Fig. 4.7 plots aqueous iron concentration as a function of time for pyrite alone,
and for pyrite that was exposed individually and collectively to A. ferrooxidans and A.
acidophilum at an initial solution pH of 2.

A. ferrooxidans/pyrite and the mixed

microbial system A. ferrooxidans/A. acidophilum/pyrite showed the greatest amount
of iron oxidation over a period of thirty days.

Specifically, the concentration of

aqueous iron resulting from pyrite oxidation was more than 4 times greater after 30
days in the sample solution containing both A. ferrooxidans and A. acidophilum than
in a solution containing pyrite in the absence of bacteria. Calculations of rates of
aqueous iron production estimated from a linear regression of the Figure 4.7 and
Figure 4.8 yield a rate of 1.1x10-8 and 3.1x10-9 M s-1m-2 for the A. ferrooxidans/A.
acidophilum/pyrite and pyrite sample respectively as shown in Table 4.2. We also
infer from the data that within our experimental resolution the amount of pyrite
oxidation is similar after 30 days whether the mineral is exposed to a mixture of A.
ferrooxidans and A. acidophilum or individually to A. ferrooxidans.

Similar

calculations for the rates of aqueous iron production yield a rate of 9.2 x10-9 M s-1m-2
for the A. ferrooxidans/pyrite sample and 2.8x10 -9 M s -1 m -2 for the A.
acidophilum/pyrite sample over 25 days (Table 4.2).
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These results so far taken as a
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Figure 4.4: ATR-FTIR data associated with pyrite that was (a) exposed to A.
ferrooxidans for 24 h, (b) then exposed to 0.2mM phospholipid for 0.5 h, and (c) after
24 h of phospholipid exposure.

A reduction of the surface population of bacteria is

observed immediately after phospholipid addition.

Spectrum (d) was obtained from

pure bacteria (no pyrite or phospholipid) and is included for comparison.

Also

included are ATR-FTIR data for lipid-free systems; (e) pyrite that was exposed to
bacteria for 12 h, and (f) after a 24 h exposure to bacteria.

In contrast to the

phospholipid circumstance, an increase in the concentration of bacteria is observed on
pyrite after 24 h, when phospholipid is not present. The initial concentration of A.
ferrooxidans was 2.30 x108 /ml. Samples (50µl) for ATR-FTIR experiments were
withdrawn from the particular system of interest and immediately analyzed. In the
spectra, A. ferrooxidans is written as A.F. for convenience.
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Figure 4.5: ATR-FTIR data associated with pyrite that was (a) exposed to A.
acidophilum for 15 h, (b) exposed to A. acidophilum for 9 days, and (c) after 2 days
phospholipid exposure. Spectrum (d) was obtained from pure bacteria. The initial cell
concentration for A. acidophilum was approximately 1x109 /ml. Samples (50µl) for
ATR-FTIR experiments were withdrawn from the particular system of interest and
immediately analyzed.
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Table 4.1: Assignment of the main bands of IR spectra mentioned in this chapter
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aA

b

b

c
f efd
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Figure 4.6: Epifluorescence microscopy images of (a) A. ferrooxidans cultured in
growth media and (b) A. ferrooxidans grown in growth media that were exposed to
phospholipid. The total initial cell density was 7.49x108 cells/ml in each experiment.
Micrograph “b” was obtained by adding 5 mM phospholipid to a
(containing A. ferrooxidans).
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30 ml cell solution

whole suggest that the iron oxidizing A. ferrooxidans species has a more significant
effect on pyrite oxidation than does the A. acidophilum species. We also add that the
cell densities associated with the different samples after 30 days were determined with
epifluorescence microscopy.

In all cases the total solution population of bacteria

was 60-80% greater than the initial cell densities (which are presented in the Figure
captions).
We point out that we also carried out a selected set of sulfate measurements as a
function of time (not shown) using ion chromatography (Dionex, Model no. ICS-1000)
as the analytical technique.

Sulfate production rates based on these measurements

were 2.5x10-8 and 9.2x10-9 M s-1m-2 for the A. ferrooxidans/A. acidophilum/pyrite and
pyrite respectively. Hence, whether aqueous iron or sulfate is used as the pyrite
oxidation progress variable there is approximately a factor of three increase in
oxidation rate when pyrite is exposed to A. ferrooxidans and A. acidophilum.
Fig. 4.8 presents aqueous iron versus time data for a second type of experiment
that investigated the batch oxidation kinetics of mixed microbial solutions containing
both A. acidophilum and A. ferrooxidans on pyrite that was pre-exposed to
phosphocholine lipid (with and without UV treatment).

These data show that after 4

days the amount of aqueous iron is 2 times less in the A. ferrooxidans/ A.
acidophilum/lipid/pyrite solution than in the lipid-free A. ferrooxidans/A.
acidophilum/pyrite sample solution.

However, after 5 days there is an increasing

rate of aqueous iron production in this system and after 15 days A. ferrooxidans/ A.
acidophilum/lipid/pyrite has generated a similar amount of
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Figure 4.7: Concentration of aqueous iron resulting from the oxidation of pyrite under
several experimental conditions that included the individual exposure to A.
ferrooxidans and A. acidophilum, and to a mixed A. ferrooxidans/A. acidophilum
community.

Initial cell densities were (•) 8.8x109cells/ml (A. acidophilum), ( )

8.3x107/ml (A. ferrooxidans), ( ) 7.8x107/ml and 7.2x109/ml (A. ferrooxidans and A.
acidophilum, respectively).

The initial amount of pyrite was 0.1 g in a total volume

of 30 ml at an initial pH of 2.
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lipid-free A. ferrooxidans/ A. Acidohilum/pyrite.

In the 15-30 day time period the

behavior of the lipid-free and lipid-present pyrite systems behave similarly in the
presence of A. ferrooxidans and A. acidophilum based on a comparison of their
aqueous iron production rates. This increase in the aqueous iron production rate for A.
ferrooxidans/ A. acidophilum/lipid/pyrite after 5 days will be discussed later.
Prior research

194

has shown that the irradiation of the 23:2 Diyne PC lipid on

pyrite leads to a decrease in the oxidation rate (under abiotic conditions) of the
underlying mineral, relative to pyrite with adsorbed 23:2 Diyne PC that did not
receive UV pretreatment.

This additional suppression resulting from the UV

pretreatment is presumably due to the cross linking of the hydrophobic tails through
diacetylene groups in the lipid tails

194

.

Here we present the effect of UV

pretreatment on pyrite oxidation under biotic conditions.
Data plotted in Fig. 4.8, show that a similar UV-pretreatment of the lipid/pyrite
system prior to the introduction of bacteria leads to a significant suppression of pyrite
oxidation in the mixed bacterial community for at least 30 days. We compare this to
the A. ferrooxidans/ A. acidophilum/lipid/pyrite system that did not receive the UV
pretreatment where the lipid-induced suppression of pyrite oxidation lasted up to 5
days.

Data in Fig. 10 allows us to estimate that the rate of aqueous iron production

over

30

days

associated

with

the

UV-pretreated

A.

ferrooxidans/

A.

Acidophilum/lipid/pyrite to be 2.34x10-9 M s-1m-2, which is a 79% decrease in rate of
aqueous iron production rate compared to the lipid free system.

This experimental

rate along with those mentioned above are summarized in Table 4.2.
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Fig. 4.9a exhibits epifluorescence micrographs of lipid/pyrite that was exposed to
a mixed community of A. ferrooxidans and A. acidophilum for 10 days.

Also, shown

for comparison is a micrograph (Fig. 4.9b) associated with lipid/pyrite that was
treated with UV radiation prior to a 10 day exposure to A. ferrooxidans and A.
Acidophilum.

We first note that only surface bound bacteria (stained with a

fluorescent dye), not adsorbed lipid, is detectable in these epifluorescence images. A
visual inspection of these images suggests that the surface coverage of bacteria (bright
rod shaped features) is lower if the lipid/pyrite surface is pretreated with UV radiation
to cross-link the hydrophobic lipid chains.

Using the assumption that the dark areas

in the images are bacteria free we quantitatively determined from epifluorescence
microscopy the percentage of the surface that remained bacteria coated under both
experimental conditions.

Three micrographs were analyzed (using Image J particle

analyzerTM software) each for lipid/pyrite and lipid/pyrite with UV treatment after a
10 day exposure to A. ferrooxidans and A. Acidophilum.

This analysis suggests that

12.5±10% of the lipid/pyrite (no UV pretreatment) surface is bacteria-free after
exposure to bacteria. In contrast, 55±12% of the lipid/pyrite surface (which received
UV pretreatment) was bacteria free after the 10 day exposure to A. ferrooxidans and A.
Acidophilum. We infer from this analysis that the UV pretreatment increases the
stability of the lipid layer, decreasing the amount of bacteria that can directly bind to
the pyrite surface.
Fig. 4.10 exhibits pyrite oxidation data for lipid-free pyrite that was exposed to A.
ferrooxidans for 15 days and for lipid-free pyrite that was first exposed to
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Figure 4.8:

Concentration of aqueous iron resulting from the oxidation of for 5 days,

at which point phospholipid was introduced into solution.
and presence of A. ferrooxidans and A. acidophilum.

lipid/pyrite in the absence

Pyrite treated with lipid shows

significantly less oxidation than pyrite alone. The amount of pyrite oxidation,
however, is similar for pyrite and lipid/pyrite in the presence of mixed communities of
A. ferrooxidans and A. acidophilum after 30 days. Pretreatment of lipid/pyrite with
UV prior to exposure to bacteria leads to a significant oxidation suppression when
compared to the corresponding system that did not receive UV pretreatment. The UV
pretreatment is proposed to cross-link the lipid layer, making it stable in the presence
of A. acidophilum. Initial cell densities (for A. ferrooxidans and A. acidophilum,
respectively) were (•) 8.58x108 cells/ml and 2.90x108 cells/ml, (O) 8.58x108/ml and
2.9x108/ml, and ( )8.0x108 cells/ml and 4.5x107 cells/ml.
pyrite was 0.1 g in a total volume of 30 ml at an initial pH of 2.
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The initial amount of

A. ferrooxidans for 5 days, at which point phospholipid was introduced into solution.
Also, included in Fig. 4.10 is data for pyrite and lipid/pyrite oxidation in the absence
of bacteria.

Prior to the addition of lipid the two A. ferrooxidans/pyrite samples

show a similar aqueous iron versus time profile for 5-6 days.

The A.

ferrooxidans/pyrite sample that was exposed to phospholipid after 6 days experienced
a decrease in the rate of aqueous iron release relative to the lipid-free sample.
Applying a linear regression analysis for the data in the 7-16 day period yields a rate
of aqueous iron rate of production of 1.2x10-8 M s-1m-2 for lipid-free A.
ferrooxidans/pyrite and 2.8 x10-9 M s-1m-2 for lipid/A. ferrooxidans/pyrite.

Addition

of the lipid to the A. ferrooxidans/pyrite sample, therefore, decreases the rate of
aqueous iron production by about a factor of four. Further analysis of the data in Fig.
4.10 indicates that the iron production rate of the lipid treated A. ferrooxidans/pyrite
sample (in the 7-16 day time window) is lower than the aqueous iron production rate
for pyrite in the absence of bacteria (5.49x10-9 M s-1m-2), but is higher than the
bacteria-free lipid/pyrite sample that is associated with a rate of 6.5x10-10 M s-1m-2.

4.4 Discussions
4.4.1 Effects of Bacterial growth Media on AFM Images
First of all, imaging bacteria using AFM in the presence of A.ferrooxidans media
and A.ferrooxidans is problematic. Specifically, the existence of large amount of Fe2+
in media can easily be oxidized to Fe 3+ during the aerobic growth of the
microorganism. In order to minimize the effect of the bacterial media, especially iron
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Lipid

Oxidation rate
(10-8M s-1m-2)

%

Samples

Amount

Suppression

a.a./a.f./pyrite/lipid(uv)

2µmol

0.234

a.a./a.f./lipid/pyrite

2µmol

1.22

a.a./a.f./pyrite

N/A

1.1

N/A

a.f./pyrite

N/A

0.92

N/A

a.a./pyrite

N/A

0.28

N/A

lipid/pyrite

2µmol

0.08

93

pyrite

N/A

0.31

N/A

79

0

Table 4.2 : Pyrite oxidation rates for pyrite systems calculated from Figure 9 and
Figure 10. Pyrite systems here were written in a different way in which A.
acidophilum is written as a.a. and A. ferrooxidans is written as a.f. The rates
calculated are the moles of total iron released per second and per square meter
(surface area).
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a

b
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Figure 4.9: Epifluorescence microscopy image of (a) lipid/pyrite that was exposed
to a mixed community of A. ferrooxidans and A. acidophilum for 10 days and (b)
lipid/pyrite that was first pretreated with UV and then exposed to A. ferrooxidans and
A. acidophilum for 30 days.
each experiment.

The total initial cell density was 7.49x108 cells/ml in

The UV-treated lipid shows stability in the presence of A.

acidophilum for at least a month.

Comparison of the images shows that the coverage

of surface bound bacteria is less on the UV-treated lipid.

We presume that the

cross-linking of the lipid is the reason for its stability in the presence of the
heterotrophic bacteria. The protocol used to obtained the epifluorescence microscopy
images have been detailed before 227.
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Figure 4.10: Data showing the effect of adding lipid after exposing lipid-free pyrite to
A. ferrooxidans for 7 d.

The addition of phospholipid to the A. ferrooxidans/pyrite

system reduces the rate of aqueous iron formation when compared to the pre-lipid
addition rate (over the first 6 days).

For comparison, data is shown for a A.

ferrooxidans/pyrite system that was not exposed to lipid, lipid/pyrite (no exposure to
bacteria) and pyrite alone.

These data show that the exposure of pyrite prior to, or

after exposure to A. ferrooxidans leads to a reduction in the amount of pyrite
oxidation compared to the lipid-free circumstance. Initial cell densities of A.
ferrooxidans were (O) 8.54x107 cells/ml and ( ) 8.9x108/ml.
pyrite was 0.1 g in a total volume of 30 ml at an initial pH of 2.
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The initial amount of

and phosphate contents on pyrite sample imaging, only 1 or 2ml of media was used
for each sample. Control experiments already demonstrated that large sized
precipitates (ranging from 20nm to 1µm) were frequently observed on pyrite when
more than 5ml media were present; Figure 4.11 clearly indicated that precipitates
formed from media can also be trapped on pyrite surface possible by their electric
charge properties. Since many of the particles formed from A.ferrooxidans media on
pyrite surface have similar sizes as those of bacteria, it is almost impossible to tell
whether these features were bacteria attached to pyrite surface or media particles
formed on pyrite surface. When media amount is < 5ml, no obvious particles bigger
than 20nm were observed on pyrite surface. Therefore, addition of less than 4 ml
bacterial media to the system not only prevented the formation of bacteria-like
features on pyrite surface, but also provided necessary amount of nutrition for basic
bacterial grow.
4.4.2 Oxidation Process Revealed by AFM
Previous studies have shown that microbial attachment to mineral surfaces
involves the effect of electric charges, surface irregularities, and cell membrane
characteristics.

225, 278-283

Also, it involves the excretion of extracellular polymeric

substances (EPS), which are thought to play dual roles in promoting or suppressing
bacterial attachment depending on the amount of excretion of EPS.

225, 284-292

In

addition, the morphological changes of cell attachment to surfaces have been
examined and modified by changing the chemical environments. 271, 293-297
the attachment forces of some bacteria have been tested.

141

206, 298-302

Moreover,

However, many

areas remain uncertain regarding the microbial process, such as true attachment time
for ion-oxidizing bacteria to pyrite surface without much media in presence, cell size
distribution on pyrite surface over time, cell morphological changes over time,
attachment orientations and specificities, cell density changes, surface morphological
changes over time. The observation of bacterial height changes for A. ferrooxidans
over time as shown in Figure 4.1 clearly indicated a bacterial growing mechanism.
The non-exponential growth of total bacterial density (both in solution and those
attached to pyrite surface) was attributed to the lack of pyrite surface and bacterial
media. The attachment of iron-oxidizing bacteria to pyrite cube surface was not
observed within the initial 4 or five days, which is different from pyrite powder
experiments. We started to see the bacterial attachment to pyrite cube surface after 5
or 6 days incubation. We assume that the iron-oxidizing bacteria need certain
induction period to attach to pyrite cube surface. Also, decrease in surface
hydrophobicity, increase in surface smoothnes, and increase in homogeneity from
pyrite powder to cubes would cause difficulties for bacterial attachment to cube
surface. We did multiple control experiments under the same conditions except for
different pH (pH 2.0-3.5) and ionic strengths (0.1mM – 0.5mM NaCl). We never
observe any improvement of bacterial attachment to pyrite surface within the first 4 or
5 days. Considering the slow bacterial growth rate and small bacterial sizes within the
first 5 days, we have reason to believe that the iron-oxidizing bacteria attached to
pyrite more easily after initial oxidation of pyrite that leads to certain irregularity and
surface roughness as well as some nutrition for bacteria. Figure 4.12
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Figure 4.11: The formation of particles on a pyrite surface resulting from A.
ferrooxidans growth media precipitation. 2ml media was used in 30ml solution at pH
2.0 sterile conditions.
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clearly showed that many bacteria align perfectly well along some grooves. Another
major finding is that very strong bonding existed between cell and pyrite surface. This
can be supported by the inability to displace cells by increasing AFM scanning speed
(up to 6 scan/line) and scan force. Even though AFM can cause certain degree of
deformation to bacterial surface features, it never pulled the bacteria off pyrite surface.
We can test the strength of the bonding between bacteria and pyrite surface by
increasing the scanning amplitude and speed. It is well known that soft particles and
weak bonded compounds on mineral surface can be displaced by increasing the
scanning rate (up to 6 Scan/line), However, our control experiments showed that none
of these was able to displace the iron-oxidizing bacteria attached to pyrite under our
experimental conditions. Therefore, we concluded that strong interaction exists
between pyrite surface and the bacterial functional groups.
A. ferrooxidans is an aerobic microorganism; and formation of monolayer is
favored because of a more efficient diffusion of oxygen to the cell surface. Therefore,
the observation of microcolonies indicated a different mechanism of bacterial
attachment to pyrite, presumably because of lack of Fe2+ as nutrition. Even though no
obvious cell number increase on pyrite was observed using AFM, bacterial density in
solution did increase by approximately 10% over the experimental time. Also, AFM
images showed that the orientation of attached cells is random for some cases. The
random orientation was presumably attributed to the artifacts or drift of AFM tip. The
inability to image real bacteria shape in some cases impeded our analysis of
orientation of bacterial attachment to pyrite surface in a few cases. However, Figure
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4.12 shows that majorities of cells aligned at the sites around grooves and curvatures.
Grooves, curvatures and pits are always preferred sites for attachment due, because
these sites generally have relatively higher energies favorable for orientation of
bacterial attachment. Also, It is important to mention that oxidation and dissolution
normally occur at the fronts or pits which are parallel to these crystallographic
directions. 215

Therefore, gradients of concentration of ion formed during dissolution

might tempt Acidithiobacillus ferooxidans to orient parallel to the gradients in
preferred orientations via a chemotactic response. These findings are very meaningful
because of the localization of A.ferrooxidans cells at these sites promotes the
oxidation of Fe2+ to

Fe3+ by rusticyanin of cells.
4.4.3 Effect of Adsorbed lipid

Prior studies have shown that the preadsorption of phospholipid on pyrite prior to
the autotroph, A. ferrooxidans reduces the amount of pyrite oxidation by a factor of 5
under specific experimental conditions.

This lipid-induced suppression of pyrite

oxidation was speculated to be due to the assembly of phospholipid into bilayer
structures on the pyrite surface.

The surface bilayer impeded both the adsorption of

A. ferrooxidans on the pyrite surface in addition to inhibiting the interaction of
aqueous O2 and Fe(III) oxidants with the mineral surface.

The hydrophobic pocket

making up the interior of the bilayer is presumably responsible for limiting the
interaction of aqueous species with the pyrite surface. Results presented in this study
show that the stability of this bilayer is limited in the presence of the heterotrophic
species, A. acidophilum.

Specifically, under our experimental conditions, the
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Figure 4.12: Orientation of attachment of iron-oxidizing bacteria to a pyrite surface.
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stability of the lipid layer on pyrite is compromised within a 5 day exposure of
lipid/pyrite to A. acidophilum and A. ferrooxidans. Within the first 5 days pyrite
oxidation is suppressed if lipid is present (compared to the lipid-free surface). Beyond
this point in time, however, the rate of pyrite oxidation becomes similar to that
associated with the biotic-oxidation of lipid-free pyrite.

We infer from this result

that the A. acidophilum species compromises the inhibitory effect of the lipid on
pyrite oxidation within 5 days.

We also infer that the rise in pyrite oxidation after

the lipid layer is compromised is due largely to the action of the A. ferrooxidans
species, which at least in part, converts aqueous Fe(II) into Fe(III) that can efficiently
oxidize the sulfide mineral surface.

We point out that the exposure of pyrite without

lipid to A. acidophilum does not affect the oxidation of the mineral, compared to the
abiotic case.

Hence, the major effect of A. acidophilum under our experimental

conditions is to decrease the lipid-induced suppression of pyrite oxidation.
It is important at this point to bring forward results from a prior study
investigated pyrite oxidation in mixed communities of
ferrooxidans.

79

that

A. acidophilum and A.

These researchers experimentally observed a significant reduction in

the amount of pyrite oxidation if A. acidophilum was added to a A.
ferrooxidans/pyrite system. It was proposed that the reduction in pyrite oxidation was
due to the production of extracellular substances by the heterotroph, A. acidophilum.
The extracellular organic underwent complexation reactions with aqueous Fe(III), that
prevented this aqueous species from oxidizing the pyrite surface.

We, however, do

not observe such a reduction under our experimental conditions.
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A significant

difference in experimental conditions between our study and the prior study may
explain this difference.

In the prior work

79

, relatively high concentrations of

glucose (1000 mg/L) were used as the organic nutrient to allow the growth of A.
acidophilum .
mg/L.

Concentrations of glucose used in our study were never more than 4

While we did not measure the amount of extracellular material produced in

our study, we suspect it would be significantly less than the amount produced in the
prior research.

In short, in our circumstance the concentration of extracellular

material presumably was too low to affect the aqueous concentration of Fe(III).
The mechanism by which A. acidophilum compromises the lipid layer cannot be
ascertained in the present study.

One possibility is that A. acidophilum can

breakdown the lipid into smaller fragments that can be incorporated into its metabolic
pathways.

Consistent with this conjecture is that we experimentally observe with

epifluorescence microscopy a relatively high concentration of surface bound A.
acidophilum and A. ferrooxidans on lipid/pyrite after a 10 day exposure (Fig. 3a).
The majority of the microbes are the A. acidophilum species, since prior studies have
shown that the exposure of lipid/pyrite to only A. ferrooxidans results in a microbial
coverage that is at least a factor of 10 less than what we experimentally observe for
pyrite that is exposed to both A. acidophilum and A. ferrooxidans.

While adsorbed

lipid is effective in suppressing the binding of A. ferrooxidans to pyrite, it does not
show an inhibitory affect on the attachment of surface bound A. acidophilum.
Actually, we suspect that the presence of the lipid facilitates the partitioning of A.
acidophilum from solution to the surface.
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4.4.4. UV Pretreatment of the 23:2 Diyne PC Layer on Pyrite
Perhaps, one of the more interesting experimental observation reported on in this
contribution is that the cross linking of the lipid stabilizes the adlayer in the presence
of A. acidophilum.

This statement is best supported by the batch reaction data which

shows that if lipid/pyrite is pretreated with UV radiation, then the amount of oxidation
of the mineral within 30 days in the presence of A. acidophilum and A. ferrooxidans is
about 5 times less than the system that did not receive UV pretreatment.
Furthermore, the pyrite oxidation rate associated with the UV-pretreated system in the
presence of bacteria is less than the abiotic pyrite oxidation rate. It is reported
previously that heterotrophic bacteria in general can decompose organic lipid by up to
85% via a mechanism of hydrolysis assisted by exo and endoenzymes 303.

However,

the ability of heterotrophic bacteria to utilize a polysaccharide such as cellulose for
nutrition is relatively limited

303

. It might be expected that cross-linking of the lipid

adlayer would be expected to result in a more rigid (networked) lipid layer that is
capable of withstanding the hydrolysis process.

Although speculative, we believe

that this cross linking changes the structure of the lipid in a manner that decreases the
ability of A. acidophilum to breakdown the layer into usable chemical fragments for
its metabolic pathways.
Results from epifluorescence microscopy are in general support of such a
scenario.

The images shown in Fig. 3 show the patchy nature of the bacterial

colonization for the UV-treated lipid case (Fig. 3b), compared to the system that did
not receive UV pretreatment (Fig. 3a).

We surmise that the imaged regions not
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covered with bacteria in Fig. 3b contain cross-linked lipid bound to reactive ferric iron
sites on pyrite. This is a reasonable assertion considering that the pretreatment of the
lipid layer on pyrite with UV results in close to an 80% suppression in pyrite
oxidation in the presence of mixed A. acidophilum/ A. ferrooxidans communities.

In

this interpretation, areas of the pyrite surface that are colonized by bacteria would be
expected to have been originally populated by lipid that did not become polymerized
and became compromised via the exposure to A. acidophilum.

One possible reason

for the lack of polymerization in certain adsorbed lipid could be due to the lack of
topographical alignment that would be a prerequisite for polymerization. In contrast,
we suspect that the relative alignment of lipid chains strongly bound to ferric sites
allows the cross-linking reaction. Based on the epifluorescence images and batch
reaction results we suggest that the regions of pyrite that A. acidophilum are able to
populate after the lipid is pretreated with UV would appear to be relatively unreactive
with regard to the oxidation of the mineral.
4.4.5 Displacement of Surface Bound A. ferrooxidans by Lipid Addition
We believe that it is of interest to bring forward issues related to our
experimentally observed lipid-induced displacement of A. ferrooxidans from pyrite (A.
acidophilum were absent in these experiments). First, both AFM and ATR-FTIR
results are consistent with a rapid lipid-induced displacement of a fraction of A.
ferrooxidans bound to the mineral surface. This process occurs before an
experimentally detectable amount of lipid adsorbs to the pyrite surface. Hence, in this
time window the presence of solution phase lipid disrupts the binding between
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colonized bacteria and bacteria not directly bound to the pyrite surface are displaced
from the surface.

After 24 h. there is a marked decrease in the amount of pyrite

oxidation compared to pyrite that was not exposed to lipid.

Ex situ ATR-FTIR

results show that this induction period is due to the kinetics of the phospholipid
adsorption process.

For example, ATR-FTIR data does not show any vibrational

modes characteristic of the phospholipid within 0.5 h of the introduction of the
molecule. A significant concentration of phospholipid occurs by a 24 h exposure time
(most noticeably absent was the C-O mode at 1730 cm-1).

We feel it is reasonable to

speculate that the onset of pyrite oxidation suppression likely coincides with the build
up of phospholipid on the pyrite surface.
Our ex-situ AFM experiments also presented in this contribution show that
exposure of the A. ferrooxidans /pyrite system to phospholipid for 2 d causes the
surface to become largely covered with the organic compound.

AFM images

associated with this experiment (Fig. 4.8) show a lower bacterial population than the
initial bacteria/pyrite surface.

This may indicate that in addition to the initial

displacement of bacteria that occurs right after the introduction of phospholipid, there
might be further displacement as the phospholipid builds up on the pyrite surface.
This will need to be investigated further in future in-situ experiments.

Such a

phenomenon is perhaps not unexpected, since prior studies have shown that the
treatment of coal mining waste (containing pyrite) with anionic surfactants (e.g., Na
lauryl sulfate or alkylbenzene sulfate) results in bacterial growth on the surface region
94

.

However, in contrast to the phospholipids used in the current study, typical
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anionic surfactants are very water soluble and do not show strong adhesion to the
surface of interest.
Our experiments do not allow us to shed too much light on the initial bacteria
displacement upon phospholipid addition.

Since, this phenomenon occurs prior to a

detectable build up of phospholipid, we suspect that the phospholipid is decreasing
the inter-bacterial forces that lead to the stability of microcolonies on the mineral
surface.

Our results for the pyrite-free system (Fig. 9a, 9b) show that this

phenomenon is not restricted to the disruption of microcolonies that form on a surface,
but also applies to those forces that bind bacteria together in solution. The mechanistic
details that facilitate the stabilization of bacterial microcolonies on surfaces are varied
and in the majority of cases, not entirely known

304, 305

. Nevertheless, it is generally

well accepted in many circumstances that after bacterial attachment there is the
production of extracellular polysaccharide (EPS) leading toward stabilization of the
microcolony through biofilm development

306

. For the particular bacteria used in this

study, A. ferrooxidans, it has been proposed that microcolony formation may be
assisted by flagella or pili

306, 307

.

The dispersal of microcolonies in prior studies

have been attributed to the termination of EPS production, the shearing of biofilm
aggregates, and/or disentanglement of bacterial pilus filaments

305, 306, 308, 309

.

The

rapid break-up of at least a fraction of the microcolonies, supported on pyrite or in
solution would seem to suggest a change in the surface charge of the bacteria that
leads to a repulsive interaction and/or a phospholipid-bacteria interaction that breaks
inter-bacterial attractive forces from interacting pilus filaments.
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Inhibition of EPS

formation, for example, would not be consistent with the rapidity of the displacement
seen in the in situ studies.

Future studies will be needed to better uncover the

mechanistic details of the displacement.
It is also useful to compare the possible environmental relevance of this study to
prior studies in our laboratory that looked at the suppression of pyrite oxidation by
phospholipid adsorbed on the pyrite surface prior to exposure to bacteria.

In general,

environments responsible for AMD contain bacterial laden sulfide surfaces often
under aqueous conditions with significant bacterial populations.

The results

presented in this contribution suggest that the application of specific types of
phospholipids to these environments may be a potential way to suppress the oxidation
of the sulfide and to prevent the high acidity associated with AMD. We do find,
however, that the ability of the phosphocholine lipids to suppress pyrite oxidation is
compromised in the presence of heterotrophic bacteria.

This stability can be

recovered by the cross-linking of the lipid layer through a UV pretreatment. We are
presently investigating initiating the cross-linking by non-photochemical means, since
pyrite oxidation often occurs in subsurface regions where UV pretreatment would not
be a practical means to induce the cross linking reaction.

4.5 Summary
Phospholipid showed a strong ability to displace most iron-oxidizing bacteria
attached to pyrite surface, especially the displacement of microcolonies formed on
pyrite. However, the presence of heterotrophic bacteria, A.acidophilum complicated
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the system and caused the lipid to lose its inhibition effect on biotic pyrite oxidation.
Cross-linking of the lipid layer via a UV irradiation procedure restores and enhances
the effects of lipid on inhibition of pyrite oxidation under the biotic conditions. It is
obvious that the introduction of UV treated lipid opened a promising door for the
remediation of AMD.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

Acid mine drainage (AMD) is a serious environmental problem resulting
primarily from coal mining activities. Research presented in this thesis investigated
the use of a two tailed phospholipid as an adsorbate on the pyrite surface. It was
shown that the lipid effectively suppressed pyrite oxidation within a wide range of pH
values (can be lower than 2.0) under abiotic conditions. To better understand the
process of abiotic oxidation, AFM, ATR-FTIR was used to characterize the oxidation
process. For example, phospholipid binding to pyrite via the lipid phosphate group
was observed using ATR-FTIR, and formation of bilayer and multilayer structures on
pyrite were observed using AFM under both pH 2.0 and pH 7.0 conditions. Although
it is possible to obtain some detailed information about the process of abiotic
oxidation, it is very difficult to obtain the detailed information for the biotic oxidation
process because of the existence of more complicated environments introduced by the
presence of bacterial species. Epifluorescence microscope was first used to enumerate
cell densities attached to pyrite and in solutions. As a result, detailed cell growth
status and specificity of bacterial attachment to pyrite surface were determined.
Therefore, a good understanding of the effects of iron-oxidizing bacterial on the
acceleration of pyrite oxidation was achieved. Also, our batch experiments showed
that suppression of pyrite oxidation using the 23:2 PC diyne lipid in the presence of
iron-oxidizing bacteria (A.ferrooxidans) was successful (up to 85% suppression).
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However, the presence of heterotrophic bacteria (A. acidophilum) caused the lipid to
lose its suppression effects under our experimental conditions. An important result
that resulted from our research was that the ability of the UV irradiation of a
diacetylene containing lipid suppressed pyrite oxidation in the presence mixture of
heterotrophic and autotrophic bacterial species. This finding is very promising and
important for possible future application of phospholipid to suppress pyrite oxidation
in real AMD sites. Although many other remediation strategies such as
microencapsulation and ion exchange proposed in prior researches showed some
positive results under certain conditions, all of these remediation methods have
obvious limitations, and their inhibition results are not very satisfactory. For example,
many microencapsulation methods are not stable; Ion exchange method is very
expensive and needs frequent reapplications; and most of them were not tested under
biotic conditions that are more relevant in most AMD sites. The research presened
here not only shows excellent AMD inhibition results under various conditions (wide
pH range, in the presence of mixture of bacterial species, etc.) similar to those at
AMD sites, it also provides consistant, very efficient and stable inhibition results.
Thus, we belive that the dissertation work presented here was novel and fundamental
for the ultimate remediation strategy of Acid Mine Drainage (AMD)
Even though we have made some progress towards the understanding of the
interfacial chemistry such as the bond formation between iron-oxidizing bacteria and
pyrite surface, there are still some challenges and difficulties. First, detailed analysis
of bacterial displacement by lipid needs to be done in the future. It is almost clear now
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that the microcolonies can be disrupted by lipid. However, our in-situ AFM and
epifluorescence microscope are not capable of providing further information about the
mechanistic details of this process. We have to understand in the future whether it is
because of the inhibition of EPS excretion caused by lipid addition, or it is because of
changes in the inter-molecular forces upon addition of lipid to the pyrite systems.
Isolation of EPS from bacteria solution can be achieved by centrifugation and
freeze-drying. It might be possible to add EPS to the bacteria/lipid/pyrite systems to
check if bacteria would coalesce back together to form microcolonies or not. Also,
surface hydrophobicity and charges can be measured prior to and after lipid addition
to pyrite systems to generate some information.
It is quite possible that the chemical and physical properties of some AMD
afflicted sites may be more complex than our experimental designs. For example, a
few AMD sites were reported to have more bacterial species in presence. Although
many of the species are functionally and structurally very similar to our experimental
species, some of them might have different effects on the interaction of pyrite and
phospholipid. Therefore, future work must be done towards the real application of our
lipid (with or without UV treatment, depending on situations) remediation strategy.
Most importantly, more samples from different sites must be analyzed.
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