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ABSTRACT

Microbially influenced corrosion causes wide reaching economic imp@ets.
example is th United StatesNadys r ecent setbacks .&@heter con\
presence sulfate reducing bacteria in fuel tanks has caused contamination of biofuel and
acceleratedarrosion processes although the exact mechanism is not well understood.
Steel corrosion processes include precipitation of secondary minerals in the form of iron
sulfides and oxideslnteraction of sulfate reducing bacteria with secondary precipitates
has not been previously investigated. The purpose of this study is to document microbe
mineral interaction and characterize products of such interaction.

One iron oxide, goethite, and two iron sulfides, pyrrhotite and pyrite, were chosen
as analogues totafration products associated with steel corrosion. These minerals were
polished and characterizedth an array of analytical techniques prior to and after
exposure to sulfate reducing bactebasulfovibrioindonensiensisX-ray diffraction
was performeda confirm mineral phase. Standard scanning electron microscopy and
field emission scanning electron microscopy were used to obtain secondary and
backscatter electron imagesdigplay cell attachment artiscriminate phase$pot
analyses using energysgiersive spectroscopy was used to obtain elemental information
to help identify phase of mineral substrate, mineral inclusions, and secondary precipitate
on the surface. Surface chemistry was further investigated wiéti ghotoelectron
spectroscopy tadentify chemical states of elements present.

The xray diffraction data confirmed goethite and pyrite to be free of significant
contamination. Pyrrhotite, however, had other minerals associated with the sample.
Backscatter images of the samplefaomed goethite to be slightly heterogonous,
pyrrhotite to have greater heterogeneity and pyrite to be completeiggenous. After
exposure tdesulfovibrioindonensiensifor a period of 7, 14, and 30 days, the samples
were analyzed again. Goethite wasrfdio be inert with respect to bacteria while
pyrrhotite and pyrite had cell attachment and overlying precipitate indicating microbe
mineral interaction.

The results of this study indicate the negative feedback mechanism associated with
sulfate redaing bacteria and goethite. Sulfide minerals can create a positive feedback
mechanism for the corrosion process if localized sites of oxidation occur on the
secondary precipitates to allow for sulfate reducing bacteria interaction.



1

INTRODUCTION

The United States economy loses ~3.1% of the $15.1 trillion gross domestic product
to the corrosion of steel products and is estimated to be over $500 billion by June 2013
(NACE, accessed April 18, 2013). Steel products are used in almost evestyyiraohd
the impacts of corrosion are wide reaching. The national infrastructure (e.g. electric
power lines), environmental agencies (e.g. corroded oil pipelines), and the national
defense (e.g. naval vessels) are affected by corrosion. The detemiofagteel may
occur through both biotic and abiotic pathways. Microbially influenced corrosion (MIC)
is of particular interest to the United States Navy, as the biocorrosion of fuel tanks leads
to souring of fuel, premature clogging of filters, and degtion of turbines (Avci,
personal communication).

Common products of steel corrosion are iron sulfides and iron oxides. These
secondary minerals may form as direct precipitation from saturated solutions or as the
product of microbial metabolicrpcesses (White, 2007; Banfield and Hamers, 1997).
Sulfate reducing bacteria (SRB) may play an important role in MIC as they are a class of
heterotrophic anaerobic bacteria that obtain energy from organic carbon sources and use
sulfate as a terminal eleoh acceptor reducing $Oto H,S (White, 1997). The
presence of SRB in anaerobic solutions accelerates the corrosion process although exact
mechanisms are not well understood (Lee et al., 1995). The role of iron sulfide/oxide
precipitates in the syatn has not been previously studied and it is unknown if these
secondary minerals are active participates in MIC or become inert bystanders. To

determine the role in which these minerals play in the corrosion process, this study
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exposed goethite (FOH), pyrrhotite (FeS), and pyrite (F8%0 SRB,Desulfovibrio
indonensiensidor periods of 7, 14, and 30 days in elmental conditions that served
as analogues of primary alteration products of steel corrosion.

Characterization of the minerallsirates was done prior to and after exposure to SRB
to document changes in mineralogy, morphology, composition and surface chemistry.
The samples were analyzed withrady Diffraction (XRD) to verify the identitpf
mineral phases present and to confine homogeneity of the samples. Before and after
a duration of bacteriahineral interaction, samples were imaged with a Scanning
Electron Microscope (SEM) to document any changes in morphology and imaged with a
Field Emission Scanning Electron Microscqp& SEM) to reveal microbial cell
attachment. Back scatter electron (BSE) imaging was used for phase discrimination.
Energy Dispersive Spectroscopy (EDS) on the SEMs was used to perform area and spot
analyses in order to obtain elemental information wsedentify the mineral substrate
phases, impurities in the samples such as mineral inclusions, and secondary precipitates
on the surface. -Xay Photoelectron Spectroscopy (XPS) was used for surface analyses
of precipitates to show oxidation state dreents present araid in identification of any
alteration products The results of this study provide insight into reaction pathways
related to MIC. The significance of this work is to aid in the understanding of secondary
mineral precipitates and tinéenfluence on MIC.

The role of the iron sulfide and iron oxide secondary mineral precipitates in the
overall corrosion process is not well understood. The alteration products may be host to

localized sites of oxidation that create sulfates ttaeane SRB growth. Secondary
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reactions involving the alteration products and SRB may result in a positive feedback
mechanism that further promotes the corrosion processesnversely, a negative

feedback mechanism that shuts down the corrosion reactions
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BACKGROUND INFORMATION AND PREVIOUS STUDIES

Econanmic Losses; United States Navy CorrosigntPems

Corrosion of metal surfaces occurs in both natural and manufactured environments
and has consequences such as degradatiorebtaé&s and pipes that lead to huge
economic | oss. Corrosion problems have
to convert to alternative fuels. The United States Navy recently experienced huge
financial losses due to their commitment of udanggiesel in their fleets (Avci, 2011,
personal communication). Currently, the fleets are using a petroleum/biofuel blend in
which seawater is pumped into the fuel tanks as ballast to maintain stability of the ship.
The fuel sits atop the seawater watinelatively large interface between the two layers,
creating a perfect environment for aerobic and anaerobic microbes to thrive. The bacteria
are introduced by the seawater and the biofuel serves as a viable food source (Avci, 2011,
person communication)At the bottom of the tanks, an oxygen depleted zone provides
conditions for anaerobic bacteria to thrive at the steel/water interface. Often, iron is a
limiting nutrient in marine environments (Schlesinger and Bernhardt, 1997) and the
dissolution of thearbon steel tanks provides an abundance of iron. The growth of the
microbes enhances corrosion and can contaminate fuels with metabolic by products
(Avci, 2011, personal communication). As the popularity of biofuel increases, it

becomes even more impant to understand MIC.
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MIC is a Complex $stem

The electrochemical process by which corrosion deteriorates steel involves an anodic
reaction where the metallic surface is oxidized and a cathodic reaction where some
chemical species are reddo@eech and Gaylarde, 1999). The presence of microbes
such as anaerobic SRB (Hamilton, 1998), metal reducing bacteria (MRB) and/or acid
producing bacteria (APB) along with many other types of microbes and combinations of
species have been found to aidhe corrosion process (Beech and Gaylarde, 1999).
There are many mechanisms in which bacteria affect corrosion. The presenSe of H
corrodes steel in an abiotic process, meanwhile, SRB prodi&w/hich can accelerate
the anode/cathode behavior (Leal, 1995). The local area of cell attachment was
found to initiate pits on carbon steel at the anodic site (Franklin et al., 1991). Gaylarde
and Beech (1996) investigated lipopolysaccharide (LPS) compositidesoilfovibrio
cell wall based on evideadhat LPS from SRB is involved in adhesion to metal surfaces
but found no conclusive evidence that LPS was the cause for MIC (Beech and Gaylarde,
1999). Beech and Gaylarde (1999) found that biofilms and suspended microbes interact
with vast microbial cosortium and accelerate the corrosion process thus adding to the

complexity of the system.

Desulfovibrioindonensiensis

The microbe used in this study wassulflovibrioindonensiensisa SRB and known
alkane degrader that was isolated from a biofilm foaralseverely corroded carbon

steel oil storage vessel off the coast of Indonesia (Feio et al., 1998). It was characterized
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by Feio et al. (1998) and found to be a gram negative curved%odnslong and 0.5L.2
mm wide. The 16S rRNA gene sequence identified it as a Proteobacteria of the genus
Desulfovibrioand most closely related Desulfovibrio ganonensisith a 97% similarity
(Table 1). D. indonensiensigvas chosen for this thesis becaaséds strong survival rate
in the lab. Pure cultures were diluted in Widdel seawater medium (Tabléi8)
medium was used by Davidova et al., (2006) for isolating a straialkdamedegrading
SRB. ltis a sulfate containing synthetic seawater umedieveloped by Widdel and Bak
(1992) with added RST trace metal solution and RST vitamins. Hexane and decane were
added in excess. The medium was used to keep consistency with collaborators on the
Multi University Research Initiative (MURI) project thiaas conducted research on

corrosion problems for the Office of Naval Research (ONR).

Similarity value
Strain (96)

D. gabonensis 97.0
D. desulfuricans 90.0
D. vulgaris 90.0
D. gigas 90.0
D). salexigens 88.7
‘D. piger’ 82.6
D. hydrogenophylus 81.8

Table 1. 16S rRNA sequence similarity farindonensiensisompared with other
Desulfovibriospecies (taken from Feio et al., 1998).



Widdel Medium | g/L RST Trace g/L | RST Vitamins mg/L
for Seawater Elements (Use 10mL/L)
NacCl 20.0 | Nitroloacetic acid | 2.0 | Biotin 2.0
MgClI x 6H,0 3.0 MnSQ, x H,O 1.0 | Folic Acid 2.0
CaCb x 2H,0O 0.15 | Fe(NHy)2(SOy). 0.8 | PyridoxineHCL 10
NH,PO, 0.2 CoCkL x 6H,0O 0.2 | ThiamineHCL 5.0
KCI 0.5 ZnSQ, x 7H,O 0.2 | Riboflavin 5.0
RST Trace 10 mL | CuChk x 2 H,O 0.02| Nicotinic Acid 5.0
Elements
Resazurin 1.0 NiCl,x 6H,O 0.02| Calcium 5.0

mL pantothenate
NapSOy 40.0 | NeyMoO,x 2 H,O | 0.02| Cyanocobalamin | 5.0
pH of 7.2-7.4 Na,SeQ 0.02 | p-Amonobenpic 5.0

Acid
NoWO, 0.07| Lipoic Acid 5.0

Table 2. Constituents of Widdel Medium used to giavindonensiensisThis medium
was developed by Widdel and Bak, 1992 and is used for experiments conducted by
MURI.

Secondary Mineral é&rmation

The corraion process is driven by an electrochemical reaction in which iron is locally
oxidized and brought into solution. Anodic and cathodic reactions are involved.
Reactions 43 are the inorganic processes that occur during corrosion (Avci, personal

communicéion).

Anodic oxidation : FeY#e2e (1) )
Cathalic reduction: 8H'+8eY 8 RBH,S+2&Y 2 HH (2)
Cathodic depolarization: O+ B8 H ¥4H0; §+Y S(3)

Figure 1 represents a simplified environment analogous to the ofdilde naval fuel
tanks. In the natural environment, many different kinds of prokaryotes and eukaryotes
live in this system. The schematic drawing (Figure 1) demonstrates the processes around

an SRB biofilm. It is important to note that although th@ssrobes are anaerobes, and
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are living in an oygendepleted zoneajissolved oxygen desexist outside the biofilm.
As seen in the schematic the anodic site releasésni@ solution forming the initial pit
and drives electrons to the cathodic siteisnocess can be abiotically controlled.
SRB increase the dissolution of iron as they excrete metabolites. Sulfate is their terminal
electron acceptor and is reduced to sulfide (reaction 4). The sulfide ions are then able to
bond with the dissolveférrous iron to form framboidal, disordered and/or amorphous
minerals such as pyrrhotite (FeS) (reaction 5) and pyrite (FeS) (reaction 6 is simplified;
actually mechanism for pyrite formation is discussed later). In addition, ferrous iron is
oxidized to €rric iron outside the SRB biofilm in a region with low levels of dissolved
oxygen. Ultimately, the ferric iron precipitates as iron oxide anddeyihydroxide
minerals such as hematite (reaction 7) and goethite (reaction 8). Based on these observed
occurrences of secondary minerals in corroded fuel tanks, pyrrhotite, pyrite and goethite
were chosen for experimental studies to determine their role in MIC. Other iron oxides
and sulfides can be present in the system but are omitted, as the threaipbdseshis
study are volumetrically dominant in observed corroded fuel tanks. The energetics of
microbially mitigated reactions such as the following have been described by Amend and

Shock (2006 ard Shock (2009.

SO+ al kamdd S

Fe '+ & \% (5) FeS
Fe2+ + SZZ_ Y 2 %§3 S
AFE +30, Y .05 2(Be

FeOz;+H,O Y 2Fe OBOH



4Fe® + 30,>2Fe,0;

(Hematite)

Fe,03+ H;0— 2Fe0-0OH #9 S
(Goethite)

precipitates .

Fe cathode (site _ Fe cathode (site

Fez+ >
Steel of reduction) of reduction)
Fe anode (site of .- .e' e

oxidation)

Figure 1. Schematic of SRB biofilm with relevant precipitates in bold. Ttpseof

mineral precipitates A3, and Care shown. SRB reduced sulfate to ki€action 4) that

can disassociate to sulfide ions or bond with a proton to fai®ngds. Protons in

solution also act as a reducing agent and pick up electrons at the cathode to form
hydrogen gas. Dissaid oxygen outside of the anaerobic biofilm can also be reduced by
the flow of electrons to the cathode. Dissolved iron and sulfide bond to form the
secondary minerals pyrrhotite (reaction 5) and pyrite (Reaction 6). Dissolved ferrous
iron is oxidized tderric iron outside the biofilm by low levels of dissolved oxygen and is
converted to hematite (reaction 7). Hematite then adsorbs water to form goethite
(Reaction 8) (modified from Avci, personal communication).

As the secondary minerals becormmegent, they are also becoming bioavailable to
SRB to some extent (Figei2). Secondary minerals A, B, anddpresent goethite,
pyrrhotite, and pyrite. The bacteria cells attach to the surface of these minerals and may
recycle them back into the systenThis thesis is addressing the ability of the iron

sulfide/oxide precipitates to react in the system and determine the role in feedback

mechanisms they may play.
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Iron based secondary minerals

SRB cells

0D A L

Steel surface

(Hermatite)
Fieyly + HyO-+ JFe0-0H
Gosthite)

Mineral
precipitate:
I [

Steel

Figure 2. Schematic of secondary mineral precipitates and 8IRBas in inset of Fige

1. A), B) and ¢ are different types of minerals Wwitarying degree of reactivity

A<B<C. The SRB attach to the secondary minerals and may induce positiggative
feedback mechanisms.) ghis mineral represents an alteration product that isimert

SRB metabolic processes, thus a negativebi@eldto the corrosion process; B) and C
represent alteration products that SRB are able to utilize and in turn create more mineral
precipitates, thus a positive feedback mechanism to enhance corrosion.
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Mineralogy of Goethite, Pyrrhotite and Pyrite

Goethite Crystal Chemistry andifmation

Goethite, ironoxshydr oxi de ( FeOAOH), is orthorhomb
or prismatic crystals but most commonly found in botryoidal or stalactitic forms (Bowles
et al., 2011). Its atomic structure consists of layers of oxygen and hydroxiyi ions
hexagonal clospacked arrangement. ¥éons occupy half the octahedral sites with
alternating vacant sites (Bowles et al., 2011). It exhibits perfect {010} cleavage and
moderate {100} cleavage where corner sharing oxygen bridges are broken (Mahceau
al., 2000).
Goethite is the most common form of Fe (lll) elxydroxides and most polymorphs
revert to this phase upon weathering (Bowles et al., 2011). It is a very common
secondary mineral for weathering of most Hmearing minerals and oftdfound with
corrosion products associated withthe Feflle ( 1 1 1) hydroxi de salts
rusto(Usman et al ., 2012). Goethite is th
al., 1999) and can directly precipitate out of marine and metewdiers by abiotic or
biotic processes (Bowles et al., 2011). The hydration of hemati@{)Fgenerally forms
goethite and biological activities increase the amount of hematite available for hydration.
The small grain size of goethite particles cquoesd to a large surface area to volume
ratio that allows for a significant reactive site in both abiotic and biotic reactions (Echigo
et al., 2012). The presence of the hydroxyl in the mineral structure makes it active in
adsorption of anions and catiosusd the abundance of the hydroxyl group coincides with

its geochemical capacity (Echigo et al., 2012).
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The sample used as the feedstock in this

It hada massive habit, showing no distinct crystal fortnwds extremely difficult to
polish due to the very fine grain structure. XRD powder studies of the material used for
polished goethite samples confirmed the material to be goethite and with minor amounts

of quartz which is inert in the proposed MIC reacs (Figure 5).

Pyrrhotite Crystal Chemistry angfmation

Pyrrhotite is the name of an iron mesolfide mineral that includes a range of
compositions Fg$S where 0<x<0.125. The pyrrhotite family can have hexagonal,
orthorhombic or monocligisymmetry. The crystal structure has vacancies in the
octahedral sites and can be missing up teedgkth of the iron atoms. In the case of
low temperature formed magnetic monoclinie$gethe vacancies occur in alternating
layers of iron atoms and ialternating rows within the layer (Bowles et al., 2011).

At pH > 7, sulfide can react with Feforming a transient intermediate Fe(Fi8)at
will quickly decompose to FeS. Aqueous¥elusters, also decompose to FeS (Figure
6).

Pyrrhotite is commonly found with pentlandite ((Fe d8), pyrite (Fe$%), and
chalcopyrite (FeCu$. Complete characterization of pyrrhotite crystal class and
determination of impurities is often difficult (Bowles et al., 2011). The sample used in
thisstudywa obt ained from Wardds Scientific.
monoclinic 4C structure and matched XRD data from the Sudbury formation, Ontario,
Canada. Magnetic pyrrhotite from Sudbury comes from the Gertrude W€st idine

(Becker et al., 2010).XRD data demonstrated the presence of pentlandite (EgNiS
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quartz (SiQ), biotite, (K(Mg,Fe)AlSizO19(F,OH)), titanite (CaTiSi@) and an

unidentified phase associated with this pyrrhotite sample (Fighire 2

Pyrite Crystal ®emistryand Formation

Pyrite, iron disulfide (Fe$ is the most abundant sulfide mineral and is isometric with

2/m§symmetry with common crystal forms as cubes {001} and pentagonal
dodecahedron (pyritohedrons) {102}. Its structure is similar to-facéeed halite
where Fe replaces the Na sites and dumbbell shaped pairs of sulfur anions replace the ClI
sites. The sulfur pairs are oriented with their center of gravity in the equivalent Cl site in
such a manner that each corner of the unit cell and eaeltéater contain a dumbbell
pair (von Oertzen et al., 2005). The nature of the sulfur bonds becomes significant when
interpreting XPS spectra (following sections). Pyrite has poor {001} cleavage along the
Fe-S bond where the bond energy is greater tf#nkd/mol. The $ bonds have a
much lower bond energy of 245 + kJ/mol and although the process requires breaking
more bonds than along the cleavage plane, the energy saved by fracturirf§) boa &
could be favorable (Nesbitt et al., 1998). Thusekgosed S atoms on fractured
surfaces become activated sites that may initiate either biotic or abiotic corrosion
processes.

It is also important to note that SRB use sulfate as their terminal electron accepter to
create sulfide and precipitates sashFeS and FeS The sulfur atom in pyrite is a
reduced form (Sor $%) so it would seem that no reaction would occur between the SRB

and the secondary mineral pyrite. However, tHg [®nds tend to cleave regularly
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(Figure 3) and these broken bondsyide S that pulls an electron from Eeby
autooxidation to create Feand $ (reaction 9) (Nesbitt et al., 1998).

FE'+SY B'eS (9)

Fe-S Bond

S-S Bond

Figure 3. A FeS; cluster depicting the coordination of theS®onds and the-Be bonds
in pyrite. Both S atoms are bonded to 3 Fe atoms although additional Fe atoms are not
shown here. Modified from Nesbitt et al., 1998.

The local oxidizedsite of F&* then can adsorb water by a mechanism put forward by
Schafust al.(1998) where, in turn,Squickly reacts with wateaind dissolved oxygen
to form sulfate, returning sulfide to its oxidized st@tgure 4) Pyrite scaenges

dissolved oxygen, creates localized regions of oxidation, and then provides sulfate for

SRB to utilize.
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Figure 4.Proposed mechanism for localized site of iron oxidation that adsorbs water.
Electrons move from Fe(ll) sites via sulfur bridgeward Q. The sulfur atom is
displaced by competitive adsorption of an addition water molecule. The sulfur reacts
with water and oxygen to form sulfate. The localized regions of sulfate aravhggble
for SRB (modified fron Schaufuss et al., 1998).

Pyrite can form numerous ways both natural and artificial. It has been prepared
synthetically by heating pyrrhotite (E£5) in HoS in a weakly acidic or neutral solution.
This same reaction is thought to be responsible for pyrite by altecdtmymrhotite in the
presence of k8 in volcanic sites (Deer et al., 1966). Disordered mackinawite.&e
has been suggested as a precursor to and nucleation site for pyrite growth in both abiotic
and biotic systems (Herbert Jr. et al., 1998). Iraulfide is a common secondary
mineral precipitate from dissimilatory bacterial reduction of sulfate. The exact
mechanism by which pyrite is formed via bacterial metabolic processes has yet to be
determined but there are currently a few proposed pathweagtving: 1) FeS oxidation
by polysulphide species (reaction 9) (Luther, 1991); (2) FeS oxidation®yrelaction

10)(Rickard, 1997); and (3) conversion of FeS by iron loss through intermediate phases

such as greigite (B8,) (reactions 11 and 12) (Wilkiand Barnes, 1996) (Figubg
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FeS+ § Y FerS (9)
FeS + HS Y Fe+r$, (10)

AFeS+%@+2HY ESR+FE +H0 (11)
FeS +2 H Y 2RheR¥ +H, (12)

Organic matter Iran-bearing
minerals
Bacterial sulfate

reduction

Chemical and bacterial
iron reduction

H,S

polysulphides

FeHS*

complexes

+Fe’*

~ Nucleation on

h 4 v

/ L 4 ~« biological surfaces
- Amorphous FeS +0, .
FeSZ P\/”te (disordered mackinawitel 5 Fe;S, greigite
FeS \

Figure5. Schematic representinggsible pathways for biologically mediated pyrite and
other iron sulfide formation, dashed arrows represent reactions thought to be present but

by unknown mechanisms (modified from Bowles et al., 2011).

The sample used in this study was procured Wéenr d 6s Sci ent i

studies of the material used for the polished pyrite samples confirmed the only mineral

phase present was pyrite (Figui@.4
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MATERIALS AND METHODS

Polishing Mineral Samples

Samples of goethite, pyrrhotite, and ipgywere polished on three grinding wheels
starting with 600 grit polish, followed by 1000 grit polish and finished with 1 micron
alumi num oxide fAalphao polish at high spee
a diamond embedded rock saw to appratety 1 cm in width.  While the 1 cm width
is acceptable for SEM, XPS analysis required thinner and more highly polished samples.
The polished side of each sample was fixed with silicon glue to glass slides. The
samples where then shaved down to agprately 1.5 mm thickness with an Allied Prep
polisher with polishing paper grits of 120, 200, 320, 480, 600, 800, 1200, and then buffed
to a mirror finish with 1 micron colloidal diamond and the appropriate polishing cloth for
30 minutes. The samples wehen removed from the glass slides and residual silicon
glue was scraped off with a razor blade. The polished minerals were then cut up into 12
pieces with a rock saw and a diamond etching tool was used to orient an x, y axis to
identify regions of inteest for SEM imaging and EDS analysis before and after exposure
to microbes. The mineral samples were oriented such that the longest straight edge of

each sample was the bottom helping to replicate the exact same spot for every analysis.

Preparation of &nmples for Eposure to SRB

Prior to inoculation, all vials and stoppers were-tveit autoclaved for 25 minutes.

The mineral samples were rinsed with 100% ethanol and dried wghdN To insure
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proper exposure of the polished face of the naineamples to the medium and microbes,
it was determined (Avci, 2012, personal communication) that the samples should be
suspended in the medium, rather than lying flat in the sample container. This procedure
was chosen because previous experiments hehed steel coupons lying flat in the
container only to observe corrosion on the unpolished underside.  The mineral pieces
were tied with Teflon coated quartz string and the string was pushed through the rubber
stopper of the vial by the following meitt a 16 gauge needle was held with needle
nose pliers and amped to the counter surfatlke needle was pushed through the rubber
stopper and then the string slipped intorikedle tubethe stopper was removed from
the needle leaving the silica sginunning through the rubber stopper and allowing the

minerals to be suspended inside the vials.

The Anaerobic Glove Box

The organisms of intereddesulfovibrioindonensiensigs anaerobic bacteria so all
work was done inside a glove box with a mainéd oxygen level of less than 25 ppm at
all times. Mineral sampgdied to silica string and suspended from rubber stoppers, a
rubber stopped flask &. indonensiesisin Widdell medium for seawater, (12) 10ml
vials, a test tube rack, (1) syringe, (1)1&iga needle, and (3) 0.02 micron syringe filters
were put into the input chamber. The chamber was pumped out by vacuum and filled
with CO, and hydrogen gas. One sequence equals the chamber being pumped down and
filled three times then equalized with nigen gas. Two sequences were completed

before opening the inner chamber door.



19

The syringe with the 16 gauge needle was inserted into the rubber stopper of the flask
with the bacteria. Four ml of media and bacteria were drawn and put into sar3pkes 1
7,911. The syringe was then filled to 5 ml of media and the needle removed. The filter
was screwed on the syringe (the extra ml was drawn into the syringe to compensate for
the loss on the filter paper). Four ml of the filtered media was put ial® containing
samples 4, 8, and 12. This filtered media in samples 4, 8, and 12 acted as the
experimental control.

Samples 4 were left in the glove box exposeddoindonensiensifor a duration of
one week. The vials were opened inside the ghmxeand rinsed with nanopure water to
remove salt residue and allowed to dry in the anaerobic chamber. SarBplesd
allowed exposure to microbes for 2 weeks. SamplE? @ere allowed exposure to

microbes for one month (Table 3). This procedure twvasame for all minerals.

Mineral Type Date of Date of Date of Date of
exposure to removal (1 removal removal
microbes week) (2 weeks) (4 weeks)

Goethite 08/01/2012 08/08/2012 08/15/2012 08/29/2012

Pyrrhotite 08/29/2012 09/05/2012 09/12/2012 09/262012

Pyrite 09/26/2012 10/03/2012 10/10/2012 10/24/2012

Table 3. Mineral samples types and the dates on which they were removed from the
media and rinsed for analysis.

Instrumentation Hosed in the Imaging and Chemical
Analysis Laboratory (ICAL) at Motana State University

X-ray Diffraction (XRD)

Powder XRD was performed on a SCINTAG X1 Diffraction System to verify the

mineral phases used in this experiment. The mineral samples were powdered with a
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mortar and pestle and made into a slurnhwethanol. The slurries were allowed to dry
on an XRD slides leaving the powered minerals in a random orientation. Samples were
scanned from 373’ for a full scan at ¥min. The instrument was operated at 40 kW, 45
mA, using Cia radiation. Data were reduced using background subtraction and peak
identification referenced from International Center for Diffraction Data (ICDD) library.
Results are presented with Material Analysis Using Diffraction (MAUD) software
(Lutterotti et & 1997) All three of the mineral samples were analyzed with XRD to
insure that the phases were homogeneous and without significant contgrhised

before the experiments.

Scanning Electron Microscope (SEM)

The polished mineral samples wereaged with a JEOL JSM 6100 standard SEM at
20kV. Magnification of 700 X was used to determine an area within the etched
coordinate system based on degree of polish and least amount of surface defects. The
coordinate system on the outer part of the SEMmeeasrded for the region of interest
from a reference point i.e. starting position was x= 338.00, y =660.00, and position of
point of interest was x= 336.00 and y= 662.00. The scale for the system is such that the
number immediately to the left of the d®al represents hundreds of microns. In
general, the point of interest was 200 microns to the left or right of the origin and 200
microns up or down from the origin. SEM images were captured at 700x and 7000x
magnification at the point of interest. Baclter electron images were also obtained at
these magnifications. EDS was used to obtain spectra of elements present in the samples

and their relative abundance. Elemental mapping of the mineral constituents was
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performed with the RONTEC Flash Map EBgtem xray detector. This procedure was

followed both before and after exposure to SRB and was the same for all mineral types.

Field Emission Scanning Electron
Microscope (FE SEM)

The FE SEM was used to image cell attachment after expws8fB. The gun was
set to 1kV and magnification up 89,000x witha working distance (WD) of-83 mm
images were obtained for each sample udiegsecondary electron detectdmLens
images and backscatter electron images were obtained at 10 kV withod 815 mm
and spot analysis with EDS was performed on areas of interest. The Inlens sits higher up
in the column and biological cells appear very dark in the images. This was useful for

locating cells.

X-ray Photoelectron Spectroscopy

X-ray Fhotoelectron Spectroscopy (XPS) was performed on a 5600 model Physical
Electronics spectrometer. Data were collected in survey mode to identify components on
the substrate surfaces and multiplexes were used to examine narrow binding energy
windows of inteest to determine the chemical state of specific elements. The source
used was a monochromatized<al. The system was operated at 15 kV, 300 W and kept
at ultrahigh vacuum levels of ~1UTorr. Pass energy was 46.95 eV for survey scans
and 235 eV for multiplexes. Values are reported within £0.4 eV accuracy for survey
scans and +0.05 eV accuracy fultiplexes and depth profiles. Carbon calibration was
done to align the sample in the z direction by maximizing counts with the z goniometer

and aligning the peak to 284.5 eV (Moulder et al., 1993) by adjusting emission control
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(mA) and electron energy (P6n the flood gun. Before exposure to microbes, samples
were sputtered with an argon ion gun to remove ~1 nm of any potential sorbed
environmental contaminants (e.g. adventitious carbon). Goethite samples were relatively
porous and required leavingetkample in the sample exchange chamber to be pumped
down over 2 days before it could be put into the chamber athughavacuum (greater
than 10° Torr). Liquid nitrogen was used to cool the sample and the detector so the
integrity of the vacuum systewas not compromised. A survey scan was used over a
range of 0 eV to 1200 eV for pyrite and goethite and 0 eV to 1400 eV for pyrrhotite to
determine elements present. Then a multiplex routine was used to provide more detailed
information of the oxidatio states for iron, sulfur, oxygen and carbon. Depth profiles
were also obtained for the pyrite samples with a pass energy of 23.5 eV to determine
chemical stratigraphy of monolayers of alteration products. Argon gas was used to
remove 1 nanometer atiene of the surface with a sputtering rate of 1 nanometer per
minute.

Fe 2p, O 1s, S 2p, and C 1s spectra were analyzed by curve fitting multiplets using
AugerScan software. After integrated (Shirley) baseline subtraction, curves were fit by
combinatons of Lorenztian and Gaussian line shapes. Full width at half maximum
(FWHM) and all line shape parameters were set equal for curve fittingpedks were
fitted by doublets with a separation of 1.18 eV to account for spin orbit coupling

(Moulder etal., 1993; Avci, personal communication).
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RESULTS

Goethite

Mineral Phasedentification with XRD

XRD analysis confirmed mineral phase to be goethite with minor presence of quartz.

No other impurities were present (Figie

G,Q

400

Intensity”2 [Count”zl

200 ! e

'g-Theta [degrees])
Figure6. XRD analysis of the goethite sample used in this study. Major peaks are due to
goethite and quartz. Analysis confirmed material is iron oxyhydroxides with silica.

Characterzation of Goethite
Using SEM withEDS

EDS of goethite samples beforgpesure to SRB confirmed iron oxide with small
inclusions of quartz present (Figufe The surface topography was not uniform.

Irregularity in composition could be seen when secondary electron images were
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compared with backscattered images (Fig)reThe heterogeneous nature of the sample
could be due to goethiteds varying concent
2012), its reported occurrence as coatings on smaller grains (Rakovan et al., 1999) and/or
the presence of silicon.

After exposure to SRB, EDS revealed the same iron, oxygen and silicon peaks with
trace amounts of carbon, sodium, magnesium, aluminum, phosphorus and sulfur (Figure
9). The trace elements were due to residue from the media. Goethite was the only
mineral of thethree studied to have enough media retained to appear on the EDS spectra.
The samples used were extremely porous and the most likely reason for trace elements is

media in the pore spaces.

oo 1.0 20 30 4.0 5.0 ED o 80 9.0 100 .o 120 130 140 150 160 17.0
Figure 7. EDS spectrum of goethite sample 5 before exposuRBto Spectra shows
only the presence of iron, oxygen and very small amount if silicon.




Figure8. A) and B) are backscatter and secondary electron images of sample 3
respectively. C) and D) are backscatter and secondary electron images of sample 4
respetively. Backscatter images A) and C) show grain morphologies as concentric
layers with variation on composition as seen with the light and dark areas.

40}
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Figure9. EDS spectrunof goethite sample 5 after exposure to SRB for 14 days. Peaks
show trace @ments that can be attributed to media retention in pore spaces.

Characterization of Goethite
Using FE SEMwith EDS

The imaes of goethite show few to zerells attached to the samplerface (Figure
10). The SRB weraot shown to have signifioainteraction with this mineral; however,
many acicular, prismatic crystals did appear of the surfaces of the samples exposed to
SRB (Figurell) as well as the controls (Figut8). Spot analyses with EDS suggested
iron oxide as the composition with yesmall amount of Si present (FigurE3and14).
The crystals may have been a restilissolution and recrystallizatiaf goethite as the

EDS, and shape of the crystals indicate.
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Figurel0. FE SEM secondary electron image of a single cell of 8RBoethite sample
1 after 7 days of exposure. Very few cells were seen on these samples.
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Figurell Goethite sample 6 before and after exposure to SRB for 15 days. Prismatic
crystals were not seen on the surface prior to exposure to medium.irdRedhdicates

area that was analyzed by EDS. The results of thatsydysis are shown in Figure.12
SRB cells were rarely observed on the surface of goethite samples; however prismatic
crystals covered the surface. Region imaged both before and)gitesure to SRB was
located with x, y axis etching 20fin east and 200m north of origin.
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Figure 2. EDS aalysis of crystals in Figure Idoethite sample 6. Amount of Si present
was extremely small.
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Figure 13 Goethite control sample 8 beforitea 15 days of exposure to SRB.

Concentric acicular crystals are seen sntib the ones shown in Figure.1This

sample, however, was a control and was exposed only to filtered medium. Surfaces prior
to exposure to media did not have crystals. Retedndicates area analyzed by EDS.

The alteration of surface morphology was observed in both the experimental and control
samples implying that the recrystallization was an abiotic process but may have been
influenced by microbial metabolites presenthe filtered medium.
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0 h 10 15 20

Figure 14 EDS spot analysis of crystals on goetsaenple 8 as depicted in Figure 12
Amount of Si present was extremely small.

Characterization of GoethiteuBace with XPS

Before Exposure to SRBa Basdine Signal forGoethite. The goethite samples prior

to exposure show iron Eepeaks in XPS data (Figure )& able 4). The weighted

average of the peaks based on area gives is equal to 709.51 eV. This is a slightly lower
binding energy than suggested by previouskaowhich is approximately 711 eV

(Echigo et al., 2011). This is most likely due to the variable content of hydroxyl ions.

The oxygen spectra show peaks for the oxide and the hydroxide bonds at 529.35 eV and
530.97 eV respectively (Figure LleTable 5). These binding energies are only slightly

lower than the previously reported values of 529.8 eV and 531.0 eV (Echigo et al., 2011).
Carbon peak was 284.4 eV and all values were shifted appropriately to compensate for
charging on surface. For the decolion of data, a minimum number of peaks were

used to fit the raw data. It was assumed that all iron present WasuEslight variation
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in binding energy should be seen between th®ad the FOH bond with the F©

bond having a slightly higherruling energy.

Bindingenergy eV

716 712 708 704
Figure 15 XPS spectrunof iron on goethite sample 1 prior to exposure to SRB. Peaks 1,
2 and 3 indicate P& Blue line is XPS data, brown is curve fitted data.

Peak |area position| intensity| FWHM | chemistry
1 22927 | 709.61 | 5576 2.8 Fe-OH; FeO
2 3816 | 7129 |928 2.8 FeO

3 11094 | 708.16 | 2698 2.8 Fe-OH

Table 4. Values of curve fitted data +0.06fer iron peaksifom goethite sample 1
(Figure 15.



~ 1 Binding energy eV

535.6 533.8 532 530.2 528.4 526.6 524
Figure 16 XPS spectrunof oxygen peaks from goethite sample 1 prior to exposure to
SRB. The oxygen represented by individual peaks is in bold and underlined. Blue line is
XPS dataprown line is curve fitted data

Peak |area position | intensity| FWHM | Chemistry

1 26506 |529.35 | 13449 |1.39 oxide

2 10696 | 530.97 | 5427 1.39 hydroxide

Table 5. \alues of curve fitted data +0.05 eV for oxygen peadsifgoethite sample 1
(Figure 16.
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After Exposure to SRB After seven days of exposure to SRB, a survey scan showed

a significant peak for carbon and oxygen and a small peak for irorudod (Figure 17.

The carbon peak indicated the presence of organic metabolitess@tArnd C=0 bonds

as seen wittthe high energy bonds (Figure)18The carbon peak value was 284.6 and all
peaks all values were shifted appropriately to compensatedogiog on surface. The
oxygen peak indicated the carbon oxygen bonds found in metabolites along with small
amounts of ira oxide and hydroxide (Figure L@Table 6). The amount of oxygen
bonded to carbon was much greater than amount bonded to iroiror peak showed
only F€”, with the weighted average of the peak based on area and position equal to
711.38, which was most likely from the original goethite substrate (&2 (Table 7).

Sulfur signal was too weak and distorted to reduce data.
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Figure 17 XPS survey scan of goethite sample 1 after 7 days exposure to SRB.
Spectrum shows large peaks for oxygen and carbon, small peaks for iron and sulfur.
Values have an accuracy of £+0.4 eV
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Bindingenergy eV

303.6 300.36 297.12 293.88 290.64 287.4 284.16 280.92 277.68 274.44 271.2F

Figure 18 XPS spectrum for carbon oonethite sample 1 after 7 days exposure to SRB.
Blue line is raw XPS data; Brown line is curve fitted data. Peaks 2 and 3 represent
organic metabolites on the surface.
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Figure 19 XPS spectrum of oxygen from goethite sample 1 after 7 days exposure to
SRB. Oxygen atoms corresponding to peaks are in bold and underlined. Blue line is raw
XPS data; brown is curve fitted data.

Peak |area position| intensity| FWHM | Chemistry

1 38471 | 531.22 | 16581 | 1.56 F e O O-C

2 14805 | 529.55 | 6721 1.56 FeO @H; O=C

Table 6. Values of curve fitted data +0.@% for oxygen peaks in Figure 19
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Bindingenergy eV

747 741.14 73528 729.42 723.56 717.7 711.84 705.98 700.12 694.26 688
Figure 20 XPS spectrum of iron on goethite sample 1 after 7 days exposure to SRB.
Weighted average of peaks equals 711.38. Blue line is XPS data; brown is curve fitted
data.

Peak |area position| intensity| FWHM | chemistry

1 5162 | 710.4 | 2706 15 Fe-O;FeOH
2 3136 | 712.06 | 1644 15 FeO

3 1249 | 713.75 | 655 15 FeO

Table 7. Values for curve fitted data £8.8V for iron peaks in Figure 20 he binding
energy values indicate presencenly F€* (Moulder et al., 1993).

The surface was sputtered with argon for one minute at rate of one nanometer/min.
The survey scan showed the carbon peak was significantly reduced, indicating a removal
of the organic layer. The iron signal hadgified, with a weighted average of 710.22

eV. Oxygen signal remained significant; however, the peak was shaped differently than
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the previous surface analysis. Comparison of baseline goethite signal to signal of sample
1 sputter depth of one nanometeggests iron ox-hydroxide substrate (Figure 21 The
control for 7 days suggested the same results where the organic metabolites covered the
surface to a depth of no more than 1 nm. Samples exposed for 15 days and 30 days
(Figures 2-23) indicated thesame results: one nanometer of organic metabolites on the
surface on samples with SRB and one nanometer of organic on controls. The control
mineral samples were exposed to filtered medium thus had the presence of metabolites

but without living SRB cells.

Goethite
baseline

.............................

Goethite
sample 1
after
removal of 1
nanometer

1Z44ERN\N D S A

igure 21 A) and B) represent Fe and O peaks from goethite sample prior to exposure to
microbes. C) and D) represent Goethite sample 1 after 7 days exposure to SRB and
removal of the top 1 nm of surface. Similarity of iron peaks and oxygen peaks f
samples before and after exposure suggest all organics were removed.
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Figure 22 Initial survey scan of sample 9 after 30 days exposure to SRB. No iron peak
is seen. Peak values are accurate witbid eV.
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Figure 23 Survey scan of sample 9, 30 days exposure time after 1 minute of sputtering.
Significant iron peak indicates removal of no more than 1 nanometer of organic material
on surface. Peak values are accurate withid eV.
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Goethite Discussion

FEM images of goethite samples exposeD .tmdonensiensishowed few to no cells
attached to the surface. Acicular, prismatic crystals of an iron oxide did appear on
surfaces of both the experimental and control samples, possibly from dissolution and
reprecipitation. These crystals suggest abiotic formation due to the presence on both the
experimental and control samples but may have been influenced by microbial metabolites
present, as the control medium was filtered to be free of cells. XPS dataneohifio
interaction of cells with minerals, however the presence of metabolites in media did leave
a >1 nm layer on all samples as apparent in XPS survey scans. Results of bacteria
experimental and control samples were identical independent of expasewrelihe null
result indicates a negative feedback mechanism in which goethite acts as an inert
byproduct of the corrosion process. These results suggest that iron fixed as goethite is
not accessed Hy. indonensiensiand can act as ammaoringlayer, thuscan create limits

to further MIC.

Pyrrhotite

Mineral Phasedentification by XRD

Natural pyrrhotite like the sample used in this experiment, often has impurities in the
form of Ni, Cu, and Zn sulfides (Bowles et al., 2011). Some studies have shown
unidentified phases when trying to reduce XRD data (Thomas et al., 2001). Analysis of
this sample indicated pyrrhotiéth inclusions of pentlandite, biotitgtanite, and quartz

(Figure 24. There was also an unidentified phase.
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Figure 24 XRD of pyrrhotite indicating pyrrhotite (P), pentlandite (Pl), biotite (B),
quartz, (Q), and unidentified phase (U).

Characterization of Pyrrhotite
Using SEM with EDS

The SEM images demonstrate the complexmaof this sample. Figure 2&ows
areas othe highly polished pyrrhotite surface that exhibit charging due to low
conductance. This gives the impurities an oily luster and a false appearance of relief.
The backscatter image (Figure)26veals the impurities are less dense than the
surrounding raterial. Figire 26also suggests regions of more dense phases represented
by the lighter colored areas. EDS analyses averaged over entire area demonstrate the
presence of iron, sulfur and oxygen with small amounts silicon, magnesium, calcium,
copper, anc and sodiunfFigure 273. EDS analysis averaged over entire area at
magnification of 7000x in a region with no inclusions showely iron and sulfur
(Figure 28. Elemental mapping of the samples imply the less dense inclusions that
experiencehargingdo not have iron but instead consisted of calcium, magnesium and

possibly silicon (other elements may have been present as well; however EDS is not an
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effective tool for meaging light elements) (Figure 29 Elemental mapping also
indicates the more dea areas todve copper (Figure 3@nd/or zinc present with iron
and sulfur as would be commonly seen in pyrrhotite (Bowles et al., 2011; Thomas et al.,
1998). BSE imaging and EDS spot analyses to identify phases is presented in more detail
in the next sction. Although complex in chemistry, SEM images and EDS analysis of
the pyrrhotite samples were the same before and after exposure to SRB. There were also

no unusual changes seen in the elemental mapping.

yrrhotite Sample 9%
4 Y

8/2/12 20V WD39 x27
Figure 25 SEM secondary electron imagé myrrhotite sample 9 before exposure to
SRB. Regions of charging are indicated.
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Pyrrhotite Sample 9
backscatter

Areas of
density -,

JAreas of lower

~ density i

\‘, 2

8/2/12 20kV WD39 x27
Figure 26 SEM backscatter electron image of pyrrhotite sample 9 showing areas of
charging tlat were highlighted in Figure 2tave a lower density than surrounding
materid. More dense regions are also noted.

— 1 mm ——
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Figure 27 EDS spectrunof pyrrhotite sample 9 representing entire sample. Spectra was
obtained at 27x magnification. Inset shows secondary electron image of sample 9 at 27 x
magnification reflecting heterogemés nature of sample. This spectrum represents an
average of the entire sample.
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Figure 28 SEM EDS spectruraf pyrrhotite sample 9 obtained at 7000x representing
region of sample without inclusion. Inset is secondary electron image of sample 9 at
7000 reflecting homogeneous nature of that portion of sample.
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Figure 29 Elemental mapplng of pyrrhotlte sample 1 at 700 x magnlflcat|on Lighter
areas represent the element in question and dark areas mepreabsence of the
element. A secondary elctron image of region mapped, inclusions shown with oi
appearance due to charging;&emental map of iron showing depleted zones
correspoding to the inclusions show in A);)@ap of sulfur showing dégted zones in
the inclusions; [Pmap of copper idicating littleto none in this area;)Enap of nickel
indicating little to none in this area;) fnap of calcium indicatig presence in the
inclusions; G map of sodim indicating a small presence) khap of magnesium
indicating presence in inclusiong;nhap of silicon indicating depleted zones in
inclusions but small amount in surrounding material.
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Figure30. Elemental mapping of saqule 3 at 700 x magnification. )Aackscatter
electron image of mapped region demaoatgtg area of higher densit) map of iron
showing slightly depletedone in higher density region) @ap of copper showing
presnce in higher density region) hap of sulfur showing presence in all areas but
lower abundance in areas of higher density.

Charaterization of Pyrrhtite
Using FE SEM with EDS

The images of pyrrhotite after 7, 15 and 30 days exposure time to SRB revealed cell
attachment (Figure31-32). The cells after 30 days appeared to encircle mounds of
precipitate (Figured. A region greater than 6@n in diameter, that resented
precipitate (Figure 33wvas analyzed with EDS indicating the presence of iron, sulfur,
oxygen and tracamounts of potassium (Figure)34The relative intensities of the peaks

suggest FeS and possibly sonmioxide. Hjure 35displays twadbackscatter electron
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images of sample 9 with ten points of spot analysis. The spectra indicate the areas of
high density (points 1, 2, 5, and 9) consist mainly of iron, nickel and sulfur, most likely
representing pentlandite. Areasl@iver density (points 3, 4, 6, and 7) are silicates,

biotite, quartz and titanite. Poih@ represents pyrrhotite.

47 BRI N

2 o

igur 31 FE SEM secdary electron iag of pyrrhotite sample 1 exposed to SRB for
7 days.

Fige 32 FE M secodaryIEon mae of pyrrhotite sample 11 after 30 days
exposure to SRB.
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M secondary electron image of pyrrhotite sample 1 after 7 days
exposure. This image denotes a large (diameter greater than 60 [Jm) structure of
precipitate. Spot analysis of the structure revealed iron, sulfur, oxygetrace
potassium (Figure 34

igur 33 FE SE

Fe

T l T T T T T k T T T T T T I

T T
D 5 10 15 20
Figure 34 FE SEM EDS spectrurof preciptate structure seen in Figure.33eaks
suggest presence of iron, sulfur, oxygen and trace potassium.
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100 pm

Figure 35 Backscatter electron images of pyrrhotite sample 9 with 10 points of spot
analysis. Paits 1, 2, 5, 8 and 9 are areas of higher density as seen by lighter color in the
image. They consist of iron nickel sulfide, most likely pentlandite with the exception of
point 8 that consist of iron, titamin and oxygen most likely ilmée. Points 3, 46, and

7 are silicates. Points 3 and 4 are most likely biotite. Point 6 is silicon and oxygen most
likely representing quartz. Point 7 contains silicon, calcium, oxygen and titanium most
likely representing titanite. Point 10 is the bulk material =timg) of iron sulfide,

pyrrhotite

Characterization of Pyrrhotiteufface with XPS

Before Exposure to SRBa Baseline B§nal for Pyrrhotite  XPS survey scan

indicated the presence of iron, sulfur, nickel, zinc, oxygen, carbon, calciumesnagn
aluminum, titanium and rhodium (Figuré)Xxonsistent with the description of the
Sudbury deposit (Becker et al., 2010; Mertie, 1969). The iron peak implies the presence

of F¢* and F&'(Figure ¥)(Table 8). Possible sources of the curve fitteakpst 707.92
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eV are pyrrhotite and pentlandite (Legrand et al., 2005). The signal at 709.4 eV implies
Fe-O and/or Fe(ll)S (Legrande et al., 2005). The higher energy peaks could represent
Fe(ll1)-S (Legrande et al., 2005) and/or ilmenite (Fe)i¥angge et al., 2011). Carbon
peak was 284.55 eV and data was adjusted for charging.
The sulfur peak (Figure8¥(Table 9) showed only the presence of sulfide with
oxidation state of2. This most likely represents the both the pentlandite and pyerhotit

signal and possibly a signal from zinc sulfide (sphalerite).

Mo SRR M 13800l

NiE)

1400 1260 1120 980 840 700 560 420 280 140

Figure 3. XPS survey scan of pyrrhotite surface prior to exposure to SRB. This scan
represents the heterogeneous nature of the sample.
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Figure . XPS spectrum of iron on pyrrhotitaraple 3 prior to exposure to SRB. Blue
line is raw XPS data; brown is curve fitted. Peaks are labeled with possible iron bearing

minerals.

Peak |area position| intensity| FWHM | chemistry

10548 | 709.4 | 3130 2.15 FeS; FeO

10433 | 707.92 | 3096 2.15 FeS; (Fe,Ni)Sg

5274 | 711.14 | 1565 2.15 Fe(lll)-S; FeTiQ

3458 |713.48 [1026 |2.15 | Fe(ll)-S; FeTiQ

G W NP

967 715.27 | 287 2.15 Fe(lll)-S; FeTiQ

Table 8. Values for curve fitted data +0.05 eV in Figufe 3
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Figure 8. XPS sulfur peak for pyrrhotite saiep3 prior to SRB exposure. Doublet
shows presence of sulfide oxidation st&e

Peak | area position| intensity| FWHM

1 160.73 | 6806 6806 1.72

2 161.91 | 3403 3403 1.72

Table 9. Values for curve fitted data +0.05 eV in Figu8e 3

After Exposue to SRB After 7 days exposure to SRB, the initial survey scan

indicated sodium, iron, oxygen, rhodium, nitrogen, carbon, sulfur and silicon (Figjure 3
The nitrogen signal is most likely a biogenic product and part of an organic metabolite.
The ironsignal indicates the presence of both*ad F&*(Figure40) on the surface

consistent with values from Legrande et al., 2005 and Moudler, 1993. The sulfur peak is
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weak and distorted; however, signal was strong enough to reduce data (E)gUiabfe
10). The curve fitted data suggests four oxidation states for sulfur. The largest doublet
(peaks 3 and 4) implies sulfide, oxidation st&te The second largest doublet (peaks 1
and 2) implies disulfide, oxidation state The third largest doublet (ples 5 and 6)
implies sulfate, sulfur oxidation state +6. The smallest doublet (peaks 7 and 8) implies a
polysulfide, sulfur oxidation state greater thdn These values are consistent with
Legrande et al., 2005 and Moulder, 1993.

Oxygen peak indiates possible iron oxide, hydroxide, sulfate and organic metabolites
(Figure 2) (Table 11). Carbon peak supports the evidence of organic metabolites on the
surface (Figured®. These values are consistent with Legrande et al., 2005 and Moulder,
1993.

Iron sulfide, iron disulfide, and iron oxide/hydroxide are the most likely phases of
secondary precipitates seen on the surface of pyrrhotite after 7 days exposure to SRB.

XPS data collected after one minofesputteing (~1 nm) produced spta that are
comparable between the baseline survey and the survey obtained after 7 days exposure to
SRB (Figure 4). This implies the alteration products were less than 1 nanometer thick
on the surface.

The control sample also had less than 1 natenof material overlying the surface.

The initial survey scan (Figuré¥was similar to the survey scan of the experimental
sample (Figure9. Iron and sulfur signals were too weak and distorted to reduce data.

The results from 14 days and 88ys exposure time also revealed 1 nanometer of

material on the surface. Reduced data indicated the presence of sodium, iron, oxygen,
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rhodium, nitrogen, carbon, sulfur and silicon that corresponded to the same elements
present in the initial survey ofeélsample exposed for 7 days. Results were same

independent of exposure time.

Min: 25Max: 17975

O 1s
C 1s
Na 1s
N(E k. L
e 2p3
W o ne
gﬁ Rh 3p3
\ J W
W g{ S 28 2%3 -
\ 1 2p3
WMW | Fe 3
Ty oz
1400 1260 1120 980 840 700 560 420 280 140 (0]

Binding Energy (eV)

Figure 39 XPS survey scan of pyrrhotite after 7 days exposure to SRB. Peaks indicate
sodium, iron, oxygen, rhodium, nitrogen, carbon, sulfur and silicothe surface.
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Figure 40 XPS spectrum representing iron on the surface of exposed pyrrhotite sample.
Curve fitted data indicates presence of botfi &ed F&". Blue line is XPS data; brown
line is curve fitted data.
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Figure 41 XPS spectum for sulfur on the surface of pyrrhotite sample 1 exposed to
SRB for 7 days. Signal was weak and distorted so curve fitted data did not exactly
match, however four distinct oxidation states were observed. Probable chemistry of
sulfur is indicated. Ble line is XPS data; Brown line is curve fitted data.

Peak| area position | intensity| FWHM | chemistry

1 849 162.11 | 341 1.45 S~
fixedtol |2 423 163.29 | 170 1.45

3 1269 | 160.61 | 510 1.45 S
fixedto3 |4 634 161.79 | 255 1.45

5 751 167.51 | 302 145 | SO~
fixedto5 |6 376 168.69 | 151 1.45

7 611 164.26 | 198 145 |S7”

fixedto7 |8 306 165.44 | 99 1.45

Table 10. Values for curve fitted data from pyrrhotite sample 1 after 7 days exposure to
SRB. Doublets for sulfur 2p3 and 2p1 peaks are representezlbietwith a fixed

spacing of 1.18 eV andla0.5 area ratio. Probable chemistry of sulfur is indicated for
each doublet. Values are accurate within £0.4 eV.
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Figure 42 XPS spectrum representing oxygen on the surface of pyrrhotite sample
exposed foto SRB for 7 days. Curve fitted data suggests presence of iron
oxide/hydroxide, and carbon based metabolites. Blue line is XPS data; brown is curve
fitted data.

Peak |area position| intensity| FWHM | chemistry

1 11753 | 531.82 | 5336 15 OH-; O-C-O

2 6615 |532.5 |3002 15 SO, C=0

3 8666 | 530.88 | 3933 15 O=C; iron oxide

Table 11. Values for curve fitted data for oxygen peaks on pyrrhotite sample 1 exposed to
SRB for 7 days. Probable chemistry is indicated for each peak. Values are accurate
within £0.4 eV.
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Figure 43 XPS spectrum for carbon on surface of pyrrhotite sample 1 after 7 days
exposure to SRB. Highnergy shoulder indicates presence of organic metabolites. Blue
line is XPS data; brown is curve fitted. Values are accurate within £0.4 eV.
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Figure 44 A) Survey scan of pyrrhotite sample 1 after exposure to SRB for 7 days with 1
nanometer of material removed. B) Survey scan of pyrrhotite sample 1 prior to exposure
to SRB. The similarities between the two scans demonstrate that the substrate was
reached in A) after removal of 1 nanome¥alues are accurate within £0.4 eV.
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Figure 45 XPS survey scan of pyrrhotite sample 4, the control saniffledium peak is
most likely enlarged due to sodium auger electron signal.

Pyrrhotite Discussion

Natural pyrrhotite, like the sample used in this study, is complex. Often when iron
sulfide is formed from biologic activity, it is amorphous and disordered (Bowles et al.,
2011). Owing to the amount of impurities and complexitthese samples, it is difficult
to quanify the results. From FE SEM images with EDS, it appears the SRB attached to
the surface of the mineral samples and did create iron sulfide/oxide in the form of a
disordered thin film. XPS analysis of the surfauggested iron sulfide and iron oxide
precipitates as well. The high surface area to volume ratio of the thin film alteration
products would suggest that these precipitates would be bioavailable. This would create

a positive feedback mechanism in whmphrrhotite locally propagates more pyrrhotite as
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long as there were areas of local oxidation to initiate SRB interactions. The presence of
increased rhodium on the surface is interesting because it appears on both the
experimental and the control sample$he control samples however did not have a
significant iron and sulfur signal. The medium used in the control was filtered to remove
cells but metabolites were present. The rhodium may have interacted with these
metabolites to increase dissolutiamaeprecipitation.Sodium auger electrons are also
observed a#93eV andmay account for enlargement of peak seen after exposure.
Baseline signals indicated rhodium but did not have sodium present. More research is

needed to confirm rhodium and SRRBdraction on the surface of pyrrhotite.

Pyrite

Mineral Phasedentification with XRD

XRD analysis of pyrite sample confirmed mineral phase identification to be only

pyrite. The sample was free of contaminaiibiyure 4).

400
P

20.0

Intlensi'n,rl‘r2 [Ccunt”zl

>yrite b ) ) ) ] I I b I I I"
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Figure 4. XRD analysis of pyrite sample. All peaksdicatepyrite.
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Charactrization of Pyrite Jing SEM withEDS

SEM secondary electron (Figur@yand backscatter images (Figur@ 4onfirmed a
homogenous sample. EDS spectra indicated samydli2snke pure irm disulfide
(Figure ®) and spectra taken after exposure to SRB confirmed that bulk analysis was
pure iron disulfide after 7 day$4 days and 30 days (Figure) 50’ here were also no
unusual changes seen in the elemental mapping of the pyrite sampsg. r@sults were

the same for all pyrite samples.

9/22/12  20kV WD37 x700
Figure 4. SEM secondary electron image of sample 1 showing small surface defects and
homogeneous nature of sample.
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9/22{12 20kV WD37 x700

Figure 8. SEM backscatter electron image of sample 1 showing surface defects and
homogenous nature of sample.

T 1 1 T T T T 1 T T T T T T T
0o 1.0 20 30 4.0 ) 6.0 0 a0 a0 100 1.0 120 130 14.0 16.0 160 17.0

Figure 8. EDS of pyrite éample 1 at 7000x before expose to SRB. Peaks show presence
of sulfur and iron only.
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Figure50. EDS spectrunof sample 1 at 700x after exposure to SRB for 7 days. Peaks
show presence of sulfand iron only showing no change in bulk composition after 7
days

Characterization of Pyrite
Using FE SEMwith EDS

After 7 days exposure time to SRB, FEM images of pyrite showed significant cell
attachment. Sample 2 had slipped out of silidgag®nd fallen to the bottom of the vial
while samples 1, 3, and 4 (the control) remained suspended in the medium. Images of
cells on samples 1 and 3 showed edrvods with flagella (Figurel and sample 2
(Figure 2) showed matike structures of biofims indicative of the local environment in
which the samples had been. Possible precipitates were seen affeite @uthe

biofilms (Figure 2). The control sample wdiee of contamination (Figure3h
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The samples exposed to SRB for 14 ddgs had significant cells attachment.
Sample 5Figure %) had fallen to the bottom of vial and experienced similar results to
sample 2 Secondary electron (Figur&)sbackscattered electron (Figuré)5and InLens
images (Figure B were obtained foredls and precipitate on sample 5. The backscatter
electronimage has a slight variation in tint that reflects the morphological differences in
the overlaying precipitate and there is a lack of defipin@se discrimination (Figure3p

Samples expged for 30 days did not show significant cell attachment in any of the
triplicate samples. The bacteria may have perished. This result is strange considering all

the samples were inoculated at the same time with the same cultures under the same

experimetal parameters.

1pm -

Mag=48.64 K X

Figure 9. FE SEM secondary electron image of sample 1 shoWimgdonensiensis
cell with flagellum. This sample was suspended in the media.



Figure 2. FE SEM secondary electron image of sample 2 showinglikeabiofilm
structures Red circle indicates possible precipitate.

Mag=1756 KX

Figure 8. FE SEM secondary electron image of the control sample 4. Image shows no
indication of contamination.
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20 um
s Mag=1.28KX

Figure 3. FE SEM secondary electron image of cells on sample 5 after 14 days
exposure. Te sample had fallen to the bottom of container and indicated significant cell
attachment.

Figure . FE SEM secondary electron image of sample 5 at 7.80 K x magnification.
Precipitate on left side of image. EDS spectrum efgiecipitate shown inigure .
Bacterial cells are on right side of image. Cells become appaiterinLens detector
(Figure ).
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Mag=7.80 KX

Figure %. FE SEM backscatter electron image of sample 5 at karagon of images in
Figures D and ¥. The lack of defining phase dismiination implies the variation in tint
is most likely due to morphological features as opposed to differences in phases.

Figure ¥. FE SEM InLens image of sample 5 at samatioa of images in Figurebb
and %. Precipitate is on left side of imagBark curved rods are bacteria cells on right
side of image. EDS spectrum okpipitate is shown in Figure 58
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Figure 58 FE SEM EDS spectra of participate see in in FigureS08Relative peak

heights suggest iron disulfide pyrite with a small amtof oxide.

Characterization of Pyriteusface with XPS

Before Exposure to SRBa Baseline Signal foryite. Pyrite surfaces before

exposure to SRB were expected to have the presence of 5b#mBe&&" as previously

discussed. XPS analggprovided evidence of two iron oxidation states seehdy t

high- energy tail (Figure 5%Table 12). Based on the area of curves fit to the dath, Fe
accounts for ~17% of the total i1ron signal
of sulfurwith oxidation state ofl and-2 corresponding to the iron sulfur bonds

previously described (Figure §Uable 13). Sulfur with oxidation state -&f accounted

for ~ 21% of the signal. Carbon peak was 284.42 and all peaks were shifted accordingly

to canpensate for charging.
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Figure 59 XPS spectra of polished pyrite sample 1 before exposure to microbes. Blue
line is XPS data, brown line is curve fitted data.

peak | area position| Intensity| FWHM
1 19657 | 708 6060 2.2
2 6257 | 710.43 | 1929 2.2
3 3169 712.75 | 977 2.2
4 2008 | 714.92 | 619 2.2

Table 12. Values of curve fitted data for Fe peak bedgpmsure to microbes (Figure
59). Peaks 1 and 2 representFePeaks 3 and 4 represent’Rbat was a result form
the breaking of the-S bond and the autoinbation of F&".
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Figure 60 XPS spectra of sulfur on the surface of pyrite sample 1 before exposure to
SRB. Blue line is XPS data and brown line is curve fitted data.

Peak | area position| intensity| FWHM
1 7276 | 161.04 | 5459 0.94
2 3637 | 162.22 | 2729 094
3 1970 | 162.32 | 1478 0.94
4 985 163.5 | 739 0.94

Table 13. Values of curve fitted data for sulfur p&akn pyrite sample 1 (Figure %0
Peaks 1 and 2 represent the doublet fowh and oxidation state e2. Peaks 3 and 4
represent the doublet f& with an oxidation state ofL.
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After Exposure to SRB A depth profile was obtained for elements carbon, oxygen,

sulfur and iron (Figuré1l). After each cycle, one minute of sputtering removed a
nanometer of material. Figuéd showscarbon and oxygen decreased with depth
indicating removal of the organic layer while iron and sulfur signals increased with depth.
The carbon peak showed high binding energy peaks representing organic metabolites
on the surface (Figure2h The metholites did not appear in the spectra after the first
two cycles indicating their thickness to be less than 2 nanometers (Fgjurére
carbon peak was 284.93 and all peaks were adjusted to compensate for charging.
The depth profile also revealadsignificant change in the iron signal after the first
two cycles (Figure4). Once the top 2 nanometers were removed, the baseline pyrite
peaks were seen in cycles 1, 2 and 3 (Figd)e 6r'his progression seems to provide
evidence that the initiaton peaks represent the precipitate overlaying the surface as seen
in Figuress2, 55, 56 and 57ron peaks from depth profile cyclé show twadistinct
iron phases (Figures(Table 14) This was the only signal in which curve fitted
parameters were neet equal to one another because the shape of the curves indicate two
separate iron signals associated with two different phases of minerals (Table 14). The
other elements present in the XPS scan provide evidence of the types of iron mineral

precipitats that occurred on the surface.
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Figure 61 Depth profile for pyrite sample 2 after 7 days of exposure to SRB.
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Figure 62 XPS data from depth profile cyclé for carbon on pyrite sample 2 after 7
days of exposure to SRB. Higimergy peaks represst bacterial metabolites. Blue line is
XPS data; brown is curve fitted data.
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Figure 63 Carbon peaks for all cycles of depth profile for pyrite samplec2easing
with depth Peaks for cycles 1,2 and 3 do not show organic metabolite shoulder.
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Figure 64 Fe peaks for all cycles of depth profile for pyrite sample&asing with
depth Peaks from cycles 1, 2, and 3 represent the baseline signal of pyrite while the
peaks from cyclesl and O represent precipitate on surface
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Binding energy eV

716 712.8

709.6 706.4
Figure 65 Iron peak from depth profile cyclel.
Peak |area position| intensity| FWHM | Chemistry
1 3143 707.44 | 2548 0.87 Fe(ll)
2 5219 | 710.17 | 1199 3.07 Fe(lll)

Table 14. Values of curve fitted data for iron peak fraptt profile cyclel (Figure
65). FWHM and otheline shape parameters were not set equal due to the two distinct
peaks seen in the spectra revealing two different phases of iron minerals.

The depth profile for pyrite sample 2 shows the sulfur peak significantly change after
two sputtering cyclesThe sulfur peaks from cycle& and 0 suggest an overlaying phase
separate from the bulk pyrite signal that appears in cyeBe@-igure ®). The curve

fitted data for cyclel indicates § with an oxidation state ofl. and is the only species

presat on the outer most surface layer (Figure @able 15). F& is most likely
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bonded to the disulfide indicating one of the precipitates is. FéiSs important to note
that the iron disulfide is a layer of thin filiihis type of precipitate if oftesmall grained
and disordered. These characteristics can increase reactivity due to large surface area to
volume ratio.

The depth profile for oxygen is similar to the carbon profile. The signal decreases and
changes significantly aftene first two cycles (Figure §8 Some of the curve fitted
peaks for cyclel are part of the organic metabolites. The larger peak at 532.06 could
indicate hydroxide or € bonds and the peak at 530.02 may represambiies or
O=C bonds (Figure §9Table16). This provides evidence that thé 'Reresent on the

surface is possibly goethite or hematite precipitate.

Figure . Sulfur peaks for all cycles of depth profile for pyrite sample 2.



