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Abstract

Synthetic iron oxides (goethitey-FeOOH; hematite, FgD3; and ferrihydrite, Fe(OH) were used as model
compounds to simulate the mineralogy of surface films on carbon steel. Dissolution of these oxides exposed to
pure cultures of the metal-reducing bacteriBhewanella putrefacienwas followed by direct atomic absorption
spectroscopy measurement of ferrous iron coupled with microscopic analyses using confocal laser scanning and
environmental scanning electron microscopies. During an 8-day exposure the organism colonized mineral surfaces
and reduced solid ferric oxides to soluble ferrous ions. Elemental composition, as monitored by energy dispersive
x-ray spectroscopy, indicated mineral replacement reactions with both ferrihydrite and goethite as iron reduction
occurred. When carbon steel electrodes were expos8d patrefaciensmicrobiologically influenced corrosion

was demonstrated electrochemically and microscopically.

Abbreviations: CLSM — Confocal laser scanning microscopy; EDS — Energy dispersive x-ray spectroscopy; ESEM
— Environmental scanning electron microscopy; MIC — Microbiologically influenced corrosion; SRB — Sulfate-
reducing bacteria

Introduction and easily cultured and quantified. Several diagnostic
kits have been developed for SRB based on sulfide
It has been established that the most devastating micro-reactions with metals (American Petroleum Institute
biologically influenced corrosion (MIC) takes place in  1965; Bioindustrial Technologies, Georgetown, TX) or
the presence of microbial consortia in which many the presence of specific enzymes, such as hydrogenases
physiological types of bacteria interact in complex (Boivin et al. 1990) or reductases (Tatnall et al. 1988).
ways (Little et al. 1991a; Pope et al. 1984). However, Mineralogical fingerprints have been identified for cor-
many of the organisms in these consortia have yet to rosion processes induced by SRB on copper and ferrous
be characterized and the nature of the complex interac-substrata (McNeil & Little 1990, McNeil et al. 1991).
tions remain uncharacterized. The groups of organisms A group of organisms about which much less is known
that are most often cited as causative are the sulfate-in terms of role(s) in corrosion are the dissimilatory
reducing bacteria (SRB) and metal-depositing bacteria. metal reducers. Dissimilatory iron and/or manganese
SRB produce sulfide, initiating a variety of corrosive reduction occurs in several microorganisms, including
reactions, while metal-depositing bacteria produce vis- anaerobic and facultative aerobic bacteria. Inhibitor
ible tubercles (manganese and/or iron oxides) that areand competition experiments suggest that Mn(1V) and
unmistakable in their appearance. SRB are ubiquitous Fe(lll) are efficient electron acceptors similar to nitrate
in redox ability and are capable of out-competing elec-
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carbon dioxide (Myers & Nealson 1988). Many of the Materials and methods

recently described metal reducers are capable of using

a variety of electron acceptors, including nitrate and Growth medium for metal reduction
oxygen (Myers & Nealson 1988).

Assimilatory ferric reductases are common to S. putrefaciensvas grown on the following medi-
almost all aerobic bacteria, which must obtain iron um: NaCl, 10 g; bacto-tryptone, 5 g; yeast extract,
under conditions where it is at low concentrations due 2.0 g; HEPES buffer, 10 ml (1.0 M); 1.0 | distilled
to its spontaneous oxidation to insoluble ferric oxides. water. Synthetic iron oxides (goethite, ferrihydrite,
Many of these bacteria use high affinity iron-binding and hematite) were prepared, characterized and added
compounds called siderophores to scavenge the rareto 10 ml of growth medium that was then inoculat-
iron from the environment. Siderophore-Fe(lll) com- ed with 1¢ S. putrefaciensells mi-1. Minerals were
plexes are then transported into the bacterial cells examined directly using environmental scanning elec-
where the iron is reduced enzymatically and released tron microscopy/energy dispersive x-ray spectroscopy
from the siderophore. Enzymes with iron reductase (ESEM/EDS) and confocal laser scanning microscopy
activities have been detected in soluble fractions of (CLSM).

Escherichia Pseudomonaspp., andBacillus spp.,

among others (Nealson & Saffarini 1994).Iron acquisi- ESEM/EDS sample preparation and instrument

tion from hematite by an aerobiRseudomonasp. has operation

also been demonstrated. In addition to the siderophore

produced by the organism, heat stable, extracellular Principles and operation of ESEM have been described
iron reductases were detected (Hersman et al. 1996). elsewhere (Little et al. 1991b). Briefly, the ESEM

Westlake and colleagues (Semple & Westlake (Electroscan Corp., Wilmington, MA) uses a sec-
1987) reported isolation and characterization of a bac- ondary electron detector capable of forming high res-
terium capable of dissimilatory iron reduction. This olution images (50 E) at pressures in the range of 0.1
organism, originally identified aBseudomonas fer-  to 20 torr. At these relatively high pressures, specimen

rireductansand subsequently reclassifiedsisewanel- charging is dissipated into the gaseous environment of
la putrefaciengMcDonnell & Colwell 1985), was iso-  the specimen chamber, enabling direct observation of
lated from mine tailings and oilfield samplé&s.putre- uncoated, nonconductive specimens. If water vapor is
facienscan use an array of electron acceptorsincluding used as the specimen environment, wet samples can
oxygen, Fe(lll), Mn(IV), NG}, NO;, S057, SG;, be observed. After 48, 72 and 190 h, two mL sam-

fumarate, and others (Myers and Nealson 1988). The ples of the iron oxide minerals were extracted from
organism is unusual with regard to its capacity to use anaerobic culture vials using an Eppendorf pipet, and
a range of carbon compounds, e.g., acetate is useddispensed into centrifuge tubes with 15 mL distilled
aerobically but not anaerobically, and formate is used water to remove residual culture medium from min-
anaerobically but not aerobically. Most strains use lac- eral surfaces before fixation. Suspensions were cen-
tate, pyruvate, and some amino acids under all con- trifuged for 2 min at a slow speed to precipitate solid
ditions, while only a few strains use complex carbon particles, the supernatant decanted, and the rinse pro-
sources such as glucose. In additié,putrefaciens  cedure repeated. One ml of sample with residual rinse
can use hydrogen as an electron donor for reduction of water was extracted and fixed in 2% (v/v) glutaralde-
metals (Nealson & Saffarini 1994). hyde buffered with sodium cacodylate (0.1 M, pH 7.2).
Early reports of Obuekwe et al. (1981) suggest- Samples remained in the fixative for a minimum of 4 h,
ed that iron-reducing bacteria play a role in corrosion but usually overnight. Fixative was removed using the
of carbon steels. To investigate this possibility fur- same rinsing procedure previously described. five
ther, we designed experiments to monitor corrosion of of the fixed, rinsed samples were extracted and placed
carbon steel electrodes in the presence of wild-type directly into a counterbore type (0.1 cm 0.04 cm
S. putrefaciensSynthetic iron oxides were used as deep) specimen mountof a Peltier cooling device in the
model compounds for surface films on carbon steel ESEM chamber. Carbon steel electrodes were removed
surfaces. Microbial colonization and dissolution rates from the culture medium/electrolyte, fixed in 2% (v/v)
were determined. This paper represents an attempt toglutaraldehyde buffered with sodium cacodylate and
relate MIC to biomineralization of specific surface- rinsed with two washes of distilled water. Wet coupons
bound iron oxides. were placed directly on the Peltier cooling device in
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the ESEM chamber. Samples were imaged at 20 keV els at 0.1 mm eaclx 0.26 mm deep using a graphics
with temperature (AC) and chamber vapor pressure workstation. A Kalman filter (an averaging algorithm)
(4 torr) controlled so that condensation would keep was used during image acquisition to improve resolu-
samples moist. Elemental analysis of the samples wastion. Image acquisition, processing, volume modeling,
performed using EDS coupled to ESEM. and extended focus modeling were performed using
ImageSpaa@ software (Molecular Dynamics). Color
CLSM sample preparation and instrument operation images were produced using a screen or video printer.
The CLSM was operated at 488 nmin both the fluores-
A full explanation of CLSM may be found elsewhere cence and reflectance modes. Images were collected
(Stelzer et al. 1991). Briefly, both illuminating light using a 10& oil immersion objective.
and light from the specimen are passed through the
same optical path of a standard microscope, with the Metal oxide reduction experiments
two paths being split at the ocular focal point. The
specimen light is detected by a photomultiplier tube Rates of mineral dissolution were monitored by mea-
after passing through a 50-10@n diameter pinhole.  suring soluble Fe(ll) using atomic absorption spec-
The pinhole eliminates out-of-focus portions of the troscopy. Samples were filtered to remove solids
image on the periphery of the light beam, i.e., light (Fe(lll)), and Fe(ll) was quantified as a function of
from above and below the image focal plane. The only time.
light entering the detector is that which is in a very thin
focal plane within the specimen. Because most light is Electrochemical corrosion experiments
discarded, a laser is used to provide sufficient intensity.
The small laser spot is scanned in a raster pattern overElectrochemical noise analyses follow fluctuations of
the horizontal focal plane and the resulting analog sig- potential or current as a function of time or experi-
nal is digitized in synchrony to produce images up to mental conditions (Mansfeld & Little 1992). Analysis
1024 x 1024 pixels at a resolution of 0.Q8n per pix- of the structure of electrochemical noise data using
el and a vertical resolution of up to Quin. Although the frequency dependence of the power spectral den-
laser light can be used in most of the usual illumi- sity can provide information concerning the nature of
nation modes of optical microscopy, it is most often the corrosion processes and magnitude of the corrosion
used in CLSM as a fluorescence excitation source to rate. Electrochemical noise experiments were designed
increase specimen contrast in combination with specif- to demonstrate the importance of microbial iron reduc-
ic fluorescent stains. A stepping motor is used to focus tion in MIC. Current noise vs. time experiments used a
the microscope through the specimen at precise stepsgalvanic dual-cell controlled by a potentiostat (Wagner
and digital image reconstruction techniques are used to & Little 1986). UNS G10100 carbon steel electrodes
visualize the entire specimen volume, either as section were electronically coupled but biologically separat-
planes of arbitrary orientation or as an extended focus ed in two sterile half-cells. Precleaned and sterilized
image in which the entire specimen is in focus. electrodes were exposed to sterile medium/electrolyte
A 5 ml suspension of glutaraldehyde-fixed iron consisting of 7.5 ml HEPES (1.0 M) buffer, 0.75 g
oxides was mixed with 5 ml of a proprietary fluores- yeast extract, 2.0 g casamino acids, 7.5 ml sodium lac-
cent stain (LIVE/DEADR) Bad_ IGHT™M  Molecular tate (1.0 M, pH 7.33), and 15 ml sodium bicarbonate
Probes Inc., Eugene, OR) sealed under a 1-mm-thick (0.2 M) solutions added to 1.5 | distilled water. In one
coverslip for examination with a Sarastro 2000 con- experiment 30 g sodium chloride and 15 ml thiosulfate
focal laser scanning microscope (Molecular Dynamics (1.0 M) were added to the medium/electrolyte. In a sec-
Corp., Sunnyvale, CA). This fluorescent stain is spe- ond experiment, sodium chloride and thiosulfate were
cific for microorganisms (i.e., mineral and most organ- removed from the medium/electrolyte so as to avoid
ic debris do not fluoresce), does not require rinsing corrosion due to chlorides and sulfides. After equili-
before examination, and is resistant to photo bleach- bration, one half-cell was inoculated wigh putrefa-
ing. The stain distinguishes between viable cells (blue ciensand the other half-cell was maintained abiotically.
fluorescence) and nonviable cells (red fluorescence).Nitrogenwas bubbled into the half-cells throughoutthe
Specimens were illuminated with the 488 nm line of duration of the experiment.
an argon laser operated at 16 mW power. Images were
captured at a horizontal resolution of 52512 pix-
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Table 1 Relative rates of iron reduction based on FE(Il) in
solution

24 Hours % Max 22Days % Max

mg/L/d mg/L/d
Goethite 3.50 100 18.20 100
Ferrihydrite  2.60 74 14.10 77
Hematite 0.58 22 0.39 2
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Figure 1 Bacterial reduction of goethite.

Results and discussion

There is general agreement that oxide films formed on
iron in air at temperatures below 20D are composed

of magnetite and hematite (Szklarska-Smialowska |
1986). Szklarska-Smialowska (1986) described the
formation of hematite over a magnetite film. Ferric
oxyhydroxides, including goethite and lepidocrocite
(v-FeOOH), have also been identified in oxide lay-
ers on carbon steel. During biomineralization, bacteria
influence the kinetics of mineral dissolution; gain ener-
gy, enabling them to carry out respiration when oxygen
is limiting or absent; and satisfy trace element require-
ments (Ehrlich 1996).

Under anaerobic conditions goethite, hematite, and
ferrinydrite were reduced b$. putrefaciengTable 1).
Rates of reduction, indicated by atomic absorption
spectroscopy measurements of Fe(ll) in solution as atial reduction rates for goethite and ferrihydrite were
function of time, for the three minerals are different. approximately the same and were faster than the
Relative rates of iron reduction were normalized to the reduction rate for hematite. After 22 days the integrated
maximum reduction, in this experiment measured for reduction rates for goethite and ferrihydrite were much
goethite. After 24 h exposure 8. putrefaciensini- faster than those measured at 24 h. The hematite reduc-

Figure 2 Iron oxides before exposure$o putrefacienga) goethite,
(b) ferrihydrite, and (c) hematite.
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tion rate actually slowed over the exposure period so 2 N
that after 22 days the overall integrated rate was 50 a Cl Ca
slower than reduction rates for goethite and ferrihy- Fe
drite. Studies in this laboratory and elsewhere (Arnold

VFS = 4096 10.24

etal. 1988) suggest that these differences can be due tc

the surface areas of the individual oxides. Mineralogy Figure 4 Goethite after 190-h exposureSoputrefacienga) ESEM

and crystal structure must also play a role, but these image of particle, (b) EDS spectrum of crystalline plate forms, and

aspects have notbeenwell investigated. Figure 1 shows(c) EDS spectrum of globular forms.

the relationship between bacterial cell concentrations

and Fe(ll) in solution over time for goethite. Similar-

ly, reduction studies witlGeobacter metallireducens  bacteria could be located on the surfaces of both the

(Lovley & Woodward 1996) demonstrated that crys- goethite and ferrihydrite (Figures 3a and 3b), but not

talline goethite was more readily reduced than crys- on the hematite. Minerals viewed with ESEM were

talline hematite over a 4-h period. Rates of reduction wet and not coated with a metal coating as required

were enhanced in the presence of nitrilotriacetic acid, for standard scanning electron microscopy. During ini-

an Fe(lll) chelator. tial stages of mineral dissolution, bacteria composed
Before exposure t&®. putrefaciensgoethite and  of water and low atomic number elements were not

ferrihydrite appeared to form smooth platelet-like par- electron dense and were difficult to image. With the

ticles, while the hematite consisted of fine crystals reduction of the ferric iron, the bacterial cells became

(Figures 2a, 2b, and 2c¢). All iron oxides produced EDS electron dense and easier to recognize. Fluorescence

spectra that were exclusively iron. After 48 h, isolated staining for CLSM images indicated that approximate-



Figure 5 (a-c) Bacterial cells on goethite surface after 190-h exposu& mutrefaciensnd (d) CLSM image of optical cross-section of
goethite particle.

ly 50% of all observed cells exhibited a blue fluores- After 190 h, ESEM images demonstrated that
cence, indicating that they were probably viable. Occa- goethite and ferrihydrite surfaces had been altered sim-
sionally dividing cells were observed. Surface micro- ilarly during microbial reduction. Mineral particle size
bial populationsincreased markedly after 72 h. Numer- decreased and crystalline structure was transformed
ous studies (Myers & Nealson 1988) have suggestedas the number of bacterial cells increased. Residual
that Fe(lll)-reducing microorganisms must be in direct goethite particles consisted of both highly crystalline
contact with Fe(lll) oxides to reduce them. This con- plates and more globular forms (Figure 4a). EDS spec-
clusion is based on the observation that Fe(lll) is not tra of the two newly formed structures showed that the
reduced if microorganisms capable of Fe(lll) reduc- crystalline plate forms consisted of nearly stoichio-
tion are separated from the Fe(lll) oxides by a semi- metric amounts of iron and phosphorus, with a small
permeable membrane that allows exchange of solubleenrichment of magnesium, suggesting that this min-
molecules but prevents contact between the organismeral might be iron phosphate (vivianite) (Figure 4b).
and the oxide. Globular forms were chemically more complex, con-
taining iron, phosphorous and magnesium (Figure 4c).



Figure 6 CLSM image of optical cross-section of ferrihydrite after
190-h exposure t8. putrefaciens

The new mineral forms may represent iron carbon-
ate (siderite), vivianite, or a mixed iron oxide such
as magnetite (R#©,). In previous experiments iron
oxides were converted to siderite and other carbon-
ates when experiments were conducted in closed con-
tainers from which carbon dioxide could not escape.
ESEM images of residual goethite particles document-
ed large accumulations of cells (Figures 5a, 5b and 5c).

The CLSM preparation of goethite particles contains a — -k
variety of sizes at different elevations within the prepa- Figure 7. Hematite surface after 190-h exposuréStgutrefaciens
ration. The optical section in Figure 5d shows some (&) ESEMimage and (b) CLSM optical cross-section.

particles that are completely covered with bright fluo-

rescent cells. Other goethite particles have been opti-

cally cross-sectioned so that it is obvious that bacterial ~ Currentvs. time plots in media with and without the
cells were associated with the exterior surfaces and hadcombination of sodium chloride and thiosulfate indi-
also created channels into the particles. ESEM imagescated substantial electrochemical noise (Figures 8aand
of ferrihydrite after 190 h had a similar appearance, 8b). In both cases the electrochemical noise showed
but the CLSM images of optical sections indicated active surface changes. Fluctuationsinthe noise record
that individual particles could no longer be differenti- of a corroding metal are usually interpreted as being
ated (Figure 6). Instead, bacterial cells were distributed due to the sudden rupture of an oxide film followed by
throughout all optical depths. Although iron reduction immediate reformation. As previously mentioned in
of hematite occurred (Table 1), no major changes in the introductionS. putrefaciensan reduce thiosulfate
the elemental composition or crystal structure of the to produce sulfide. Obuekwe et al. (1981) evaluated
surface (Figure 7a) were noted. The EDS spectrum corrosion of mild steel under conditions of simultane-
of hematite indicated pure iron even after 190-h expo- ous formation of ferrous and sulfide ions. They report-
sure. Scattered bacterial cells could be demonstrated ined extensive pitting when both processes were active.
association with the surface of the dark hematite using When only sulfide was produced, initial corrosion rates
CLSM (Figure 7b). increased but later declined due to formation of a pro-
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Figure 8 Plot of galvanic current vs. time for exposure of carbon sted.tputrefacienga) in medium including thiosulfate and sodium
chloride and (b) in medium without thiosulfate and sodium chloride.

tective FeS film. High concentrations of soluble iron (Figure 9a). The electrode was macroscopically pit-
prevent formation of protective sulfide layers on fer- ted, and the location of pits coincided with colonies
rous metals. In our experiments, attempts were madeof bacteria (Figure 9b). EDS analysis of the electrode
to isolate the impacts of iron and thiosulfate reduc- surface showed that, like goethite and ferrihydrite, the
tion on corrosion of carbon steel by controlling the modified surface, while still iron rich, had a complex
electron acceptors available in the electrolyte. In the mixture of elements, including phosphorous, sulfur,
initial experiment, thiosulfate was added to the medi- and chlorine (Figure 9c).
um, while in the second it was removed. Substantial Chemical, visual, and electrochemical data are
electrochemical noise was measured in both cases andtonsistent with induction of corrosion by the metal-
both electrodes were pitted. Attempts are being made reducing bacteria. Metal reduction is coupled to anaer-
to convert the electrochemical noise to the frequency obic oxidation of organic carbon. The possibility exists
domain to determine more about the electrochemistry that biomineralization is closely tied to corrosion, and
of carbon steel in the two media. In addition to manipu- that dissimilatory iron and/or manganese reducers rep-
lation of the medium to isolate the contributions of the resent one of the important components of the complex
two microbial processes, future experiments are being community responsible for corrosion.
designed using mutants deficient in one or both of the
iron and thiosulfate reductases.

ESEM examination of carbon steel electrodes
revealed extensive bacterial colonization after 1300 h
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on a metal surface can shift the corrosion potential in
either a positive or negative direction, depending onthe
nature of the mineral. For example, manganese oxide
biodeposition on stainless steel surfaces forces a shift
in the positive, more noble direction, moving the corro-
sion potential toward the pitting potential and making
some metals more vulnerable to pitting and crevice
corrosion. Bioprecipitated sulfides move the corrosion
potential in a negative, more active direction, result-
ing in accelerated corrosion of some metals and alloys.
Iron oxide formation can initiate a sequence of events
that results in underdeposit corrosion of susceptible
metals.
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