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Abstract:

Microbial colonization of stainless steel (SS) surfaces can modify the electrochemical properties of the
metal and increase the risk of corrosion damage. Two dominant effects of colonization -a several
hundred millivolt noble shift in electrical potential and a two to three decade increase in cathodic
current density- are implicated in the corrosion processes. These effects, collectively known as
Ennoblement, are attributed to the metabolic activity of attached microorganisms, however the
mechanism by which microbial activity modifies cathodic reactions at the metal surface remains
unclear. The present dissertation investigates the role of microbially generated oxidants in
Ennoblement and demonstrates that Ennoblement is caused by manganic oxide biomineralization.

Microelectrode measurements of dissolved oxidants within biofilms on SS indicated that redox
potential in the bulk biofilm did not change during Ennoblement. A proposed mechanism involving
oxygen electroreduction was also eliminated by showing that cathodic rates were independent of
oxygen concentration. The findings directed attention to microbial production of surface-bound
oxidants. Quantification of metal capacitance and surface-bound reactants suggested that metal oxides
were involved in Ennoblement and led to the hypothesis that Ennoblement is caused by manganic
oxide biodeposition.

Epifluorescence microscopy and bacterial culture methods confirmed the presence of
manganese-oxidizing bacteria on Ennobled SS. Manganese-rich surface deposits were confirmed by
wet chemical and energy-dispersive x-ray analysis. SS coated with Mn02 paste exhibited
electrochemical properties that closely matched those of Ennobled SS and elevated electrical potential
decayed to pre-exposure values when bisulfite ion was used to reductively dissolve the surface
manganese deposits. The biological mechanism of Ennoblement was validated by inducing the effect
using pure cultures of the manganese-oxidizing bacterium Leptothrix discophora. Coulometric titration
and wet chemical analysis demonstrated that 15-75 nmoles cm”'2 of manganic oxide surface deposit
shifts the potential of SS to a value near +350 mV versus the saturated calomel electrode.

Manganese-oxidizing bacteria have been widely reported at sites of SS corrosion. The present
dissertation unifies this observation with the separate issue of Ennoblement by linking both issues to a
common cause, manganic oxide biomineralization. The finding provides a plausible explanation for the
corrosive effects of manganese-oxidizing bacteria on SS.
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NOTATION

imess = measurable current, the sum of anodic and cathodic currents for all half-

reactions

e = the sum of anodic and cathodic currents for a single half-reaction

1a = anodic current

I = cathodic current

icqr = corrosion current

1o = exchange current

ipass = passivation current

k° = standard rate constant for electrode reactions; (cm sec™ )

k% = standard rate constant for cathodic electrode reaction

k% = standard rate constant for anodic electrode reaction

n, = number of electrons transferred in rate determining step

n = number of electrons transferred in net reaction

A = electrode area; (cm”)

C = capacitance; (coul volt™)

C'. = concentration of oxidized specie at the electrode surface; (moles cm’ )

C'wa = concentration of reduced specie at the electrode surface

c. = conceﬁtration of cathodic reactant at the electrode surface

C’, = concentration of anodic reactant at the electrode surface

DO = dissolved oxygen

E = electrode poteﬁtial

E® = formal half-cell potential

E”, = formal half-cell potential for cathodic reactant
E®, = formal half-cell potential for anodic reactant
Eexr = equilibrium electrode mixed potential

F = Faraday constant, 96485 coulombs equivalent

L,y = externally applied current




M = molecular weight
MOB = manganese-oxidizing bacteria

MFOB = manganese- and iron-oxidizing bacteria

Q = charge; (coulombs)

R = gas constant; (8.31414 volt-coulombs mole™ —deg'll (K))
R, = polarization resistance; (chm cm” )

SS = stainless steel

SCE = saturated calomel electrode

SRB = sulfate-reducing bacteria

T = temperature; (degrees, K)

Ol = anodic transfer coefficient

Ole = cathodic transfer coefficient

Ba = anodic Tafel slope; (Volts per decade of current)
Be = cathodic Tafel slope; (Volts per decade of curreﬁt)
Y = roughness factor

p = density; (g cm™ )
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ABSTRACT

Microbial colonization of stainless steel (SS) surfaces can modify the electrochemical
properties of the metal and increase the risk of corrosion damage. Two dominant effects of
colonization -a several hundred millivolt noble shift in electrical potential and a two to three
decade increase in cathodic current density- are implicated in the corrosion processes. These
effects, collectively known as Ennoblement, are attributed to the metabolic activity of attached
microorganisms, however the mechanism by which microbial activity modifies cathodic
reactions at the metal surface remains unclear. The present dissertation investigates the role of
microbia]ly generated oxidants in Ennoblement and demonstrates that Ennoblement is caused
by manganic oxide biomineralization.

Microelectrode measurements of dissolved oxidants within biofilms on SS indicated
that redox potential in the bulk biofilm did not change during Ennoblement. A proposed
mechanism involving oxygen electroreduction was also eliminated by showing that cathodic
rates were independent of oxygen concentration. The findings directed attention to microbial
production of surface-bound oxidants. Quantification of metal capacitance and surface-bound
reactants suggested that metal oxides were involved in Ennoblement and led to the hypothesis
that Ennoblement is caused by manganic oxide biodeposition.

Epifluorescence microscopy and bacterial culture methods confirmed the presence of
manganese-oxidizing bacteria on Ennobled SS. Manganese-rich surface deposits were
confirmed by wet chemical and energy-dispeisive x-ray analysis. SS coated with MnO, paste
exhibited electrochemical properties that closely matched those of Ennobled SS and elevated
electrical potential decayed to pre-exposure values when bisulfite ion was used to reductively
dissolve the surface manganese deposits. The biological mechanism of Ennoblement was
validated by inducing the effect using pure cultures of the manganese-oxidizing bacterium
Leptothrix dzscophora Coulometric titration and wet chemical analysis demonstrated that 15-
75 nmoles cm™ of manganic oxide surface deposit shifts the potential of SS to a value near
+350 mV versus the saturated calomel] electrode.

Manganese-oxidizing bacteria have been widely reported at sites of SS corrosion. The
present dissertation unifies this observation with the separate issue of Ennoblement by linking
both issues to a common cause, manganic oxide biomineralization. The finding provides a
plausible explanation for the corrosive effects of manganese-oxidizing bacteria on SS.




CHAPTER 1

PROBLEM STATEMENT AND RESEARCH OVERVIEW

Microbially Influenced Corrosion

Microbial colonization of metal surfaces can accelerate the corrosion of a variety of
mefals and metal alloys including aluminum, copper, nickel, iron, and steel. This effect, known
as microbially.-inﬂuehced corrosion (MIC), is vvidely implicated in the failure of metals exposed
to aqueous systems and is the focus of worldwide research efforts. Such studies link MIC to
the metabolic activities of microorganisms that modify the electrochemical environment near
the metal surf;ace; however, the complex chemistry of corrosion in the presence of
microorganisms has made identification of exact mechanisms difficult. At present, the true
nature of MIC is poorly understood. |

One of fhe most puzzling aspects of MIC is the change in electrochemical properties pf
stainless steel that occurs as the metal surface is lcol'onized by microorgarisms. Microbial
colonization in.natural waters causes the corrosion potential (Ecoy) of stainless steel to shift
several-hundred millivolts in the positive or noble direction and produces an accompanying two
to three decade increase in cathodic current density. These phenomeha, collectively known as

Ennoblement, increase the risk of localized corrosion of the metal. Concern over accelerated
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stainless steel corrosion has stimulated research on Ennoblement for more than three decades,
and has led to a thorough characterization of the phenomenon; nevertheless, no progress in

establishing the mechanism of Ennoblement has been made.

Stainless Steel Coﬁosion

Stainless steel provides the corrosion resistance, strength, and temperature stability
required for use in a variety of harsh environments. Typical applications include boiler and
condenser tubing, containment vessels, and fluid pumps used in the steam electric, water and
wastewater, food processiﬁg, -and pulp and-paper industries.  Resistance to corrosion is
imparted by formation of a thin sﬁrface oxide layer, or passive film, that inhibits the rate of
metal dissolutilon. Oxidation of ‘the principal alloying elements of stainless steel -iron,
chromium, and nickel- is thermodynamically favored in aqueous media, and as a consequence,
the protective passive film must be cohesive and ‘con.tiguous to prevent sites of localized
corrosion from developing.

Passive ﬁlm breakdown can occur .when elevated metal potential raises the
metal-solution potential difference above an empirical value known as the critical pittiqg
potential, E,x.  As damage to the oxide layer develops, oxidation apd hydrolysis of the
underlying metal can occur, producing an acidic environment and causing migration of charge- |
neutralizing counter ions to the hletal surface.  Surface acidification and counter-anion
accumulation combiné to prevent the protective oxide layer from reforming and generate an

autocatalytic condition in which corrosion products stabilize the site of metal dissolution.
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Rapid penetration of the metal can result, leading to perforation failures and costly repair or
replacement of stainless steel tubing and containment vessels. Industries affected by thlS type
of failure include the steam-electric power utilities, pulp and paper mills, petrochemical plants,
wastewater-treatment facilities and the maritime industry.

In dilute chloride media, the positive shift in potential that develops during
Ennoblement can exceed Ey, enhancing the frequency of pit nucleation. Elevated current
density éupports the high local corrosion rate required to acidify and stablilize the nucleated
site. Thus the two principal characteristics of Ennoblement, elevated E.. and elevated current
density, work in concert to aggravate the risk of locaﬁzed corrosion and perforation failure of
stainless steel.

Microbial activities that enhance the oxidizing power of the environment near the metal
surface can be expected to elevate both Ec,r and cathodic current density. Oxidizing power
may increase due to microbial production of oxidizing chemicals, including both dissolved and
solid-phase constituenits, or due to acceleration of principal cathodic reactions, such as the
reduction of dissolved oxygen, that occur even in the absence of microorganisms.

Tnvestigation of the role these factors play in Ennoblement is the primary research focus of this

thesis.

Research Goal -

The goal of the present research is to establish the mechanism by which microbial
colonization induces the electrochemical phenomenon of Ennoblement. Table 1.1 provides an

overview of the research objectives that were developed to achieve this goal.




4

Table 1.1 Overview of Research Leading to Elucidation of the Ennoblement Mechanism

bacteria

Working Hypothesis Experimental Approach QOutcome Chapter
Ennoblement is caused | Measure concentrations of specific | Dissolved oxidants do 4
by dissolved oxidants oxidants (H,0,, dissolved oxygen) not cause Ennoblement |

and local E.;r within biofilms on
Ennobled stainless steel
Ennoblement is caused | Measure cathodic reaction rate for Ennoblement is not 5
by acceleration of the | Ennobled stainless steel in the cansed by acceleration
oxygen reduction presence and absence of dissolved of the oxygen
reaction oxygen reduction reaction
Metal surface properties | Measure metal capacitance as a Ennoblement is 4
change during broad indicator of electrical double- .| correlated with
Ennoblement layer and surface film properties changes in metal
capacitance
The abundance of Electrochemically titrate reducible A new oxidizing 4&6
reducible surface-bound | surface material surface phase develops
material increases during Ennoblement
during Ennoblement
Ennoblement is caused | 1) Analyze biofilms for Mn-tich Manganic oxide 5
by manganic oxide deposits and manganese-oxidizing mineralization causes
biofouling bacteria. Ennoblement
2) Measure E,, as Mn-rich deposits
are chemically dissolved from the
- surface
3) Compare electrochemical
characteristics of Ennoblement with
those of stainless steel coated with
pure MnO, paste
Ennoblement is caused | Assess Ennoblement of stainless - Manganese-oxidizing 7
by the activity of steel exposed to pure cultures of bacteria can induce
manganese-oxidizing Leptothrix discophora Ennoblement




CHAPTER 2

THE LITERATURE OF ENNOBLEMENT

Ennoblement Characteristics

The electroc.hemical phenomenon knowp as Ennoblement, was first observed in the
mid-1960°s, and has remained a controversial issue for the past three decades: The dominant
characteristics of Ennoblement are a several-hundred .millivolt increase in Ecor tO values near
+350 mV verses the saturated calorﬁel electrode (SCE) and a two to three decade increase in
cathodic current density at potentials between approximately -300 and +300 mVsce. These
two defining electrochemical characteristics are depicted in figures 2.1 and 2.2. Studies have
confirmed both effects for a variety of inert or passive metals including stainless steel, titanium,
and platinum exposed tcl) marine, estuarine, and fresh waters worldwide and have sought to
demonstrate the biological nature of the phenomenon by showing that the sh1ft in Ecor |
. correlates with biofilm formatidn. A variety of mechanisms have been suggested to explain

Ennoblement, but none has been supported by convincing experimental evidence.




Natural Seawater

Abiotic Seawater

Time (ca. 1000 h)

Figure 2.1. Schematic shift in Ecorwith exposure time in natural and abiotic seawater

Log Current Density ( A cm''2)

Figure 2.2 Schematic diagram of cathodic polarization behavior before and after
Ennoblement



Ennobled Ecorr

On initial expoéure to seawater, Eo, for passive metals such as stainless steel and
titanium lies in the range -206 MVscg < Beor < -50 mVscg 2. Within a few days of exposure,
Ecor typically begms to shift in the pos1t1ve or noble direction reaching steady-state values
between +3 00 and +400 mVsce w1th1n a few weeks. This shift is a defining characteristic of
Ennoblement. Scotto et al® observed an initial increase in Eeoy of approximately 20 mV d” for
22 Cr - 3 Mo - 0.6 Ti (wt. %) steel beginning within one day of exposure to seawater and
increasing asymptotically towards +375 mVscg over 65 days. Mollica* observed similar rates
of increase towards the same limiting potential for a 17.5 Cr - 2.4 Mo - 0.6 Ti steel exposed to
seawater, however the in'crease.began only after ten days of exposure. Motoda et al.’ reported
that By reached +400 mVscg within 10 days for 18 different stainless alloys exposed to
seawater near Shizuoka, Japan, and that Ee,, for commercially pure Ti reached +350 mVsce
during the same exposure. Chandrasekaran and Dexter® found that Ee,; for platinum became
fixed at a value of +400 mVscg after 12 days exposure to saline water from the Delaware Bay .
near Lewes, Di-E. Dexter and Zhang' reported Em values slightly over +400 mVscg for a
series of stainless steels with molybdenum content between 0.2 and 6 wt %o after 3 t§ 6 weeks'
exposure to fresh-water from a lake in Lewes, DE. Steady-state Ecor for replicate Ti samples
varied between +200 a.nd_;l-400 mVSCE‘ during the same exposure. A collaboration of six
European research centers® confirmed steady-state Ecor of +320 mVsce for24 Cr-22Ni-7
Mo stainless steel exposed at coastal sites in the Norwegian sea, North sea, Mediterranean

sea, and Eastern Atlantic. Time to reach steady-state varied from 6 to 19 days at the different
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sites. Holthe et al.® reported Eeor of +300 mVscg for Pt and 24 Cr - 22 Ni - 7 Mo stainless
steel and Eeoyr of +260 mVscg for Ti after 30 days exposure to water from the Nor'wegian sea,
however, Eer for a 90 Cu - 10 Ni alloy reméined nearly unchanged at -240 +/-30 mVscg
during the same exposure." |

Clearly, a noble shift in Ee,, can occur for a variety of passive metals exposed to
natural waters. Nevertheless, some authors'*'" have found that Benr changes little during
exposure, indicating that the effect is not universal. As an example, B, for stainless steel and
titanium coupons remained less than +50 mVsce t_hroughout a 4 month exposure to eastern
coastal Pacific Ocean water'’, and three tyi)es of stainless steel exposed to seawater from the
Gulf of Mexico under continuéus illumination showed steady-state Ecor of only +125 mVSCE,_
Jess than 70 mV higher than B, for sterile controls'. In the latter study, saﬁlples exposed
under exclusively dark conditions showed a brief (1-2 day) noble excursion of Ecy, followed
by a decay to a constant value of -100 mVsce. Anaerobic conditions were confirmed near the
metal surface for this exposure, while dissolved oxygen levels of 2-3 ppm persisted at the
surface fo£ samples exposed under i]lumina’;ed conditions. Results of this study suggested that
anaerobic conditions are inconsistent with Ennoblement. |

The foregoing indicates that metals with very low corrosion currents such as stainless
steel, platinum, and titanium can attain Ecor, values between +300 and +400 mVscg during
" exposure to waters at diverse geographic locations. This limiting range, independent of metal
composition, implies that Ee is influenced by processes external to the metal rather than by
changes in the metallurgy that occur during exposure. The similarity in steady-state Ecor for

different locations suggests that a common process is occurring at the different sites, although
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the rate of development of the/process appears to vary with location. The failure of the Cu-Ni
alloy to become Ennobled may indicate that corrosion current is an important factor since Cu-
Ni has a considerably higher corrosion rate than thej other- metal's-9 . This explanation is
consistent with the fact that Ennoblement has never been reported for mild steel or other
actively corroding metals. A relationship between corrosion current and Ennoblement could
reflect a balance between the rate of formation of a new oxidizing chemical specie and the rate

of discharge of this specie through the corrosion current.

!

Elevated Cathodic Current

A second defining electrochemical characteristic that develops for passive metals -
exposed to natural waters is an increase in pathodic current density (i.). A shiﬁ toward greater
cathodic current indicates an increase in the rate at which reduction reacﬁons occur at the
metal surface. Mollica®, investigating the electrochemical behavior of 17.5 ,C'Jr -24Mo - 0.6
Ii steel in segwater, observed an increase in i. over the potential range -250 to +300 mVscg.
After 30 days exposure, ie had increased by 0.8 decades at -200 mVscg and 3.2 decades at

- 4250 mVsce. Below 250 mVscg the current before and after exposure was identical.
Motéda et al.® observed an increase in i. over exactly the same potential range for type 316
stainless steel. After 14 days exposure to-seawater, ic had increased by 2 decades at +300 mV.
Unlike Mollica’s findings, howevér, ‘where i. increased steadily with decreasing potential, the
increase in i, showed a maximum of 2.3 decades at 0 mVscg for Motoda’s work. Tisseling™

examined the cathodic behavior of a 24 Cr - 22 Ni - 7 Mo stainless steel in seawater for
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exposure periods up to 160 days. Cathodic current density increased over the same range of
"potentials as noted above. The increase at -200 mVscg varied from 0.8 decades after 15 days
to 1.2 decades after 133 days. At +250 mVscg, the increase was 2.2 decades after 15 days and
3.0 decades after 133 days. Ijsseling also examined the influence of polarization scan rate 0.9
0.09, and 0.009 mV s™) on cathodic current. Throughout the ranée 4250 to -200 mVsce, ic
increased with increasing scan rate and was 3 to 8 times greater at a scan rate of 0.9 mV st
than at a rate of .009. mV s™. A well resolved maximum occurred in the log i vs. potential (E)
curves at 0 mVgeg and -200 mVscg for the 0.09 and 0.9 mV s sweep rates respectively. Only
a very slight maximum at +140 mVsce was identifiable for the 0.00B mV s™ sweep. At 0.009
mV s, i; at -600 mVscg was 20 pA cm? before and after 150 days exposure. In contrast after
150 days, i, at -600 mVscg was 70 and 130 HA cm? for scan rates of 0.09 and 0.9 mV g!
respectively.

It is apparent that i, increases up to 2-3 decades in the potential range -250 to.+300
mVicg for stainless alloys exposed to seawater. A maximum in the log i. vs. E curves also
develops, and this may indicate that a mass. transfer linﬁtgtion or depletion of a reducible specie
occurs during the scan. The former could occur if a new electrode process decreases the

* oxygen reduction overvoltage, wher'eas the latter condition would result if a finite amount of a
* new reducible specie is formed near the electrode surface since cathodic current furnished by
this specie would decrease as the specie becomes depleted by reductiorz; Either of these
possibilities could explain the increase In cathodic current density observed duriﬂg

Ennoblement, and both are consistent with the scan rate dependence of ic that was observed
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(i.e. i. may be higher at faster stan rates due to less depletion of the new reducible specie or

due to establishment of a smaller diffusion field).

‘Biological Origin

Several approaches have been used to determine if Ennoblement is caused by
microbial colonization of the metal surface. These can be roughly classified as controlled
biotic experiments and experiments designed to correlate Ennoblement with biological

parameters such as biomass and respiratory activity.

Filtration and Other Control Measures

The effect of filtration and pasteurization on the development of Ennoblement was
investigated by Dexter" for a variety of stainless alloys exposéd to seawater and to estuarine
waters from the Delaware Bay. Control experiments were carried out by exposing the alloys
to the same waters treatea by low temperature pasteurization (75°C) and filtration through 0.2
pm membranes. Ennobled Ec; and a 30-160 pm tﬁick biofilm developed within 20 days for
coupons exposed to untreated water, while Ecox remained less than 0 mVisce and negligible
biofilm developed for the control coupons. Scotto’ observed similar results for control
experiments involving only filter sterilization. Johnsen and Bardal™ compared Ec. for
stainless steel exposed to natural seawater and to abiotic synthetic seawater. Ecor increased to

4300 mVscp after 12 days exposure to seawater and remained stable at that potential
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throughout the ensuinf;.J 6 Wéeks of exposure. In contrast, Eco did not exceed +130 mVsce for
the coupon exposed to synthetic seawater. These stildies demonstrated a correlation between
Ennoblement and attached bacterial cell density, however, neither filtration nor filtration plus
pasteurization produced entirely abiotic controls. As a consequence, a purely biological basis
for Ennoblement could not be inferred.

Mollica* investigated the effect of flow rate on Ennoblement. The rate of increase n
Ecor shifted from 20 to 7 mV d'l as flow rate was increased from 1 to S m sT. Tt was shown
that the rate of increase in Eeor correlated with dried weight of biofilm (')n‘the metal surface,
and that the biofilm mass decreased with increasing flow rate.

Holthe et al.’ investigated the rel;tionship b'etweén Ennoblement and temperature by
exposing stainless steel to seawater in a heated recirculation loop. For temperatures less tﬁan
32°C, Beor shifted to +300 mVicg during a 24 day exposure. At 32éC, E.or remained less than

'+100 mVscg throughout the exposure. Mollica® found a similar effect with a transition
temperature of 35-40 °C, above which Ennoblement did not occur. The results were
attributed to a decrease in microbial viability at the higher temperatures as indicated by a low
ATP content in the surface deposits formed at temperatures greater than 35°C. A relationship
between cathodic current and temperature was observed for stainless steels exposed to
seawater in the Mediterranean, eastern coastal Atlantic, and North Sea®. The exposure time
required for elevated cathodic current to develop decreased with increasing water temperature |
over the range 2 - 21°C. The correlation is consistent with the temperature dependence of
biological growth although the effect of other seasonal and chemical parameters on the rate of

cathodic current increase could not be evaluated.
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Correlation with Indices of Biological Activity

Scotto et al.'® compared BEeor with the respiratory activity of bioﬁlms -measured as
oxygen uptake- on a 20 Cr - 18 Ni - 6 Mo stainless steel exposed to seawater. Eeor covaried
with the logarithm of re;piratory activity. Ecor 'anci cathodic current density also correlated
with the logarithm of the amount of extracellular polymeric substances (EPS) -measured as
polysaccharide content- in the bioﬁlms.' The onset of increased cathodic current occurred
when approximately 150 ng em”® of EPS had been deposited on the coupon surface. In a
related experiment’, the same authors showed that attached bacterial cell density and Ecox
evolved towards limiting values according to an equation of the form

X=X_(-e*)
Where X is the value at time, t, X, is the value at infinite time and k is a constant with the
empirical value 2.5 x 10> d”". Mollica" observed that Ennobled Ecor developed only when the
ATP content in the biofilm was greater than approximately 1 ng cm” Gundersen et al.”’
investigated the effect of hypochlorite on Ennoblement, using a lipid hydrolysis technique to -
assess bacterial activity. Hypochlorite applied at 1 ppm for 30 minutes daily was effective in
eliminating bioactivity and prevented Ennoblement from developing.

Another study of the ;biological nature of Ennoblement used sodium azide to poison
biofilms on Ennobled metals’. Azide addition caused Eco for a stainless alloy to drop from
+375 to +125 ﬁVSCE over a ﬁ\./e day period. Dexter” obseryed similar effects for Ennobled
platinum. ~ Since azide inhibits respiration without causing biofilm detachment, it was

concluded that active metabolism rather than the mere physical presence of the biofilm was
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responsible for Ennoblement. Dexter pointed out, however, that azide pfoduces a significant
drop in Eex even for abiotic controls, although the magnitude of such decrease is much

smaller than that observed for the azide treatment of Ennobled samples.

Mechanisms of Ennoblement

Oxygen Reduction

Oxygen reduction is the dominant cathodic reaction on stahﬂesé steel under aerated
conditions, and much attention has been focused on the relationship between oxygen reduction
and Ennoblement. |

Oxygen concentration can be influenced by photosynthetic activity within biofilms and
this consideration has been used to interpret data from Ennoblement experiments. Little"
attributed the absence of Emoblemeﬁt for coupons exposed under dark conditions to a lack of
photosynthesis tl;at allowed -anaerobic conditions to develop. Motoda® found high numbers of
attached diatoms én Ennobled stainless steel and argued ‘that Ennoblement was caused by a
metabolite of the diatoms. Scotto'® however, found no cc;rrelation between Ennoblement and
chlorophyll-a content in the biofilms and Mollica® observed that Ennoblement occurred even
when chlorophyll-a was negligible. Dexter’ found that sunlight had a deleten';)us effect on the
devélopment of Ennoblerhent, and argued that this was caused by a decrease in the
' thermodynamic potential for oxygen reduction brought about by algal consumption of CO,

that increased pH near the metal surface. Eashwar et al."”® reported that exposure to direct
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sunlight prevented Ennoblement from occurring in waters that otherwise caused a 250 mV
increase in Ecor.

Many authors have suggested that acceleration of the oxygen reduction reaction
-possibly by metallo-organic catalysts produced during microbial respiration- is the cause of
Ennoblementls".w’lg. This idea has become quite well entrenched, although no direct evidence
of accelerated oxygen reduction has been presented. As in‘dicat’ed by studies on the effects of

photosynthesis, a coherent picture of the role of oxygen in Ennoblement is missing.

Other Cathodic Reactants

Dexter" attribute the finding that Ennobled E., decreased during daylight hours to an
increase in pH, implying that Ennoblement was associated with acidification at the metal
; surface. Protons are a dominant cathodic reactant in dearated media and in aerated media, pH
causes a thermodynamic shift in the oxygen reduction potential of -60 mV pH'. Thus a pH
drop of 5-6 units from a seawater pH near 8.0 could explain Ennoblement. Dexter suggested
that pH 3 could be reached within biofilms cdntaining acid producing bacteria and
Chandresekaran and ﬁemer6 argued that at pH 3, 8 mM h};drogen peroxide could account for |
the electrochemical characteristics of Ennobled platinum. Their sﬁonclusion was based in part
on detec.:tion of several mM hydrogen peroxide in the biofilm. Mollica® however, found that
seawater acidified to pH 7.5 caused little change in Ecor while the same seawater left untreated
caused B to shift to +300 mVscg. From this and other data, he concluded that Ennc;blement

was prevented by acidification. Mansfeld et al.' pointed out that acidification lowers the
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pitting potential of low molybdenum stainless steels below the value of Ennobled E.on, thus

making Ennoblement and acidification mutually exclusive.

Status of the Ennoblement Mechanism

Although several hypotheses have been suggested, most investigators acknowledge

" that the mechanism underlying Ennoblement remains unexplained™” 0.13,16,1821

Research
undertaken in the present thesis was designed to establish the mechanism of Ennoblement, and

| was initiated by testing several of the Ennoblerﬁent hypotheses. Careful analysis and
intqpretation of the results of these exf)eﬁments led tc; a new hypothesis involving manganese-
oxidizing bacteria and to the confirmation of this hypothesis. The following paragraph briefly
summarizes how this finding fits into previous knowledge concerning manganese-oxidizing
bacteria and corrosion.

The occurrence of manganese and manganese-oxidizing bac;teria at sites of stainless
steel corrosion has been widely observed and is commonly thought to result from differential
aeration caused by mineral occlusion of the metal surface”™®. Several authors™**”’ have
noted, however, that microbial production of t"erric and manganic chlorides would be
corrosive to stainless steel, and Duquette and Ricker™® sugge_sted that these species would act
to fix the n;etal potential above the pittinz;; potential. Linhardt” demonstrated that manganese
containing deposits from a severely pitted stainless steel turbine blade, when applied to a

platinum electrode, could shift the metal potential above +300 mVice. This potential was

above the stainless steel pitting potential for water of approximately 100 ppm chloride, and
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was thought to be the cause of the coﬁosion failure. These observations taken together with a
mechanism Qf Ennoblement involving manganese-oxidizing bacteria, serve to unify the '
previously sebarate issues of Ennoblement and manganese-related corrosion by linking them
'to a common cause, biomineralization of manganese diéxide. Direct electrochemical
reduction of the manganese dioxide, operating independently or in conjunction with surface

occlusion processes, appears to be a significant factor in the corrosion mechanism. .
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CHAPTER 3

THEORY AND EXPERIMENTAL APPROACH

Mixed Potential Theory

The potential of an electrode in solution reflects relative rates of anodic (oxidation)
and cathodic (reduction) reactions occurring at the electrode surface. Af equilibrium, the net
rates of anodic and cathodic reactions are equal, and the electrode potential is constant. For
inert or noble metals, such as platinum and gold, the electrode itself does not undergo reaction
and serves only to facilitate charge transfer betweén external redox species. In‘contrast,
electrodes of active metals sucﬁ as iron do undergo oxidation and this process contributes to’
the net anodic rate. Metal oxidation is typically the dominant anodic process for freely
corroding materials. In aerated solution, the dominant cathodic reactions are reduction of
dissolved oxygen (DO) and reduction of water" Equations 3.1-3.6 show relevant half-
reactions and the congsponding net reaction for the corrosion of iron in aerated ‘aqueous
media>.

Fe = Fe™ +2e” anodic - (3.1

2H,0+2¢” > H, +20H" cathodic . (3.2)

2H,0 + Fe=> Fe(OH), +H, net  (33)
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40H™ + 4Fe(OH), < 4Fe(OH), +4e” anodic (34
O, +2H,0+4e” = 40H" _ . cathodic (3.5
4Fe(OH), + O, +2H,0 < 4Fe(OH),, net (3.6)

Egs. 3.1-3.6 indicate that the anodic and cathodic processes occurring on the metal
surface correspond to different half-reactions. The term ‘mixed potential® is used to describe
this condition, and to distinguish it from a reduction potent.ial in which the anodic and cathodic
reactions are simply the forward and reverse parts of a single half-reaction. A mixed-potential

in which the anodic reaction is metal oxidation is termed the corrosion potential, Eco.

Influence of Cathodic Rate on Ecor

The net rate for each halfereaction occurring on the metal surface is given by Butler-

Volmer kinetics™* as:
| E-E°)| E-E°)] 37
int = nEAK® 1C,, €xp -2.3(———) -C eXp|:2'3(_——)i| . G.7)
) Bc ' ) Ba
L _23RT L 23RT
° acncF ¢ aanaF

where cathodic and anodic rates for each half-reaction are described by the first and second
exponential terms in eq. 3.7 respect1ve1y, E refers to the electrode potential, and C o and o
refer to concentrations of the oxidized and reduced species at the electrode surface. Other

symbols are as deﬁned in the Notation section. Measureable current across the
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electrode-solution interface is the sum. of the net currents for each half-reaction and at

equilibrium, must equal zero. For n separate half-reactions:
imea.r = Zi‘;et (38)
J=1 '

Bearing in mind that only a single value of E can exist for a conductive surface, and setting the
sum of currents described by eq. 3.8 to zero, E can be expressed in terms of the reactant
concentrations, formal half-cell potentials (E”), and kinetic parameters associated with each
halfireaction. If as is often the case, the anodic and cathodic rates are dominéted by single
half-reactions (e.g. reactions 3.1 and 3.2), and further, if the intrinsic rates for these half-
reactions under the concentration conditions of the system are similar, E will acquire a value
intermediate between the standard potentials of the dominant anodic and cathodic reactions.
Equation 3.7 shows that in so doing, the cathodic rate for half-reactions possessing a formal
potential more positive than E, and the anodic rate for half-reactions possessing a formal
potential more negative than E, will increase. At the same time, rates of the reverse reactions
_ decrease. Expressed in another way, for C'ox=Crgand B << E°, the first exponential term in
equation 3.7 dominates and the equation becomes:

i,=nFAk? C. exp [-2.3@@} (3.9)

c

Where i has been changed to i, to indicate that the net current for the half-reaction with the
more positive reduction potential is cathodic. The subscript ¢ has been added to indicate that

this equation describes the current supplied by the cathodic half-reaction.
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Taking the logarithm of equation 3j9 shows that a plot of E vs. na‘turaI log of current
density will be a straight line, and that the position of this line will shift positively along ‘the
abscissa as the intn'nsic.rate constant or concentration of the cathodic reactant increase.

lnlL:D+lnkf +InC; _23
A4 B

° 3.10
53 (3.10)

D= (ln(nF) + B;E:']

c

Equation 3.10 pertains for each half-reaction, j, that satifies the condition E << (E”);. Net

cathodic current is then:
(ic)net :Zli (311)
j=1
In a similar manner, for C o = C".aand E >> B, the second exponential term in
equation 3.7 dominates and the equation becomes:

ja=—nFAE. C. exp[2.3£E;Ef—)} (3.12)

a

Where i has been changed to i,, to indicate '.cha?: the net current for the half—reéction with the
more negative reduction potential is anodic. The subscript a has been added to indicate that
this equation describes the current supplied by the anodic half-reaction.

Measureable current across’ the .electrode—solution interface is the difference between

the net anodic and cathodic rates, so that 7, =i, — i, and: " .

i . =nFA (k: C’ exp [-2.3 E_EEQ} ~ k2 C exp \:2.3 (—E_B—E"—)D (3.13)
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For an electrode at equilibrium, i. = i, and for the special case of a corroding metal, the current
at equilibn’um is termed the corrosion current, i As noted above, under these conditions E .
=Eeor. At equilibrium, i = iz = icor, and either equation 3.9 or 3.12 can be used to eXpress icor
as a function of Eeor. In terms of the cathodic reaction:

icow = nFAE? C. exp [—2.3@-@9—)} (3.14) )

c

Dividing equation 3.9 by equation 3.14 yields the expression:

i, =i, exp [-2. 3(E—_E—”—)] | (3.15)
. . B, .
Similarly:
Iy =l XD [2-3%@} o (3.16)
Againnoting that i, =17, — i,:
s =im(exp [—2-3@%’—)} —exp [2-3(—E_—BE-”QD ) (3.17)

Tt can be seen, that for E << By, or for E >> B, equation 3.17 reduces to equations 3.15 or
3.16 respectively. Equation ?;.17 relates measureable current to the displacement of E from
Ec;,,r and is an important expression used to experimentally determine icor. The current—voltage
characteristics given by equations 3.7 and 3.17 are shown gyaphically in figure 3.1.

Figure 3.1 an;i equation 3.17 serve to define Ecor a1‘1d icor, and correctly relate these

quantities for a freely corroding metal, however, anodic-current for metals in the passive state
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is controlled by oxide film dissolution and/or cation transport through the passive film*S, and is
nearly independent of E. Under these conditions, anodic current is equal to the passivation
current, iy, and can be taken as roughly constant’. For a passive metal at equilibrium, icor
then equals the constant value i, From equation 3.14, it can be seen that an increase in the
intrinsic rate constant or concentration of any cathodié species @usf shift Ecor in the positive
direction in order to maintain a constant value of icer. Equation 3.9 shows that for a constant
value of E, an increase in these same quantities will increase cathodic current. These
relationships are shown schematically in figure 3.1 assuming eq. 3.5 as the sole cathodic
reaction. Curve P’ shows the current-voltage behavior for a metal in the passive state. An
increase in the intrinsic rate co’nstant from £2' to k2% shifts Eeor from Eleor to .I;sz. An
increase in the concentration of cathodic reactant would qualitatively produce the same
effects. -

Based on the foregoing, the noble shift in Ecor and elevated cathodic current density
that define Ennoblement may be related to processes that increase the cogcentration or the
intn'nsic rate constant of cathodic reactants. To understand Ennoblement, possible increases in
rate constants-and catkiodic; reactant concentrations, and their influence on the eiectrochemical
behavior of the metal' need to be investigated. The following sections describe severgl
processes by which microbial colonization. may alter the electrochemical environment at metal
surfaces, and discuss techniques used to study these processes. The order of presentation
corresponds roughly to the order in which these techniques and related experiments were

carried out, and reflects evolution of the overall experimental design used to elucidate the

mechanism of Ennoblement.
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Log ( nFkd)) Log (nFk.02)

corr
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Log Current Density

Figure 3.1 Schematic diagram showing current-voltage relationships according to eq. 3.7
and 3.17. Curve ‘P’ illustrates behavior for a metal in the passive state. Eaadr shifts from
E loorto E2aitas the equilibrium rate for the cathodic reaction increases.

Ecorr Measurements

As defined in chapter 2, the dominant characteristic of Ennoblement is a several
hundred mV, noble shift in Eaa. This noble shift has been used throughout the present work
to monitor the development of Ennoblement. Eaar appears as the voltage difference between a
metal specimen and a known reference voltage, and is easily measured using a voltmeter or
A/D converter. To avoid polarizing the sample specimen, these measurements are made using

high impedance (>1090 ) equipment. In a typical experiment, circular metal specimens or
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coupons were exposed to a test environment and Eeor was measured periodically against thé
saturéted‘ calomel reference electrode (SCE). |

Many experiments required frequent measurement intervals on ten or more coupons.
To simplify datd collection, a 64 channel, multiplexed, A/D converter connected to a computer
was used to automatically record E. The data -colleétion interface was custom built for this
application using eight CD4051 CMOS multiplexers contro]led by a c;,ommercial, eight
channel A/D interface card (DAS-8PGA, Keithley Metrabyte Corporation, Taunton, MA).
The interface was operated in single—ended' mode, so that all coupons were directly referenced

to a single SCE. Software to control the interface and record data was written specifically for

these experiments.

Potentiodynamic Polarization

Cathodic polarization behavior is the second deﬁning characteristic of Ennoblement.
To ensure that noble shifts in Eex observed in the present work were characteristic of the
changes observeci elsewhere in the literature, .potentibdynamic polarization measurements
were carred out and an increase in cathodic current density Was confirmed. ~ These
experiments are described in: chaptérs 4 and 5. The measurements were made using a
conventional three-electrode system by applying current between the stainless ste;el specimen
(the working electrode). and a graphite or platinum counter electrode, and measuring the
potential difference between the working electrode and an SCE reference. electrode located

within a few mm of the metal surface. A computer controlled, model 273A potentiostat and
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352 SoftCon™ soﬁwaré @G&G Instruments, Princeton, NJ) were used to generate the
polarization curves. For a single reaction taking place at‘ potentials where charge transfer is
the rate determing step, a plot of electrode potential vs. log current density generates a straight
line according to equation 3.10. Shifts in the .siope or position of this line are an indication
that changes in reaction kinetics, identity, or concentration of the reacting specie(s) have

occurred as described above.,

Redox Environment within Biofilms

Microbial activity may influence the redox environment near metal surfaces in a
number of ways. Photogynthesis by algae and cyanobacteria produces oxygen and could
increase the concentration of this cathodic reactant. Extracellular hydrogen peroxide, is
known. to be produced by a variety of" microorganisms’, and as a strong oxidant can .
significantly elevate Eq for stainless steel. Bxtracellular production of superoxide and other
active oxygen species that caﬁ be expected to elevate Ecor has also been demonstrated®. A
variety of redox active species are produced during microbial metabolism including organic
acids from the citric acid cycle and constituents such as NAD, FAD, and quinones that are
part of the electron transport system. These species may accumulate within biofilms during
cell death and lysis and may be reduced at the metal surface if they possess a reduction
potential greater than Ecor. |

Microbial metabolites may influence the intrinsic rate constant for oxygen reduction.

Metallo-porphyrins and analogues of other respiratory macrocycles have been investigated




30

widely as electrocatalysts™", and the enzyme laccase has been shown to produce ‘a forty-fold
increase in the rate of oxygen reduction on platinum™. Metabolic electron-transfer mediators
such as menadione can couple extracellular oxygen reduction to oxidation of membrane bound
A species of the electron transport system, producing s_uperoxideg. Superoxide formation has
been established as the rate determining step in oxygen reduction on iron at neutral pH®,
consequently,' overall _oxyg;en reduction rate may increase if superoxide is catalytically
produced near the metal surface. Alternatively, extracellular levels of electrocatalytic en;ymes
may reach sufficiently high levels within biofilms to directly increase oxygen reduction rate.

A final examplé of microbially mediated redox processes ;chat can effect the
electrocherrlisfry of metals involves' heterotrophic respiration. Aerobic respiration within
biofilms consumes oxygen and can lead to development of anaerobic conditions suitable for
the growth of sulfate-reducing bacteria (SRB). Sulfide production by SRB sharply lowers .
redox potential and further"scrubs oxygen from the system. These effects modify Ecor and can
degrade the oxide films on passive metals. The process is common in MIC, and while not a
direct cause, may aggravate the c'orrosive effects _.of Ennoblement. Chapter 8 discusses

possible relationships between Ennoblement and SRB.

Microelectrode Measurements -

Microelectrodes were used to directly evaluate the redox environment within biofilms
on Ennobled stainless steel. Hydrogen peroxide and dissolved oxygen were measured using

amperometric microelectrodes, and Eco for a stainless steel microelectrode was used as a
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general measure of the oxidizing power within the biofilm. The latter measurement was based
on the idea that if unspecified oxidants shift E.,: for the nietal substratum in the noble direc'tion
they should produce a similar shift for a stainless steel microelectrode placed in the same

environment. The experimental details and results of microelectrode measurements are

described in chapter 4.

Oxyegen Reduction Rate

According to equation 3.9, cathodic current should be directly proportional to oxygen
concentration 1f oxygen is the dominant cathodic reactant. To determine the influence of
oxygen on the 'catho'dic reaction that -develops du;ing Ennoblement, coupons that had
previously been Ennobled by exposure to natural water were cathodically polarized .in the
presence and absence of oxygen. The region of elevated cathodic current density between
approximately -200 to +400 mVsce characteristic of Ennoblement was examined to determine

if oxygen concentration influenced net current. This experiment is described in chapter 5.

Surface Metal Oxide Abundance

The state of the surface can directly @uence the rates of chemical and electrochemical
reactions occurring on metals. Metal oxide properties are known to influence intrinsic oxygen
reduction rates on iron™**, and it has been shown that oxygen reduction proceeds more rapidly
on y-FeOOH than on Fe;O, in the potential range -0.55 to -0.1 Vsce®.  Surface films on

stainless steel contain varying amounts of reducible iron oxides depending on surface
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treatment'® that can in some instances produce a slight break in the cathodic polarization curve
for uncolonized metal samples coincident with the break observed in Ennoblement. This
behavior is illustrated by the lower curve in figure 2.2. | Polarization curves generated
immediately following cathodic polarization at 500 mVscg, or generated by scanning in the
positix.ze direction from cathodic potentials do not show the break in slope; however the feature
reappears for scans made a few hours after cathodic polarization. This behavior is
characteristic of reversible oxide formation as typically observed for iron™>"". Coincidence of
the break in polarization slope for unexposgd and Ennobled coupons, with the later break being
mﬁch more pronounced, suggests that Ennoblement may involve enrichment in oxide
abundanf:e at the metal surface. As noted above, such changes may potentially enhance oxygen
reduction kinetics. |

In addiﬁon to influencing the reduction rates of dissolved species, the foregoiﬁg

suggests that metal-oxides can themselves be reduced. The reactions:

FeOOH + H,0 +e” = Fe** +30H" (3.18)

3Fe,O, + H,0 +2¢~ < 2Fe,0, +20H" (3.19)

are implicated in the reduction of the passive film on stainless steel’® and may participate as

cathodic reactions in the atmospheric rusting of iron'®. Reduction of iron. oxides occurs in the

_same potential region as oxygen reduction’®, suggesting that reduction of surface oxides could
contribute to the increase in cathodic curfent observed in Ennoblemgnt.

Two approaches were taken to investigate the possiBility that Ennoblement correlated

with changes in surface oxide properties of the metal: 1) capacitance was measured during the
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course of Ennoblement, and 2) the abundance of reducible surface material was assessed

before and after Ennoblement.

Capacitance Studies

Capacitance is a broad measure of the thickness, area, and dielectric properties of |
phases present at the metal surface. Therefore, if surface changes occur during Ennoblement,
they may produce changes in capacitance. The passive film on stainless steel is generally
consideréd to have a complex oxide composition, with magnetite (F e304),. chromum oxides,
and ferric oxides presént in different proportions depending on conditions of surface

treatment*%.

The capacitance of these oxides differ, consequently changes in oxide
composition that may devel‘op during Ennoblement should produce changes in capacitance.
Conversely, capacitance that remains invariant would provide evidence that surface oxide
coﬁlposition does not change during Ennoblement.

Capacitance measurements were carrieci—out using the galvanostatic transient method'.

This technique utilizes a constant current to polarize the metal and determines capacitance by

fitting polarization vs. time data to the equation
t

‘ _EE ) ‘ :
Mot = lapp‘ Rp ( l-e j : (320)

where T« is the polarization or activation overvoltage, R, is the polan'zation. resistance which

reflects the Faradaic reaction rate at the metal surface, and C is the net capacitance.
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Application of this technique to determine capacit;ance changes during Ennoblement is
described in chapter 4. |
A special- constant current source and differential amplifier were designed and
constructed to supply the nanoampere currents and detect the millivolt changes associated
with the capacitance measurements. Appendix A describes the design of the current source

and amplifier and provides the derivation of equation 3.20.

Coulometric Titration

The abundance of cathodically ac'tive material bound to e; metal can be determined by
coulometric titration of the metal surface. This measurement, also known as the galvanostatic
reduction technique, is performed by applying constant cathodic current to a specimen in an
oxidant free electrolyte and observiné the polarization versus time response. ‘In the absence of

dissolved reducible species, the applied current charges the electrode capacitiveiy according to

the relationship:
dE 1
—=—=] ' 3.21

As E becomes more negati\}e the cathodic reaction rate for surface bound species increases
exponentially according to equation 3.9. If the cathodic rate becomes equal to the applied
current, a steady-state is attajnea and E remains constant. This condition persists as long as
surface bound material is available to react and results in a potential lag or plateau. Duration
of the plateau corresponds to coulombs of reducible surface material (current x time =

coulombs), and the plateau potential is related to the reduction potential of the surface phase.
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In principle, the plateau occurs when the electrode reaches the reduction potential for‘ the
oxide, héwever, this is dependent on the applied current since excessively high currents will
require significant overvoltage to attain steady-state (cf. equation 3.9). By choosing a suitable
value for L, the plateau and reductioﬁ potentials can agree closely. As an example, reaction
3.19, which has a formal reduction potential of -529 mVscg at pH 8.5, appears to correspond
to the plateau potential near -550 mVscg frequently observed during reduction of oxide films
on iron and stainless steel'™"”. In coulometric titrations, the occurrence of different plateaus
indicates ‘the presence of more than one reducible phase. The technique has been used to
investigate the nature and abundance of oxide phases on crystalline iron oxides® and on mild
and stainless steels'®?. In the present work, it was used to determine if new reducible surface
phases developed during Ennoblement, and to quantify the abundance of these phases. These

experiments are described in chapters 4 and 6.

Metal-oxide Depositing Bacteria -

Micro-electrode, capacitance, and coulometric titration experiments provided strong
evidence that Ennoblement correlated with development of a new reducible surface phase.
The nature of this phase was not known; however as noted in the Surface Metal—Oxide.
Section above, the coincidence of the break in cathodic polarization behavior seen before and
after Ennoblement suggested that an enrichment in surface oxide abundance may have
occurred. A variety of iron- and manganese-oxidizing rrﬁcroorganisms exist in nature, and the

possibility that microbial metal-oxide deposition 'produced the new reducible phase and the
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modified electrochemical parameters observed in Ennoblement became the final focus of the

present research.

Anodic Polarization by Metal-Oxides

Equation 3.19 exemplifies surface metal-oxide reactivify. Interconversion between
surface-bound oxide phases has the effect of fixing a redox couple at the metal surface.
Depending on the uniformity of the lattice structure between the oxidized and reduced phases
these reactions can be electrochemically reversible. If both phases are present, qnd the
reaction is the sole significant electrochemical reaction occurring at the surface (i.e an inert
| electrode), the metal electrode will acquire the reduction potential of the oxide half-cell. In
. cases where only one phase is present (e.g. oﬂy the oxidized phase), the electrode will
polarize positively in the mannef described for dissolved oxidants, as reduction of the oxide
increases cathodic current. This anodic polaﬁzation will continue until re-oxidation of the
accumulated reduced products, or development of other anodic reactions (e.g. oxidation of
water), balance the cathodic current.

The value of Ee,; determines whether a particular oxide will be reactive, where Ecor is
 the equilibrium mixed-potential of the metal electrode. Oxides with reduction potentials more
positive than the electrode potential will behave as cathodes when galvanically coupled to the
metal, with oxidation of the metal serving as the anodic reaction. In this fashion, galvanically
coupled manganic oxides have been used té inhibit corrosion in strongly acidic media by

anodically polarizing stainless steel into the passive region®. In contrast, oxides with
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reduc_tioh potentials more negative than E.. will be stable with respect to reduction and will
not contribute cathodic current.

E .o for stainless steel in neutral aerated waters lies in the range -50 to -200 mVscg.
Based on the above discussion, fén‘ic oxide (B = -529 mVicg, cf. equation 3.19) should not-
anodically polarize the metal under these conditions. In the present research, this fact was
confirmed by applying a synthetic ferric oxide paste to the surface of stainless steel. No shift
in Eeor resulted.  As a consequence, in evaluating the possible role of metal-oxide depositing
bacteria in Ennoblement, attention was focused on more strongly oxidizing manganic rather

than ferric-oxide deposition.

Manganese-oxidizing Bacteria

Manganese-oxidizing bacteria (MOB) are widely distributed in both fresh and marine
waters and are considered to be “directly or indirectly, the major catalyst of manganese cycling
in the natural environment” .24. These bacteria catalyze oxidation of dissolved divalent
manganese to form insoluble manganic oxides. The oxides are foﬁned extracellularly and
encrust the extracellular polymeric material (bacterial capsules) that surround individual cells
or cell aggregates.” The genera Leptothrix and Siderocapsa are particularly associated with

"formation of highly enriched manganic oxide deposits®™®. Leptothrix are typified By
filamentous growth in tubelike polymeric sheaths with individual cell dimensions of 0.6-1.4
um diameter x 1-10 pm length?. Sessile species of Siderocapsa grow as aggregates of a few

to several dozen cells surrounded by a common ring-shaped polymeric capsule®®. Manganese
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deposits that form on the e;(tracellular polymers of these genera can frequently be visualized
without magnification. Such deposits are expected to be- electroactive when formed in
immediate proximity to metal surfaces and present a rational mecha.nism by which bacteria
may alter fche electrochemical behavior of metals leading to Ennoblement. To test whether
biofouling by manganic -oxides could account for Ennobllement, the following threefold

approach was devised.

MOB and Manganese Deposition Microbiological and surface analytical techniques

were used to test for accumulation of manganese and MOB within biofilms on Ennobled
stainless steel. Reflected-light microscoby was used to determine tﬁe presence of mineral
encrustations. Colorimetric spot tests and surface analsrsis by scanning electron microscopy
with energy dispersive x-ray analysis (SEM/EDS) were used to confirm the presence of
manganese. Leuco-crystal violet, the reduced, colorless form of the dye crystal violet, was
chosen as the reagent for the spot test. On contact with manganic oxide, the reagent is rapidly
oxidized to produce an intense violet color discernable by eye. In natural Waters the reagent is
highly specific for manganic oxides and is usea both as a spot test and as a quantitative
measure of MnO, abundance®™. Epiﬂuores;:ence rhicroscopy at 400 - 1000x magnification
was used to visualize the microbial composition of intact biofilms on stainless steel. Staming
was carried out using the nucleic acid fluorochrome acridine-orange which is widely used to
visualize and enumerate nﬂcroorgarﬁsms3l’32. Characteristic cell morphology, colonial habit,
and the presence of distinctive structures such as bacterial sheaths were noted. The presence

of MOB in the biofilms was assessed by streak plating inoculums from natural biofilms onto a
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low manganese modification of the yeast-manganese medium of Pringsheim™, and staining
isolated colonies with: leuco-crystal violet. Formation of the violet color confirmed that the
colonies produced manganic oxides. - Final composition of the modified Pringsheim medium
was 50 ppm yeast and 0.5 ppm Mn(Il), buffered at pH 8.1 by acid titration of 1.3 g Lt

HEPES buffer.

Reductive Dissolution of MnO, To confirm that Ennoblement was dependent on the

presence of manganic oxides, biofilms on Ennobled coupons were t'reated with sodium sulﬁtce
to reductively dissolve MnQ,. Sulfite ion and SO, quantitatively reduce MnO, to Mn(I)** and
are used under a_cidic. conditions to leach manganese from low-grade ores. In the bresent
work, sulfite solution was used at pH 8.4 to retain the pH value of the natural water exposure.
Ecor was mq_nitored as Ennobled coupons were exposed to sulfite and at the conc;lusion of the
experiment, the electrolyte was analyzed for the presencé of Mn(ll) either by atomic
absorption or colorimetrically using the formaldoxime method®. A decrease in Ecor to pre-
Ennobled values and a corresponding release of Mn(Il) into solution were taken as evidence

that manganic oxides were essential for Ennoblement.

Electrochemical Changes Induced by MnO, Paste The sulfite experiment tested

whether Ennoblement could be eliminated by removing MnO,. To demonstrate the reverse,
i.e. that MnO, could produce the electrochemical characteristics of Ennoblement, Ecor and
cathodic polarization measurements were made on stainless steel coated with chemically

prepared MnQ, paste. Results of the measurements were compared with the electrochemical
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behavior of Ennobled coupons. The paste -prepared by addition of permanganate ion to an
alkaline solution of manganous ion*’-, was also used to' calibrate the potential of the plateau
observed during coulometric titration of Ennobled coupons. Agreement between Ennobled
and MnO, paste coated coupons with respect to Ecor, the potential of the coulometric titration
plateau, and general cathodic curve shape and current density at specified potentials, were
taken as evidence that MinO, was the cause of Ennoblement. |

The experiments and results relating manganic oxide biofouling to Ennoblement are

described in chapters 5 and 6.

Ennoblement by Leptothrix discophora

Tﬁe relationship between manganic oxides and Ennobleméan"c was firmly established by
the foregoing experiments, but the relationship between MOB and Ennoblement remained
circumstantial, i.e. both MOB and manganese were identified in the biofilms, bgt no strict
causal relationship could be inferred. To deménstrat’e that Ennoblement could be induced by
MOB, controlled expen’ménts were cartied out with pure cultures of the manganese-oxidizing
‘ bacten'um Leptothrix discophora. Masses of sheathed cells characteristic of this species were
among the bacteria present in biofilms on Ennobled coupons. | A strain of L. discophora
identified as SP-6 %7 was obtained from the American Type Culture Collection @ocMe,
MD) and grown in a mineral salts-vitamin-pyruvate medium. In the presence of Mn(Il), this
organism formed copius manganic oxide deposits on all submerged surfaces. Experiments

were performed by exposing stainless steel coupons in three identical reactors containing the
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bacteria and dissolved Mn(II). vFor each reactor, measurements of Ee,, concentration of
Mn(TI) in solution, surface cell density on the coupons, and surface-bound Mn on the coupons
were made. Solution Mn(II) was measured colorimetrically by the formaldoxime technique,
surface cell density was determined by acridine-orange direct count, and surface-bound Mn
was determined using both the sulfite dissolution and the coulometric. titration techniques.
Two control experiments were performed, one with bacteria but no added Mn(Il), the other
. with Mn(II) but no bacteria. Ennoblement of Ee, in the first experiment and absence of
Ennoblement in both control expeﬁments was taken as confirmation that Ennoblement was

caused by MOB. These experiments are described in chapter 7.

QOutline of the Thesis

The experimental approach outlined in the foregoing chapter demonstrates the
evolution and coherence of the work comprising this thesis. Chapters 4 through 7 describe
individual experiments and can be read as independent articles. Chapter 4 presents preliminary
findings concerning the redox environment on Ennobled couf)ons and the surface state of the
metal that focus attention on manganic oxide biofouling; chapters 5-7 describe the experiments
relating Ennoblement to MOB. The content of these chapters is summarized in Table 1.1.
Chaptér 8 is also self-contained and serves to summarize the precee&ing experimental results

and to discuss implications of the research.
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CHAPTER 4

REDOX AND CAPACITAN C(LE MEASUREMENTS "

Overview

Ennobled open-circuit potential (Beon) for Type 316L stainless steel (SS, UNS S31603)
exposed to fresh river-water was investigated using microelectrodes to measure dissolved
oxygen (DO), hydrogen peroxide (H0,), and local E..r within biofouling deposits, and using
galvanostatic techniques to measure capacitance and to titrate reducible surface material.
Results indicated that the deposits were uniformly aerobic and did not contain elevated levels
of cathodic depolarizers. Develdpment of Ennobled potential was related to Ec, near the
beginning of exposure and occurred on surfaces having as little as 3-5% biofouling coverage.
Galvanostatic measurements revealed a strong correlation between capacitance and Ecor as the
latter increased during biofouling, and galvanostatic reduction measurements indicated an
increased abundance of reducible surface-bound material during the same period. Results

suggest an Ennoblement mechanism involving modifications of the metal-oxide surface.

* Published as: Evidence for Surface Changes During the Ennoblement of Type 31 6L Stainless Steel: Dissolved
Oxidant and Capacitance Measurements, W. H. Dickinson, Z. Lewandowski, andR. D. Geer_(1996), Corrosion
52(12): in press. ‘
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Introduction

Mic.robial colonization of passive metals exposed to natural waters can shift the open-
circuit potential (Ecor) several hundred millivolts (mV) in the noble direction™®. Polarization
behavior of the colonized metals shows an increase in cathodic current density at modest
overpotentials™", and reveals a break in cathodic Tafel slope. near -200 mV""’ (all potentials
vs. the saturated calomel electrode, SCE.) These phenomena, collectively known as
Ennoblement, are an expression of biofouling induced changes in the nature and/or kinetics of
reactions occurring on the metal surface. From a technical perspective, Ennobled potentials
can exceed critical pitting potentials for low molybdenum SSW increasing the risk of localized
corrosion. Once initiated, localized attack may proceed rapidly due to the enhanced cathodic
rate.

The principal electrochemical factors expected to contribute to Ennoblement are: 1)
elevation of cathodic depolarizer concentration(s) and 2) acceleration of intrinsic oxygen
reduction rate; either of which would increase cathodic current and anodically polarize the
metal. Factor 1 may arise from locaﬁzed chaﬁges in solution chemisfry due to microbial
activity and the presence of metabolic products, while factor 2 will be influenced by dissolved
electrocatalysts and by the surface state of the metal. A third potential factor, diminished
passivation current, would elevate Ecor, but would have little effect on cathodic current density

and may be ignored.

! Critical pitting potential for type 304 SS (UNS S30400) in aqueous 0.5M chloride solution is -50
mV(SCE)". : : -
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Reduction of dissolved oxygen (DO) is the dominant cathodic reaction for unpolluted
natural waters. In the presence of biofouling, metabolic production of active oxygen specig:s.
(e.g. superoxide®” and hydrogen peroxide (H,02)") or other unspecified oxidants, may raise
concentrations sufficiently for these constituents to contribute to cathodic current. This has
been reported for the Ennoblement of platinum®. In the absence of elevated oxidant
concentrations, cathodic rate enhancement must arise from acceleration of the dominant
cathodic reaction, reduction of DO. - Although this prospect has been suggested
repeatedlys’s’w, no progress toward identifying a rate-enhancing mechanism for DO reduction
has been made.

Surface metal-oxide properties are known to influence DO reduction rates on iron*>¢,
and it was recently sﬁown that DO is reduced more rapidly on maghemite (y-FeOOH) than on
magnetite (Fe;Oy4) in the potential range -0.55 to -0.1 'V”. Surface films on SS contain
varying amounts of reducible iron-oxides depending on surface treatment'®, and reduction of
these oxides can in some instances produce a slight b;eak in Tafel slope coincident with the
break observed for Ennobled SS. The more pronoimced break at -;200 mV for Ennobled SS
‘ ma'y reflect changes in the oxide film, and raises the possibility that Ennoblement is related to
enhanced DO reduction rate caused by modification of surface-oxide mineralogy. This
possibility is further suégested by the finding that metals with variable oxide stoichiometry
such as titanium and platinum® display Ennoblement™®, while nickel, which has only a single
well defined oxide state (NiO), does not Ennoble”. To ‘date, the possible relationship between ‘

Ennoblement and changes in surface-oxide chemistry has not been studied.
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In the present work, several proposed bases for Ennoble;ment were investigated.
Microelectrodes were used to measure DO, H,O,, and local E,, within biofouling deposits;
capacitance was determined, as a broad measure of near surface changes that may reflect
changes in the surface-oxides; and the quantity of reducible surface-bound material was
.measured before and after Ennoblement. To reduce the risk of localized corrosion, tﬁe 316L

SS (UNS S$31603) was used exclusively.

Experimental Procedure

Epoxy-embedded 316L SS coupons (1.59 cm diameter x 0.16 cm) from a single
metallurgical heat were abraded on wet 600 gﬂt silicon-carbide paper, swabbed with cotton
under flowing distilled water, rinsed with 95% ethanol and air dried. Samples were exposed
to flowing natural stream-water in once-through 2 cm x 60 cm polycarbonate reactors by,
either flush mounting in the reactor _ﬂoér or suspending into the solution frem above.
Mounting was such that only a single face of each coupon was exposed to solution, and
suspended samples were submersed 0.5 cm Beneath the surfaée to fully immerse the exposed
coupon face. ~ Water from an aerated 20 L carboy was pumped through the reactor to
maintain 1 cm fluid depth and a dilution rate of 3 k™. Chemical composition of influent water
classified the source as a clean stream (DO > 6 ppm; pH 8.4; alkalinity 3 meq L™, nitrate ion
(NOs) 1.2 ppm; dissolved Fe 1..2 ppm; conductivity 4 x 10 ohm'.l-cm'l; total organic carbon

110 ppm) with some seasonal variation.
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Extent of biofouling coverage was evaluated using both reflected-light and
epifluorescence microscopy. The biofouling deposits were patchy and were easily
distinguished from the metal substratum, which allowed areal coverage to be estimated by
measuring the dimensions of the biofouling patches. The dimensions of several different sized
deposits were measured using a calibrated microscope graticule, from which estimates of the
deposit cross-sections (foot-prints) were made. The number of deposits of each size within a
microscope field (typically 500 x 500 pm) were then counted and a percent coverage was
calculated. This was done for several fields, from which an overall percent coverage was
estimated: Distribution of microorganisms within the biofouling deposits was determined by
adding 10 ppm propidium-iodide solution to the attached deéosits and examining by laser-
confocal microscopy at 568 nm excitation wavelength. Bacterial cultures were obtaiﬁed by

streak-plating material from the biofouling deposité onto R2A agar and culturing at 25° C.
| Eeor Was measured hourly against the SCE by computer, using a high impedance
10" Q), multiplexe&, analog-to-digital converter. With the exception of the galvanostatic
reduction experiments, polarization measurements were made in the exposure reactor using a
computer-controlled potentiostat/galvanostat. I-Iigh;density graphite counter electrodes were
used for all polarization measurements. Galvanostatic reduction of surface-bound material'®
was carried out in a 1 L corrosion-test flask in argon-deareated 0.1M Na,SO, buffered with
sodium carbonate at pH 8.4. Potential was recorded as the coupon was polarized by constant
cathodic current (2.5 pA cm™) for periods of 30 to 60 minutes. In these experiments, lags in
polarization rate signify reductiqn of surface-bound material, and coulombs of reducible

material were calculated from the duration of the regions of potential lag.
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Capacitance measurements wére’ made by the galvanostatic transient
method®. A 25 second, constant current pulse in the range 2 to 10 nA cm™ was applied to the |
coupon producing an overvoltage-time response. Applied current was chosen to generate less
than -10 mV cathodic overvoltage, and typical overvoltages were in the range -2 to -8 mV.
After amplification through a high-impedance differential-amplifier, signals were recorded at
10 millisecond intervals by computer. Capacitance was determined by non-linear fitting to the

equation:

t .
Moot = Loy R, ( l-e RPCJ (4.1)

(Mae, OVervoltage; L, applied current; R, polarization resistance; C, capacitance; 1, time)
assuming a simple parallel combination of R, and C as the model for the elecﬁode—soluﬁon
interface. In most cases this produced an acceptable ﬁt, although for some measurements
introduction of a second time constant was required to accurately fit the data. "The procedure
is described more fully in the Results and Discussion section. Close proximity of working and
reference electrodes and the small applied currents made corrections for uncompensated
resistance unnecessary.

DO micro.electrode design has been previously described”. H,0, ﬁ]icroelectrodes
were prepared by sheathing tapered platinum wire within glass in a fashion identical to that
used to construct the DO probes. The sensing tip was coated by dipping in a solution of 1g
cellulose-acetate dissolved in 20 ml acetone and air dried. Tip diameters were in the range 5

to 15 pm. DO and H,0, microelectrodes were polarized to 0.8 and +0.8 V respectively
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against the SCE and current proportional to analyte concentration was measured with a
picoammeter. For DO, air-saturated and nitrogen-purged volumes of reactor water were used
to give a two-point calibration. The H,O, electrode was calibrated by adding known volumes
of 30% H,0, previously standardized by permanganate titration, to water from the reactor
influent carboy. Separate caﬁbrationg performed over the pH range 2.2 to 9.6 showed an
H,0, detection limit <2 puM at all pH.

SS microelectrodes were prepared by sheathing 100 um diameter SS wire in glasé.
Tips were polished csn a precision diamond Wheel. Electrode response to variation in cathodic
depolarizer concentration was confirmed by exposure to solution containing up' to 6 mM
H,0,. Increase in Ec,, for the ;electrode was comparable to the change observed for sample
coupons exposed to the same H,O, concentrations. The electrodé was conditioned by
exposing to influent reactor solution for several hours prior to measuring B within
biofomg deposits..

Profiles of DO and H,O, concentrations and nﬁcroelecﬁ;de E.,, were measured
within bllofouling deposits on coupons mounted in the reacfor floor. The microelectrodes,
mounted in a commercial 3-axis micromanipulator, were positioned above a deposit by
adjusting the x-y micromanipulator controls manually. Vertical positioning was then executed
in 10 or 20 pm increments starting with the probe tip just above the deposit, and continuing
until the tip was within about 10 pm of the metal substratum. Vertical movement was
controlled by a computer-driven stepper motor attached to.the micromanipulator z-axis, and

probe position 'was determined by viewing the tip at 70x magnification through a stereo
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microscope. Positioning accuracy from bulk solution to the substratum was 5um. Stable

measurements, were usually attained within 30 seconds after incrementing the probe position.

" Results and Discussion

Biofouling

Visible brown slime began to accumulate on coupons mounted in thé reactor floor
after two to three days exposure. Examination of the slime by reflected-light micros'c‘opy
showed an assemblage of microorganisms and debris within gelatinous, cottony-shaped
deposits. After 35 days exposure, roughly 50% of the coupon surface was covered with
patchy deposits 200 pm? to 0.2 mm? in cross-sectional area (foot-print) and from 20 to 400
um thick. Between the‘ deposits, only the uncoionized metal substratum was visible. Laser-
confocal microsc;)py of propidium-iodide stained couponé confirmed that bacterial cells were
present, and that the cells were constrained to the area within the gelatinous deposits, a finding
in accord with current models of biofilm structure®. Cqupons exposed by suspending into
~ solution from above accumulated a morphologically similar- brown slime, which typically
covered less than 20% of the coupon and did not exceed 60 pum thickness. The diminished
coverage for these c_oﬁpons compared with those mounted in the reactor floor' was thought to
reflect lesser sedimentation fouling. Material from the biofouﬁng deposits, when ‘cultured on

agar, exhibited seven colony types distinguished by color and morphology.
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The presence of unspecified ‘debn's together with bacterial cells, suggested that the
brown slime material should be described as biofouling; to indicate a complex inorganic,
organic, and bic;tic composition, rather than as a biofilm. 'In‘ accord with this, the term

biofouling is used hereafter to refer to the brown slime,

Ecor Measurements

Eeor for a set of 12 coupons (Set #1) mounted in the reactor floor was monitored
during a 35 day exposure. Results for 10 samples from the Set are shown in figure 4.1. Ecox
for the remaining two coupons exhibited marked instability and was not plotted. After one
hou; exposure, Ee, varied from -41 to 212 mV for the 10 coupons and decreased to
minimum values éfter 10 hours. For five coupons, E., increased uniformly at about 30
mV/day between days two and nine, and approached a steady-sfate value near +350 mV after
17 days. Ecx for the rerﬁajmng five coupons increased more slowly, showed gfeater
variability between coupons, and did not exceed +110 mV during the experiment.

A second set of 12 coupons (Set #2) mounted in the reactor floor-were treated by
periodically removing biofouling with a cotton swab.' Throughout the exposure, the
biofouling was easily dislodged by wiping, and microscopic examination confirmed that
biofouling deposits did not develop. Stable values of Eor did not exceed +70 mV for ény
sample from this Set, and for nine samples, Eeor did not exceed 0 mV. Eeo for four samples
representative of the Set are shown as a function of time in figure 4.2. Episodes of increasing

Eeor Were apparent for two samples. For each episode, removal of the biofouling re-
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established the Eam value observed prior to the event. In the absence of increased potential,
swabbing had no effect on Eadr as is evident from the lower two curves in figure 4.2, which

implied that the treatment did not disturb the native passive film on the metal.

0 200 400 600 800

Time (h)

Figure 4.1. Eool for ten 316L stainless steel coupons during biofouling in fresh river
water.

Information relating biofouling thickness to Ennobled potential was obtained by
monitoring Eat as biofouling was progressively wiped from an Ennobled coupon surface.
The procedure was viewed under magnification to allow estimation of biofouling thickness,
and the range of initial thickness was between 20 and 400 pm Edifir decreased less than 12
mV as all but a 20 pm thick adherent film was removed. This film was brown and was

morphologically similar to regions of thicker biofouling, but could only be removed by
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rubbing, which then exposed the SS substratum. Removal of the adherent film covering only
10% of the coupon surface caused a 20 mV decrease in Eart.  Substantially greater pressure
was required to markedly shift Eaxt to more active potentials, which suggested that the

pressure required to remove the adherent film did not perturb the native passive film.

> 100

Time (h)

Figure 4.2. Eaonfor four stainless steel control coupons during exposure to fresh river
water. At times denoted by arrows, biofouling was removed from coupons by wiping
surfaces with cotton.

Results from these experiments indicated that biofouling persistence in a freshwater
environment caused an adherent material to accumulate at the metal surface, that was

necessary for the development and retention of Ennoblement. The nature of the active

component was not determined.
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Data from figure 4.1 also revealed a link between Ennoblement and the value of Eedl
near the beginning of exposure. Figure 4.3 shows final Eanras a function of Eom after 10
hours exposure, where 10 hours corresponded to an Econ minimum for most samples studied.
Only those coupons that exhibited Econ more positive than -110 mV after 10 hours attained
final potentials near +350 mV. In addition for Set #2, episodes of increasing potential

occurred only for coupons with initial Econ more positive than -110 mV  This relation was

followed by all coupons from the second Set.

400
8 200
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0
!
-200

Ecorr at 10 hours (mV see )

Figure 4.3. Econfor 10 stainless steel coupons after 35 day exposure to fresh river water,
vs. Eocn after 10 hours exposure. Data from figure 4.1

For passive metal samples exposed to the same media, more negative values of Eon

may have reflected elevated passivation current, localized attack, and/or diminished cathodic
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rate. The influence of these factors was examined using polarization measurenients to
determine corrosion current (icor) after a few hours exposure to river water. A positive
correlation was observed betvyeen lower initial B and elevated i..r. Elevated i, may have
indicated a more poorly formed passive film that was subject to brgakdown, and that
predisposed the coupons to localized attack. Active corrosion would have shifted Eeor t0
more negative values and offset the increased cathodic current thought to cause Enﬁoblement.
If the foregoing is true, the net result would have been, as shown in figure 4.3, that coupons
with initially lower values of E.orr did not Ennoble.

An alternate interpretation of the data in figure 4.3 involvea the hypothetical formatioﬁ
of a new metal-oxide surface. As previously noted, SS Ennoblement is defined in part by a
brea1'< in cathodic Tafel slope near -200 mV. This is shown by the upper curve in figure 4.4,
which is represeritative of cathodic polarization observed by several authors”. For some SS
_samples in the present study, a less pronounced break was observed at the same potentiél after
only a few minutes exposure to natural water or to simple electrolytes at neutral pH. This
behavior is i]lustratéd by the lower curve in figure 4.4. Polarization curves generated
immediately following cathodic pre-treatment at -500 mV, or generated by scanning positively
from cathodic potentials, did not show the break in slope; however the feature reappeared for
curves generated a few hours after cathodic polarization. This behavior is characteristic of
reversible oxide formation as repérted for Fe'™*. If the break in Tafel slope §vas due to oxide
reduction, then the more pronounced break after Ennoblement may have reflected an increase
in oxide abundance or. a change in the oxide mineralogy. Changes in oxide mineralogy can

influence oxygen reduction rates', and so may have shifted E., in the noble direction by
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enhancing oxygen reduction. Extending this scenario, figure 4.3 may be thought of as

reflecting processes, such as deposition and discharge rates, that influenced oxide abundance.

-0.324 V/dec
After Exposure

-0.112 V/dec
Pre-Exposure

Log i (A/lcm 2)

Figure 4.4. Potentiodynamic polarization curves for stainless steel before and after
biofouling during 20 day exposure to fresh river water.

Accumulation of reducible oxide material would have reflected the difference between
deposition rate and rate of discharge through the anodic current. On initial exposure to
solution, anodic current would have been balanced primarily by cathodic oxygen reduction.
Under this condition, new reducible material may have accumulated without being discharged.
As Ear increased however, more and more cathodic current would have been supplied by
discharge of the new oxide material, until the point was reached where deposition and

discharge rates balanced. At this point, Eemn would have stopped increasing. For higher
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anodic current, as occurred for the lower curves in figure 4.1, the balance point would have ‘
occurred at a lower value of Ecor.  This would have explained the relatively low limiting
potential for the lower curves in figure 4.1 and would have explained why coupons with lower
initial Ecorr d1d not Ennoble (figure 4.3.)

Assuming that a new oxide with rate-enhancing properties towards oxygen reduction
did develop, the polarization behavior for the upper curve in figure 4.4 could be explained as
follows: 1) at ﬁoble potentials, oxygen reduction occurred on a modified oxide surface at an
enhanced rate®. Greater Tafel slope in this region may have been related to changes in oxide
thickness or conductivity that diminished activation overpotential at the oxide-solution
interface as has been proposed to explain variations .in Tafel slope on ruthenium—oxideszs,' 2)in
the region between 0 a;nd -0.2 V, increasing activation overpotential was offset as the
| kinetically active surface was reduced, 3) at potentials below -200 mV the oxide phase was
reduced and DO reduction shif"ced to the slower rate and lower Tafel slope characteristic of
the unmodified surface.

On first examination, this hypothesis may appear to conflict with results from Johnsen
and Bardal who observed dramatically increased current density for SS polarized to -300
mV or below during exposure to seawater. Under these conditions, the new oxide phasé
would presumably have been reduced as it formed, and could not have influenced oxygen
reduction rate. However, their findings must take info accour-lt the results of Mollica et al*,

who observed a two decade growth in current density over approximately six days when

2 Extrapolation of Tafel slopes to E°o, (0.478 V vs SCE at pH 8.5) indicates 3 to 4 decades enhancement for
oxygen exchange current density (i) on the proposed modified surface.
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samples previously Ennobled to more than +300 mV were polarized r’lco -200 mV. From these
and other findings the latter authors concluded that "once the potential has been fixed, the
oxygen reduction current increases from i (Ta.fel) to 1 (Iimiting current)..." and "There must
be a more complicated relationship between bacterial settlement and the current to explain the
dependence of this latter parameter on the duration of the polarization period." It appears
then that cathodic polarization in the presence of bacteria may of itself have increased current
density irrespective of the process(es) that caused Ennoblement. This assertion is supported
by the work of Johnsen and Bardal”, in which metal A, which had identical elemental
composition to 316L SS, exhibited markedly increased current density during cathodic
polarization, but showed Eco; values no greater than +30 mV when exposed at open-circuit,
i.e. it could not be classified as Ennobled.

It must be empl}asized that the above relationship between Ennoblement and oxide-
formation is purely speculative; how’ever it does provide a plausible explanation for the
behavior shown in figures 4.3 gnd 4.4, and i; consistent with the capacitance and galvanostatic

reduction data presented later in this paper.

Microelectrode Studies

DO, H,0,, and SS probe potential within the biofouling on Ennobled coupons were '
measured to assess the contribution of elevated oxidant concentrations towards Ennobled
potential. Measurements made at various heights above the substratum and at numerous sites

over the coupon surface, showed HO, concentrations less than 2 uM and showed no
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significant variation in Eadr for the SS microelectrode at any site. The number of profiles
exceeded 40 for H202 and 100 for the SS probe and were made in areas of both thick (as
great as 400 pm) and thin (as little as 20 pm) biofouling, as well as above biofouling-free
regions. DO profiles made in the same regions showed saturation levels at all sites analyzed.

Representative profiles are shown in figure 4.5.
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Figure 4.5. Microelectrode profiles in biofouling on Ennobled stainless steel coupons.
Horizontal line indicates biofilm-solution interface, a) dissolved oxygen b) hydrogen
peroxide c) Eemfor stainless steel probe.

The influence of H202 concentration on SS potential was determined by exposing a
coupon to known concentrations OfH202 in aerated river-water and measuring Eanand pH.

After correcting for -60 mV pH"1lunit change due to a slight acidification from the added

H202 Eonfollowed the relation:

Eon(mV) = 283.2 + 91.8 Log [H207] (4.2)
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over the H,O, concentration range 0.1 to 100 mM. For H,O, concentration less than 36 |,LM,
Ecor Was constant at -110 mV.

Equation 4.2 shows that H,0, must reach nearly molar concentrations to account for
Ennoblement. While microelectrodes cannot diréctly measure concentrations at the metal
surface, simple mass transfer calculations based on linear diffusion put an upper limit on these
concentra.tions. Specifically, H,O, concentrations less than 2 pM at a distance just a few
micrometers from the surface could nét have coexisted with Asteady—state surface
éon;:entrations as great as 30 pM. It was concluded that H,O, did not cause nor contribute to
Ennoblement under the conditions of our study.

E., for the SS microelectrode reflects concentrations of dissolved oxidants. The
purpose in using‘th.e SS microelectrode was to see how Ee in the biofouling deposits
compared with Eeo for the substratum. The fact that probe Ecor did not change was evidence
that B, for the substratum was influenced by near surface conditions, and not by general
accumulation of dissolved oxidants within the biofouling. These surface conditions did not
appear to involve near surface accumulation of dissolved oxidants, sincg such accumulation
would have been expected to cause a potential gradient near the surface, which was not
observed.

Saturation DO levels throughout the biofouling indicated low net respiration rates
possibly resulting from carbon limiting grovvth conditions. Oxygeﬁated conditions are
incompatible with growth of sulfate reducing bacteria®, consec‘luently it was unlikely that
elevated cathodic depolarization caused by hydrogen sulfide’ reduction or ,formétion of

kinetically active iron sulfide were factors in Ennoblement. Evidence that aerobic conditions
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were necessary for Ennoblement was obtained by adding excess glucose to reactor influent
media, causing DO within the biofouling to decrease rapidly to less than 0.1 ppm. Within 48
hours after glucose addition, Ee,: for Ennobled coupons decreased from +225 to -400 mV.
Sixty hours aﬁer re-establishing aerated conditions, Ecq,r had regained values greater than +200
mV.

Results of microelectrode measurements indicated that Ennoblement was not caused
by elevated levels of dissolved oxidants under the conditions of the present étudy, and was
unlikely to have resulted from formation of reduced sulfur deposits. This focused attention on

factors that could increase the reduction rate of DO, the dominant cathodic reactant,

Capacitance Studies

Capacitance and E., for a set of 11 coupons exposed by suspending into reactor
solution from above, were measured during up to 50 days exposure to river water. Eco alone
was then monitored for up to 120 days exposure. Ee, for seven coupons from the set
(Group #1) began t-o increase at 25-35 mV day” after four days exposufe. Eu;n for five
samples from Group #1 .stabilized at +400 to +410 mV after four weeks. After 120 days
exposure, one of these five was removed for‘ galvahostatic reduction measurements (coupon
1-A)®. The sixth sample from Group #1 reached +283 mV after 22 days and was then |
removed for galvanostatic reduction measurements (1-B). Potential for the last sample in

Group #1 became unstable after reaching +143 mV, then decreased rapidly-to -150 mV. Of

3 Sample identification is indicated in parentheses following the sample, description for each coupon used in
galvanostatic reduction measurements
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the remaining four coupons (Group #2), two showed a slower increase in Eait and were
removed after 22 days exposure for galvanostatic reduction measurements (2-A and 2-B), and
two showed little change in potential during the exposure period. One of the last two was
removed after 22 days (2-C), and one after 120 days (2-D) for galvanostatic reduction
measurements.

Microscopic examination of several coupons from Group #1 and one coupon from
Group #2 after 50 days exposure showed that approximately 20% of each coupon surface was
covered with biofouling ranging from 2 to 60 pm in thickness. Over the remaining surface

only the SS substratum was visible.

0.01
-0.008 C=25.3 gF/cmA 0.008
FM.39 ME>cmA
-0.006 0.006
L% |
-0.004
0.004
- 0.002
0.002

C=475 gF/cmA
R=518 Kn-cmA2&2 _

200 o Time (s)

Figure 4.6. Evolution of cathodic response to 10 nA cm2 galvanostatic pulse as Ear
increases during biofouling of stainless steel in fresh river water. Data shown by solid
lines, solid circles indicate points generated from curve fit to equation 4.1.
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Figure 4.6 shows the evolution of cathodic response to a 10 nA cm?, 25 second,
galvanostatic pulse, for a representative sample from Group #1, as Ecor increased during the
exposure period. The overvoltage-time response fit to equation 4.1 by non-linear regression
was used to detel_mine R; and C. The 10 _Ilns sampling interval during the hleasﬁrements is
reflected by the continuous data curves in the figure, while filled circles indicate individual
points ge;nerated from the computed R, and C values. It can be seen that data was fit well by
the simple parallel RC model used to generate equation 4.1. Initial values of R, and C for all
samples in Groups #1 and #2 were in the ranges 0.5 to 1.5 rﬁegohms(l\/IQ)—cm2 and 35-55
micro'farads(uF)—cm'2 respectively, in good agreement with results obtamed 'for SS by
Mansfeld et al.”’ using electrochemical impedance spectroscopy techniques. The steady
increase in final overvoltage with increasing E, shown in figure 4.6 likely reflected
developmént of mcfeésmg cathodic Tafel slope during EnnoBlement, and appeared as an
increase in the value of R,. A corresponding decrease in _capacitance for data from figure 4.6
is shown clearly in figure 4.7a. In contrast, figure 4.7b shows constant capacitance vs. time
behavior for one of the coupons from group #2 that exhibited little change in Ecor during

exposure.
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Capacitance (“"F/cm2)
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Figure 4.7. Capacitance and Eanvs. time for two 316L stainless steel coupons during
biofouling in fresh river water, (a) Ecar Ennobled during exposure (b) Econ nearly

constant during exposure.
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To determine if the difference in capacitance behavior for coupons in figures 4.7a &
47b was due to a difference in biofouling accumulétion,_ the extent of coverage and
morphology of biofouling on the coupons was assessed by rrﬁcroscopic examination at the. end .
of the exposure period. - Biofouling on the two coupons was found to be indistinguishable.
This finding indicated that neither duration of exposure nor the mere presence of biofouling
could account for the decrease in capacitance shown in figure 4.7a, and suggested that the
changes in capacitance eorrelated with the as yet undetermined factors that caused
Ennoblément.

To determine if capacitance changes were due solely to increased potential,
capacitance fer a coupon that had been prepared in identical manner to the exposed coupons,
was measured while the coupon was polarized by constant anodic current. For each potential,
polarizing curreﬁt was applied for approximately one hour until pbtential drift was less than 2
mV b before making the capacitance measurements. Data given by open squares in figure
4.8 shows capacitaﬁce was independent of potential over the range -100 te 4+200 mV. This
finding was in agreement with results obtained by Popat and Hackerman® for SS in 0.1 M
Na,SO; at neutral pH.

The strong correlation between capacitance a.nd Ennobled Ecolr is shown in figure 4.8
for six samples from Group #1 In the figure, capacitance is expressed as a fractlon of initial
capacitance (Cine) to account for vaﬂa@ion in true surfice area of the coupons. Data is

satisfactorily expressed by the relation:

dC/dE. o= -0.05 +/-0.009 pF cm? mV™ _ - (43)
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obtained by linear regression of the data between -100 and +200 mV for each of six coupons.

The average and standard deviation of the slope for the six coupons is shown.

During Exposure 0O  Control

1 B OHP n octp-

O

0.6

0.4
-200 0 200 400

Ecorr (mV see)

Figure 4.8. Capacitance ratio vs Eaar for 6 stainless steel coupons during biofouling in
fresh river water and for control coupon. C(init) is capacitance prior to exposure.

Origin of the observed correlation was not established, and the relation was not
interpreted as causal. It could be argued that sustained elevated potential due to as yet
unknown microbial processes altered passive film characteristics, as is known to occur for
metals anodized at dc potentials® Ifthese conditions thickened the oxide film or decreased
the dielectric constant to the point where passive film capacitance was of the order of double

layer capacitance, the series equivalent oxide-double layer capacitance would have begun to
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reflect contribution from the oxide. In this scenario, decreased capacitance would have
appeared as a consequence of sustained elevated potential.

In a reverse sense, microbial processés may have influenced capacitance by directly
altering the oxide surface, which may at the same time have caused Ennoblement by the oxide
scenario described under the E.,» Measurements section. Reported capacitance'’ for Fe;O4 in
acidic and alkaline media ranges between 50 and 300 pF cm™ while capacitance for y-FeOOH
at neutral pH is reportéd as li pF cm® The decreased capacitance during Ennoblement was
consistent with transformation of Fe;Oy4 to y-FeOOH at the inner layer of a duplex passive
film*®, and may have reflected formation of other +3 ifon—oxides“. Vago et al."” showed DO
reduction at -200 mV, pH 10, to be 5. times more rapid on y-FeOOH than on Fe;O,.- This
difference in rate quite closely matched that shown at -200 mV in figure 4.4 for SS before and
after Ennoblement. These considerations suggested that changes in capacitance and cathodic
current density may have both arisen from changes in surface-oxide properties.

The nature of the increase in capaéitance as potential approached +300 mV shown in
figure 4.8 was not understood, however the shape of galvanostatic curves used to determine
capacitance m this potential region showed increasing curvature for times less than 5 seconds.
The curvature increased with increasing duration of exposure for the Ennobled coupons. It
was necessary to incorporate an additional time constant in the model circuit by placing a
second parallel RC pair in series with the first, to fit galvanostatic data for times less than 5
seconds at potentials above +300 mV. With this model, the analytical solution for constant

applied current is:
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. t 4
Mact = L app Rptl_e R,,C,ﬂ] + R, (l_e RfoJ} 4.4)

where R; and Cy are the resistance and capacitance associated with the oxide layer, Cq is the

double layer célpacitance, and other terms are as defined for equation 4.1. While the physical
significance of the circuit model is eéuivocal, it is commonly invoked for defect free
coatings®>, and provided a satisfactory fit to data in this study. Applying equation 4.4 to
data obtained for a coupon at +330 mV, and 24 days later for the same coupon at +360 mV,
showed a decrease in apparent oﬁde film capacitance from 50 to 28 uF cm” and an increase
in double layer capgcitance from 66 to 212 pF cm™. This corresponded to a slight increase in
series equivalent capacitance and suggested ’Fhat oxide film capacitance continued to decrease
with time, at potentials above +300 mV. In light of the incréasing curvature of galvanostatic
measurements at these potentials hoWever, data for the region above +300 mV in figure 4.8
should be taken as provisional. It is emphasized as shown in figure 4.6, that data for potentials
below approximately +300 mV was fit well by equation 4.1.

R, and Ec, vs. time for data in figure 4.6 is shown in figure 4.9. As noted, steeper
cathodic polarization siopes characteristic of Ennoblement would have caused R, to increase if
cor and the slope (B,) of the anodic polarization curve near Ecor remained constant. Figure 4.4
shows that i increased only slightly if at all during Ennoblement, while B, was expecfed to
have changéd' li'ttle in the passive region. Consequen’ély, it was likely that R, reflected changes
in cathodic polarization slope. These changes may have been related to electﬂcai conductivity

in the oxide, that would have limited cathodic rate if increasing oxygen reduction rate
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approached the rate of electron conduction. The effect is analogous to a series reaction
mechanism. The influence of oxide conductivity on net cathodic rate would have been even
greater if the conductivity decreased during Ennoblement as would have occurred with
transformation of conductive Fe304 to a semi-conducting, ferric-oxide phase. The latter
consideration suggested that cathodic polarization behavior for Ennobled SS was consistent

with an Fe304 / ferric-oxide transformation as was noted in interpreting the capacitance

measurements.

8
=5
3
c8f
Resistance
Ecorr

Time (h)

Figure 4.9. Polarization resistance and Eaor vs time for 316L stainless steel during
biofouling in fresh river water.

Galvanostatic Reduction Measurements

Capacitance measurements suggested that in addition to biofouling accumulation,

other surface changes occurred during Ennoblement. To investigate the nature of such
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changes, constant cathodic current, applied to coupons in deaerated, erolaﬂzer-ﬁee media,
was used to analyze compoéition and quantity of reducible, surface-bound material on the
‘metal. These galvanostatic reduction measurements were carried out prior to exposure for
coupons 1-B, 2-A, 2-B, and 2-C identified in the previoﬁs Section. Replicate measurements
were performed on coupons 2-A, 2-B, and 2-C prior to exposure by preparing the coupons as
described under the Experimental Procedure section and carrying out galvanostatic reduction,
then resurfacing the coupons and 'repeating the galvanostatic reduction measurements.
Results of the replicate meésurements shown as pre-exposure curves in figures 4.10a through
4.10c, indicated that the quantity of reducible, surface-bound material was highly reproducible
over repeated surface preparations. The data also revealed dramatic sample to sample
variation in the amount of reducible material present. The latter finding was surprising
con;iden'ng that. all samples were from the same metallurgical heat. The coupon in figure
4.10a. showed a purely capacitive response until hydrogen evolution began at about -1.6 V,

indicating a complete absence of reducible material. The capacitive response gave the value

68 UF cm, ‘which was obtained using the relation:
C =L,/ (dE/dt) : 4.5)

The absence of a region of potential lag indicated that this coupon possessed little
~ reducible surface-bound material. In contrast, coupons in ﬁgufes 4.10b through 4.10d showed
a clear potential lag between -0.5 and -0.8 V characteristic of Fe,0,"® reduction, and a
3031

potential arrest at -0.85 V close to the potential, -0.92 V, reported for reduction of Fe;Oq

The inflection point at -0.77 V observed for the pre—ekposure curves in figure 4.10b allowed
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the charge (Q) associated with reduction of the surface-bound material to be estimated as 5.5
millicoulombs(mC) cm® Using a roughness factor (y) = 1.2 for Fe abraded on 600 grit
paper’*; a density (p) = 5.6 g cm” and formula weight (M) = 159.7 g for y-Fe,05>*; and

éssuming the potential lag was due to the reaction:
3Fe,0, + H,0 +2¢” <> 2Fe,0, +20H" E% ss =-0.529 Vscg (4.6)
a thickness (x) of 6.8 nm for the Fe,O; layer was calculated, where:

x=(QM)/@Fyp)* 4.7)

and F is Faraday’s constant. This value was somewhat lgrger than rep.orted values of 1-3 nm®
and may have reflected the substantial region of potential lag for this coupon. Applying the
same aﬁalysis to pre-exposure data from figures 4.10c and 4.10d, and assuming all FeZO% was
reduced at potentials more positive than -0.82 V, gave Fe;Os thickness of 2 and 1.5 nm for
. .ﬁguré 4.10c and 4.10d r:espéctively.

After obtaining pre-exposure reduction curves, the four coupons were again
resurfaced and exposed to river water for 22 days. As indicated in figures 4.10a - 4.10d,
potentials were -273, +81, +165, and +283 for coupons 2-C, 2-A, 2-B, and 1-B respectively
“after exposure. Microscopic examination after exposure showed the surfaces for all coupons .
were only 3 to 5% covered by biofouling ranging from 2 to 40 pm in thickness. No
differences in biofouling or other surface properties were observed between coupons with the
exception that a crevice, ranging from one to several pm in width and several hundred pm in

length, was observed near the edge of the coupon in figure 4.10c. Figure 4.10a shows that
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neither increased amounts of reducible surface-bound material nor elevated potential
developed on a coupon initially possessing no reducible material. In contrast, both Ecot and

the quantity of reducible material increased for the three coupons that did initially possess a

reducible phase.

Ecorr After Exposure = -273 mV Ecorr After Exposure = +81 mV

After Exposure

Replicate Pre-Exposure
Measurements

P -1.8
Replicate Pre-Exposure
ler Exposure Measurements
1000 1500 2000 1500 3500
Time fs) Time fs)
Ecorr after exposure = +165 mV Ecorr After Exposure = +283 mV

Replicate pre-exposure
X measurements.
After Exposure
After exposure

Pre-Exposure  \

Time (s) Time fs)

Figure 4.10. Galvanostatic reduction of 316L stainless steel in deareated 0.1 M Na2S04,
pH 8.5 for 4 coupons before and after 22 day exposure in fresh river water. 2.5 uA cm'2

applied current.
Figure 4.11 shows galvanostatic reduction behavior after 120 days exposure for an
Ennobled coupon (1-A), and for a coupon showing no Ennoblement (2-D), identified in the

previous section. Although Eaxn for coupon I-A decreased slightly during transfer to the
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galvanostatic reactor, potentials for the two coupons were +314 and -75 mV respectively
prior to galvanostatic reduction. The curves illustrate that in the absence of Ennoblement,
galvanostatic reduction behavior was similar to that observed prior to exposure (cf figure
4.10Db), while for the Ennobled sample, a new region of potential lag appeared between 0 and -
0.55 V, indicating the presence ofa new reducible surface phase. Although the identity ofthis
phase was not determined, its appearance was further indication that the surface state of the

SS substratum was modified during Ennoblement.

Ecorr After Exposure = +314 mV

Ecorr After
Exposure = -75 mV

1,500 2,500 3,500
Time (S)
Figure 4.11. Galvanostatic reduction behavior for two 316L stainless steel coupons in
deareated 0.1 M Na2504, pH 8.5 after biofouling during 4 months exposure to fresh river
water. 2.5 uA cm"2applied current.
Interpretation of results from the galvanostatic reduction experiments were

complicated by the lack of a satisfactory control coupon, and by the substantial crevice that

occurred for the coupon of figure 4.10c during the exposure period. Nevertheless, data from
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figure 4.10a show that mere exposure and biofouling were not sufficient to increase the
abundance of reducible surface-bound material. Rather, the increase seemed to be associated
with increased Eeor. Similarly, figure 4.11 shows that a new reducible surface phase appeared
in association with Ennoblement, not solely from exposure zw;nd biofouling. As for the results
of the capacitance study, these relationships cannot be cbnsidefed causal, but they do provide
evidence that the‘ amount of reducible sﬁrface—bou_nd material on SS increased 'duﬁng the

Ennoblement process.
Conclusions

o Stajnless steel exposed to fresh river water develéped elevated E.,;; and increased cathodic
current density characteristic of passive me'tal Ennoblement.

o Ennoblement was related to Eeor near the beginning of exposure. The apparent minimum
E.orr at 10 hours exposure required for Ennoblement to develop was -110 mV.

° -Ennoblement was not ‘caus.ed: By elevated concentrations of dissolved oxidants under the
conditions of this study.

o Capacitance ‘and E,... were correlated over the potential range -100 to +200 mV and
followed the relatiop: |

dC/B o= -0.05 +/-0.009 pF om” mV™
o A new reducible surface phase deveioped during Ennobleme;nt, characterized by a

l ,
potential lag at 0 mVscg for 2.5 uA cm” applied cathodic current.
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CHAPTER 5

ENNOBLEMENT BY MANGANIC OXIDE BIOFOULING *

Overview

Twenty-three 3161 stainless steel (SS) coupons were exposed in sifu to fresh
river-water for periods up to 35 days. All samples developed steady-state corrosion potentials
(Ecor) near +350 mV(SCE) and polarization rheasurements showed enhanced cathodic current
density characteristic of passive metal Ennoblement. Epifluorescence and scanning electron
microscopy of the attached biofilm showed numerous 10-20 pm diameter Mn-rich annular
deposits, associated clusters of bacterial cells, and abundant sheathed bacteria. Dissolution of
the Mn deposits using Na,SOj; shifted Ecor to pre-exposure values. SS coated with MnO, paste
displayed electrochemical behavior nearly identical to that of Ennobled samples. A mechanism
of Ennoblement by MnO, biofouling is proposed which explains a variety of findings

concerning the electrochemical behavior of microbially colonized SS.

*(,Pubh'shed as: The Ennoblement of Stainless Steel by Manganic Oxide Biofouling, W. H. Dickinson, F. Caccavo
Jr., and Z. Lewandowski (1996), Corrosion Science 38:1407-1422.
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Introduction

Microbial colonization of passive metals can shift corrosion potential (Ecor) in the
noble direction™ and produce accompanying increases in current density and polarization

7-11

slope at mild cathodic potentials”*. The phenomena, collectively known as Ennoblement, have

_ been variously ascribed to depolarization of the oxygen reduction reaction'*"

, acidiﬁcation of
the electrode surface', the combined effect of elevated H;O, and decreased pH®, and '
production of passivating siderophores”. Under marine conditions, Ennobled potentials can
exceed critical pitting potentials for low-molybdenum stainless steels'®, and several cases of
rapid loss of Ennoblement have been attributed to localized corrosion®™  Once initiated,
pitting may proceed at accelerated rates due to the rapid cathodi§ reaction. These concerns
have led to the use of elevated Eco as an in situ diagnostic for potentially destructive microbial
. colonization of stainless steels'’. Despite the notable technical impact of Ennoblement,
widespread efforts have made little progress in establishing the underlying mechanism.

In a previous report'® we presented evidence that ferric oxide abundance ‘increases
during Ennoblement and noted the possibility that Enn_oblement arises from changes in surface
metal oxide properties. It is knowﬁ that reduction of ferric oxides occurs simultaneously with
oxygen reduction during mild cathodic polarization of iron” indicating that ferric oxides can
serve as cathodic depolarizers. As early as 1967 it was also shown that manganese oxides
could be used to cathodically depolarize stainless steel under strongly acidic conditions®. In

these applications, galvanically coupled MnO, provided the high cathodic current density

required for passivation in the acidic medium. Further, MnO, depolarization of stainless steel
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under alkaline conditions is a key characteristic in alkaline-manganese battery design®"”.
_Clearly, jron and manganese oxides may be expected to contribute to cathodic current on
stainless steel.

It is well known that‘ iron and manganese oxides can be deposited by a vaﬁefy of
bacteria, including but not limited to the sheathe%l bacteria Leptothrix™ and the capsule
| forming bacteria ‘Sl'deroccqysazs. Manganese-oxidizing bacfteﬁa are widely distributed in both
marine and fresh waters, and have been investigated as a basis for biological removal of
~ manganese from dnnkmg water”® and as a possible source of battery gfade manganese
dioxide”. In aqueous environments, sheathed bacteria are responsible for tubercle formation
on mild steels and allegedly promote severe pitting of stainless steel by production of
aggressive ferric and manganic chlorideszs'ao.. A possible direct role of MnO, in microbially
influenced corrosion has been noted>*%, and massive structural failure due to microbial MnO,
deposition has been reported®.  Despite these considerations, the direct influence of '
microbially deposited MnO, on the electrochemical behavior of passive metals has received
'little attention.

The widespread natural abundance of manganese-oxidizing bacteria and the cathodic
reactivity of MnO, suggest that the cathodic changes that occur during Ennoblement @y be
due to MnO, biofouling. The goal of this paper is to demonstrate that- manganic oxide

biofouling can account for the electrochemical phenomenon of Ennoblement.
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Experimental Methods .

A threefold approach was taken to assess the possible influence of MnO, biofouling
on Ennobléme?nt: 1) biofilms on Ennobled coupons were analyzed for the presence of Mn, 2)
the electrochemical properties of SS coated with a chemically prepared MnO, paste were
determined and compared with those for Ennobled coupons, and 3) Ecor Was monitored as

MnO, was dissolved from coupon surfaces by chemical reduction with Na,SO;.

- In situ Exposure

A set of 23 epoxy-embedded 316L SS coupons (UNS S31603; 1.59 cm dié) were
exposed to fresh, flowing stream-water at a field site near Bozeman, MT, by mounting the
coupons in a 2 cm wide x 60 cm long open-channel f)olycarbonate reactor and submersing the
reactor below the stream surface. Elemental compositioh of the coupéns is giveﬁ in Table 5.1.
Mounting was such that a single face of each coupon was exposed in an ihverted orientation
that prevented suspended solids from settling onto the coupon surface. Based on chemical
composition, the field site classifies as a clean stream (dissolved oxygen > 6 ppm; pH 8-8.5;
alkalinity 3 meq L; nitrate ion 1.2 ppIﬁ; Ca*" 58 ppm; Mg 15 ppm; CI' 3 ppm; dissolved Fe
200 ppb; conductivity 4 x i04 ohm™cm™; total organic carbon 110 ppm). Temperature during

.the exposure was between 11 and 15° C, and dissolved Mn concentration was 16-20 ppb.
Prior to the exposure, coupons were abraded on wet 600 grit silicon carbide paper, rinsed and

sonicated in distilled water, rinsed With 95% ethanol, and air dried. In addition to the
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coupons, a set of glass microscope cover slips (18 mm x 18 mm x 1 mm) and several 1 cmx 1
cm x 0.5 cm pieces of reticulated vitreous carbon were exposed by submerging approximately
50 cm upstream from the coupons at the field site. These materials were used to determine if
the metal substratum or dissolved metals ﬁém the stream water were the source of metal-rich
microbial deposits, and to determine the influence of anodic passivation current on limiting

values of Ennobled potentials.

Composition (Wt %)
C Cr Cu Fe Mn Mo ~ Ni P S Si
.020 17.01 - bal -1.71 212 11.08 .035 .002  0.60.

Table 5.1. Elemental composition of 316L SS coupons (as provided by vendor, Metal
Samples Inc. Munford, AL) '

E... was measured vs. the saturated calomel electrode (all potentials are reporfed VS.
the SCE) at roughly 1 to 3 day intervals. At these times, any accumulated material on the
reactor floor was femoved by ﬂushing in stream water. While some solids typically settled on
the reactor floor between flushings, these were never in contact with the coupons. For
polarization measurements, samples were transported in stream water to the laboratory then
. cathodically polarized at -0.167 mV sec” against the SCE in either ﬁltered stream water or
0.01M Na,SO4- pH 8.4, using a Princeton Applied Research model 273A. potentiostat. The
counter electrode was Pt foil (12.5 cm?). Polarization curves carried out in the two media
were indistinguishable. To determine the influence of oxygen on cathodic behavior, one

sample was placed in argon-deaerated media for 30 minutes then polarized in the same
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~ deaerated media using the conditions given above. For these measurements, dissolved oxygen

was measured using an Orion 97-08-00 dissolved-oxygen electrode.

Biofilm Characterization

Thickness of microbial deposits was evaluated using reflected-light microscopy by
noting travel of the calibrated stage adjustment while focusing first at fhe substratum then at
the top of the deposits. Surface coverage was determined by directly measuring the cross-
sectional area (footprint) of several annular deposits using a calibrated graticule, then counfing
individual annular deposits within a' fixed area and multiplying by the average area of the
deposits. Bacteria within the biofilm wére visualized by staining for 1-2 minutes with a 0.1%
(w/v) solution of acridine-orange™ followed by thorough rinsing ﬁth distilled water (DW),
then viewing at either 4>00 or 1000x using an Olympus BH-2 epifluorescence microscope with
100W Hg-UV source. Qualitative tests for the presence of MnO, were based on development
of the violet, oxidized form of leuco-crystal violet stain®. Briefly, 1 ml of 0.1% (w/v) leuco-
crystal violet in 0.1N HaSO4 plus 2 ml 6M acetic acid / acetate buffer pH 4.0 were added to 7
ml DW and the resulting solution added dropwise to the material of interest. Acidified
potassium ferrocyanide reagent” was used as a spot test for the presence of Fe(I)
compounds. Morphology and elemental composition of fhe bacterial deposits were assessed
by vapor coating specimens with 15 nm of graphite and analyzing using a Jeol JSM-6100
scanning electron microscope with energy-dispersive X-ray analysis (SEM/EDS). Total Mn

abundance in the biofilm was determined by scraping material from the coupons using a
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stainless steel razor blade, ashing 1 hour at 500° C, digesting to dryness in hot, cc;ncentrated
HC], redissolving in 3N HNOs, and analyzing at 279.5 nm using a Perkin-Elmer 3100 flame
atomic-absorption spectrophotometer. |

Isolates of the naturally occurring Mn-oxidizing bacteria Wére obtained by streaking

washed biofilm from .the in situ exposed coupons onto a solid growth medium consisting of
1.0 g L peptone, 0.1 g L yeast extract, 0.5 g I_,'1 MnSO;H,0 and 16 g L Bacto Agar in

.D.W%. Single colonies were then restreaked to obtain pur.e cultures. Mn-oxidizing capacity of
these isolates was confirmed by formation of violet color on treatment with the leuco-crystal

violet reagent.
MnO, Studies

The electrochemical behavior of MnO, coated SS was investigated by physically
applying MnO, paste to a portion of the coupon surface using a wooden applicator, then
making Ee.r and polarization measurements as described above. These coupons were not part
of the in situ exposure. For some of these mieasurements, the roughly 1 mm thick paste
coating was allowed to-sﬁand in contact with the coupon overnight, and was then wiped off
with a cotton swab. This left a thin, brown, surface film covering the area where the paste ‘
coating had been‘ applied, that was easily visualized by light microscopy. Thickness and
surface coverage of the film was assessed as described for the biofilm deposits.

The MnO, paste was prepared by reduction of permanganate with Mgmous ion

under alkaline conditions®® followed by repeated centrifugation and washih‘g. pH of the final
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MnO, suspension was 8.6. The paste was a finely divided material that producéd a nearly
continuous film when ;pread as a thin (<10 um) coating on glass or SS.

MnO, was also deposited electrochemically by anodically polarizing coupons at 3 mA
cm™ for 20 secoﬁds in a pH 6.4 solution containing 5 mM NmSO4 and 0.1M Na,SO4. The
quantity of electrodeposited MnO, was determined from the duratioﬁ of the potential plateau
corresponding to MnO, reduction as the depésited material was stripped from the surface by
10 uA cm? constant cathodic current.

k]

Influence of MnO, on Eex for SS was determined by reductively dissolving the

MnO,-rich deposits with sodium sulfite’”**

. For these tests, Ennobled coupons or coui)ons
partially covered with chemically prepared MnO, were moﬁnted in a rotating disk ’electrode
and rotated at 300 rpm in 75 ml argon-deaerated 1.0 M NaZSO4-pH 8.4 while E.,r was
continuously monitored. At a specified time, 75 ml 1.0 M Na,SOs-pH 8.5 was added while
Ecorr monitoring was continued. At the end of these tests, the electrolyte was removed and
analyzed for dissolved Mn by atpmic-;absorption spectréphotometry. The rotating disk

electrode was used to ensure steady flux of reductant to the electrode and dispersion of

soluble reaction products into solution.

Experimental Results

Electrochemical Behavior

E.., for the set of 23 coupons exposed in sifu began to increase within 24 hours of

eprsure and reached steady-state values near +350 mV within one to two weeks. Figure 5.1
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shows data points for 3 samples from the set, depicting the varying rates of increase and
illustrating that potentials for the coupons converge to a final value near +350 mV irrespective
of the rate of increase. The shaded region in the figure envelopes the curves for all 23
coupons. For comparison, Eanfor a freshly prepared coupon, roughly one-third covered with
a 100-200 pm thick layer OfMnO2 paste, is shown by the horizontal dashed line. Potential for

this sample remained stable between +350 and +360 mV during a 24 hour monitoring period

following coating.

r*

time (h)

Figure 5.1. Eamvs. time for 316L stainless steel coupons during in situ exposure to fresh
river-water. Data points for 3 coupons used for polarization measurements are shown,
while shaded area envelopes curves for full 23 coupon set. At times denoted by arrows,
cathodic polarization curves were measured. Horizontal dashed line indicates potential

for MnO2 coated coupon.
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Figure 5.2 shows cathodic polarization behavior before exposure and after 160 and
500 hours exposure for samples designated in figure 5.1. The marked increase in cathodic
current density at potentials above -300 mV characteristic of Ennoblement is evident. It can
also be seen that while E., remains nearly constant for the 160 and 500 hour curves, current
density at -200 mV shows a threefold increase. This behavior is ‘consistent with increasing
surface éoverage, of the MnO, rich deposits as will be explained in the discussic;n section to-
follow. Figure 5.2 also shows polarization behavior for a coupon partially covered with an
MnO, film. The film, roughly 10 pum thick and covering about 6% of the coupon surface,
was deposited by wiping off a thicker MnO, paste coating ’that had been in contact with the
coupon for 15 hours. The similarity in polarization 'behavior for the MnO, coated and in sifu
exposed samples is evident.

To determine if oxygen depolarization plays a role in Ennoblement, as has frequently
been' proposed”®'*'?>, polarization curves in aerated and deaerated media were compared for
the twé coupons in figure 5.1 that displayed neatly identical Ecor behavior during 50.0 houré
exposure. The results shown in figure 5.3 indicate that for potentials above —206 mV, where
polarization changes associated with Ennoblemént are most apparent, oxygen reduction does
" "not contribute significantly to cathodic currept. Only at more negative potentials approaching
the limiting current density does oxygen become the dominant cathodic reactant, as illustrated
by the diminished limiting current deﬂsity of the deaerated curve. Dissolved oxygen
concentration measured in the reaction vessel before and after the deaerated run was less than
0.1 ppm. These results rule out changes in oxygen reduction rate as the cause of Ennoblement

under conditions of this study.
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Figure 5.2. Cathodic polarization curves for 316L SS coupons after different exposure
intervals in fresh river-water, and for MnOz coated coupon. Measurements were made in
air saturated OOIM NazS04 / pH 8.4.

w2 SOOhlaerated
-B- SOOChldeaerated

Log I(Alcm 2)

Figure 5.3. Cathodic polarization curves in aerated and dearated OOIM Na2SO4pH 8.4
for 316L SS coupons after 500 hours in situ exposure to fresh river-water.
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Biofouling Deposits

After 4 days in situ exposure, one of the coupons having Ecox of +312 mV was
removed for microscopic exmation of the biofilm. Inspectién at 400x und‘er. reflected light
revealed an abundance of isolated, annular, orange-brown deposits approximately 10-20 um m
diameter and ul; to 3 um thick that covered about 10% of the coupon surface. These dep’osits
stained blue When_treated with Prussian Blue reagent, and violet on treatment with leuco-
crystal violet, indica;cing the ‘presence of Fe(Ill) compounds and MnO,. Identical deposits
were observed on glass cover slips exposed to the same environment. Morphology and
elemental composition of the ?.nnular deposits determined by SEM/EDS are shown in figure
5.4 and 5.5 respectively. The deposits are distinctly ring-shaped with ciia.metérs 's]ightly more
than 10 yum and central x./oids 3-4 pm in diameter. Within the voids, the SS substratum is
visible. SEM examination of coupons after 5 and 13 days exposure showed no change in the
physical appearance of the rings, however the abundance as determined by light microscopy
increas§d from about 300 rings mm™ after 5 days, to abou"c 1100 rings mm™ after 23 days; the
later corresponds to 20% surface coverage.

Elemental mapping by EDS (fig. 5.5) clearly shows the presence of manganese in the
annular deposits, as well as calcium, carbon and oxygen, suggesting a mixed oxide/carbonate
mineralogy as previously noted™ for bulky deposits associated with massive pitting of stainless
steel turbine blades. Total Mn in the bic;ﬁhn after 14 days exposure was 1.6 ug cm” or 0.2%
by dry weight of the biofilm. Although iron was present within the annular deposits as

determined by Prussian-Blue staining, detection by EDS was masked by background signal
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from the metal substratum. Elemental maps for iron and chromium (not shown) indicated
e).(posure of the substratum in the void area within the rings. Figﬁre 5.6 shows the EDS
spectrum of the ring for an interaction volume about 2' pm in extent denoted by the arrow in
figure 5.4. By comparison with the spectrum for the bare substratum (not shown), the oniy
element detectable other than those already noted was magnesium. The carbon rﬁap shown in
" figure 5.5 suggests that the filament visible on the lower annular deposit of figure 5.4 may

have been .a bacterial sheath. |
Epiﬂuorescence microscopy of the acridine-orange stained biofilm showed clusters of
individual cells numbering from a few to several dozen within many of the annular deposits. A
small cluster of 4 cells can be séen in the lower right portion of figure 5.7. Figure 5.7 also -
indicates the presence of distinct filamentous sheathed cells characteristic of iron and
manganese-oxidizing bacteria. Leuco-crystal violet staining of biofilms grown ir sifu on glass
cover slips and viewed under phase contrast S.hOW abundant manganic oxide deposits central
to masses of radiating filamentous sheaths similar to the region visible in figure 5.7. These
sheaths as well as isolated cells were abundant over the entire coupon surface. Both isolated
subcultures of the filamentous baéten'a and a separate isolate of sheath-free cells stained violet
on treatment with leuco-crystal violet, indicating the presence of manganese-oxidizing bacteria
within the biofilm. Morphology of the annular deposits seems sui;ed to eventual capsule or
" microtubercle formation such as exhibited by the genus ,S'z'a’érolcarpsaceae25 however, during .

the maximum exposure period of 5 weeks, neither encapsulation nor constriction of the area

within the rings was observed.
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Figure 5.4. SEM micrograph of annular deposits on SS coupon after 13 day in situ
exposure to fresh river-water. SS substratum is visible within the central void. Arrow
indicates site for EDS spectrum shown in figure 5.6.

Figure 5.5. EDS maps of region shown in figure 5.4 confirming the presence of Mn, Ca,
0, and C in the annular deposits.
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Figure 5.6. EDS spectrum for annular deposit on SS coupon at site designated by arrow
in figure 5.4. Spectrum shows the presence of Mn and Ca which were undetectable at an
adjacent site on the exposed substratum.

Sum

Figure 5.7. Epifluorescence micrograph of acridine-orange stained biofilm on 316L SS
coupon after 4 day in situ exposure to fresh river-water. Individual bacterial cells
centrally located within a Mn-rich annular deposit (lower right) as well as sheathed
filamentous bacteria can be seen.
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Sulfite Dissolution Experiment

The influence of MnO2 deposits on Eaxxwas investigated by monitoring potential as
the deposits were reductively dissolved by sulfite ion (figure 5.8). The experiments were
carried out in argon-deaerated media to minimize changes in Eait arising from rapid and
guantitative removal of dissolved oxygen by SO3" Dissolved oxygen measured prior to SO’
addition was less than 0.01ppm. In the first of three experiments, an in situ exposed coupon
with Eat o f+335 mV and covered with numerous annular deposits was placed in deaerated

medium and potential was monitored for 3 hours. Eadr decreased only slightly to +290 mV by

the end of the period.

-
000000 (g0 00000000000

-— Ennobled coupon, w/o sulfite
*— Ennobled coupon, w/sulfite
Bare coupon, w/sulfite
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Figure 5.8. Influence of 0.5M SO3'on Eaitfor 316L SS after 20 day exposure to fresh
river-water, and for unexposed coupon. Electrolyte was argon deaerated 0.5M Na2SO3 +
0.5M Na2S04, pH 8.4. Arrows denote time of sulfite addition. Eaot for a separate
Ennobled coupon in deaerated IM Na2SO4, pH 8.4 is also shown.
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An unexposed coupon was placed in fresh deaerated medium, and Eeor was
monitored for 40 minutes prior to making the solution 0.5M in SOs%. Addition of the SOs”
caused an abrupt potential decrease of approximately -50 mV, after which Ecox remained
stable at -150 mV. Origin of the potential decrease is not clear, but may have arisen from
removal of residual dissolved oxygen or from polarization accompanying direct oxidation of
SO,% at the electrode surface. The later explanation is consistent with a larger shift
accompanying SOs> addition to the Ennobled sample (see below), insofar as SO,™ oxidation
would be more rapid at the more positive potential.

An in situ exposed coupon with Ec, of +330 mV and covered with numerous‘ annular
deposits was placed in fresh deaerated medium. After 20 minutes, during which Beor
dec_:reased slightly to +310 mV, the solution was made 0.5M in SOs>. SOs” addition caused
aﬁ abrupt drop in Eey from +312 mV to +170 mV followed by a slower decrease to a near
steady-state value of -140 mV over th;e ensuing 90 minutes. The final value agrees well with
typical B values for 316L SS in neutral abiotic solution. Following treatment, thel coupon
surface was examined -at 400x by réﬂected—light microscopy. All annular deposits had
dissolved, and no evidence of mineral encmstati;)n could be seen. Analysis of the electrolyte
used in the experiment showed a manganese concentration of 80 ppb corresponding ‘to
dissolution of 6 pg cm™ of Mn from tl’le coupon surface. In contrast, Mn concentration in
solution from the first experiment was indistinguishable from blank levels.

Results of these experiments imply that the slow decrease int Ecor following SOs™
addition to the Ennobled sample arose from gradual dissolution of the biomineralized MnOs,

with Eeor approaching values characteristic of unexposed coupons as dissolution became
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. complete. An identical experiment performed on an MnO, film coated coupon displayed
similar results, with E.,, dropping abruptly from +250 to +150 on SOs* addition followed by a

gradual decrease to a near steady-state value of -160 mV over the ensuing 2 hours.

MnO, Studies

Results of experiments in which MnO, paste was applied to the SS coﬁpons are
shown in figures 5.1 and 5.2. The principal electrochemical effects of the MnO, coating were
an increase in Ec,; to a value virtually idéntical to the steady-state potential attained during in
situ exposure, and an increase in cathodic current’ density at mild polarization again quité
similar to the changes exhibited by in situ exposed coupons. Both electrochemica_ll
characteristics were “influenced by the amount of MnO, applied, the extent of surface
coverage, and the duration of exposure. In general, less than 100 ug of MnO, spread over -
approximately 20% of the coupon surface was sufficient to raise Ecor sharply to +350 mV.
However for such treatment, potential began to decrease at rates of tens of mV min” after a
few minutes exposure, presumably due to MnO, discharge through the anodic passivation
current. Application of thicker deposits, up to ;eve'ral mg cm’”, caused no greater shift in Ecor
but sustained the potential for periods up to sevefal days. It was also observed, that by
allowing the thicker deposits to remain in contact with the surface for several hours, Eecon
remained stable at potentials near +350 mV even after the bulk deposits were wiped off.
Under these conditions, as Iitﬂe as a 10 pm thick residual coating covering 6% of the surface

was sufficient to maintain Ee,y in excess of +320 mV for several hours. These findings suggest
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that time of contact enhances discharge kinetics between the' substratum .and the cathodic
material. This rﬁay explain the smé.ll quantity of biofouling deposit (ca. 1-2 pg (Mn) cm? )
required to effect Ennoblement, since for in sifu exposure, continued bacterial renewal of the
MnO, allows small qua.ptities of material to remain in prolongeFl contact with the SS surface.

To obtain a better estimate of the amount of cathodically active MnO, required to
induce Ennoblement, a thin, aark—brown film ‘of MnQO, was formed on several coupons by
electrodeposition. It was assumed that electrodeposition would produce a coating of material
in electrical contact with the substratum, whereas electrical continuity between the substratum
and MnO, paste coatings was expected to be less uniform. After the electrodeposition, Ecor
was measured, and the deposit was then stripped from the surface by applying a constant
cathodic current. Coulombs of electroactive MnO, were calculated from the duration of the
potential plateau. It was found that Eeor attained near steady-state values of 280 mV for
deposition of 8.5 mcoul cm® of reducible MnOz (4.8 pg(Mn) cm® for a one-electron
reduction). This is in fair agreement with the amount of Mn dissolved from the Ennobled
coupon in the SOs” experiments (6 ug cm®); however, interpretation of the electrodeposition
experiment is complicated by the undetermined effect of the strongly anodic deposition
potential on the electrochemical behavior of the substratum.

Thickness and areal 6overage of the synthetic MnO, coatings also influenced shape
and current density of the cathodic polarization curves. Thin deposits (<5 [m) covering more
than about 20% of the surface frequently produced a current maximum of about 3 pA cm’”
near +50 mV. Similar peaks have been observed for Ennobled coupons’. Polarization curves

for thicker but less broadly distributed deposits did not produce such: peaks (e.g. the MnO,
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curve in figure 5.2) possibly due to incomplete reduction of the thicker deposits during the

time-frame of the experiment.

Discussion

Mechanism of Ennoblement by MnOg'

The apparent limiting Ec, value of +350 mV attained during in situ exposure is in
good agreement with the limiting potential range of +300 to +400 mV observed in. the
numerous studies on Ennoblement>*>**°. The potential for MnO, coated SS as shown in
figure 5.1 is virtually identical to this limiting potential, and the experiments indicate that once
" the minimum quantity of MnO, paste required to attain +350 mV is deposited, application of
additional material causes no further increase in potential. The apparent potential limit for
both these treatments suggests a limiting potential set by the reduct':ion potential for MﬁOz
under the pH conditions of the experiments. At potentials below this Vélue, MnQO, is
thermodynamically unstable with respect to reduction and cathodically depolarizes the
electrode, shifting E., in the noble direc"&on. Polarization continues as additional MnO,
accumulation further enhances cathodic current, until the potential eventually stabilizes at the
reversible MnO, reduction potential. While anodic current from oxidation. of the substratum
may be expected to influence this steady-state potential, it was found that reticulated vitreous
carbon, when coated with MnO, paste or exposed at the field-site, attained the same steady-
state potential (+356 mV) that was shown by 316L SS. This indicates that the limiting

potential in Ennoblement reflects a reversible MnO, couple rather than a mixed potential.
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Although Ecox remair'ls constant, continued accumulation of MnO, causes cathodic
current to increase at mild polarization as shown for the 160 and 500 hour curves in figure 5.2.
As noted in the experimental sectioh, a current maximum is observed during cathodic
polarization for some Ennoblement studies and in the present stéudy was observed at mild
polarization for coupons more than about 20% covered with MnO, paste. These peaks may be *
essentially surfage waves, as characteristically seen for voltammograms of adsorbed
electroactive material®, that arise due to reduction of the MnO, surface deposits. For such
conditions, peak current is proportional not only to surface coverage, which would gxplain the
increasingly prominent peaks as surface coverage is increased, but to p;)laﬂzation sweep rate as _
well. Variations in the latter may explain the diversity of polarization curve shapes observed in
different reports on Ennoblement™", and may also provide the means to investigate
electroactive surface coverage. of the MnQ, deposits. It is evident from figure 5.2, that
cathodic polarization behavior of SS partially covered with an MnO, film can mimic that of
microbially Ennobled coupons very closely.

Although the electrochemistry of manganese oxides is complex, various arguments

suggest that the well known battery reaction”:
MnO, + H,O+e~ < MnOOH +0OH~ 5.1y

may be the cathodic reaction in the above process. The reduction potential for this reaction at

pH 8.0 and 25°C based on AG; =-109.1 keal mole™ for y-MnO,* and -133.3 keal mole™ for

y-MnOOH" is +335 mV, which is in good agreement with the observed value of +350 mV
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given the accuracy of AG; for these oxides. Further, for such a solid phase reaction, the

reduction potential is independent of dissolved Mn** concentration. The variation in exposure
conditions for Ennoblement studies, including seawater, lake-water, and river-water, and the
expected seasonal cycling of [Mn*T*, would suggest greater variation in the limiting potential

for Ennoblement if a cathodic reaction involving Mn', such as

MnO, +2H,0+2¢™ < Mn* +40H" (52)

were operative. .In addition, based on the in situ [Mn®*] of 0.3 uM measured in the present -
study, the reducti(')n pbtential at pH 8.0 for reaction (5.2) is +235 mV. A manganese(II)
concentration almost 4 orders of magnitude lower would be required to account for the .
observed potential of +350 mV. Although it must be noted that microbially induced changes
n nea;r surface pH could shift reduction potentials for both reactions, previous microelectrode
measurements on Ennobled coupons made in this laboratory (unpublished data) showed no
near surface pH gradients. It is anticipated that measurement; of dEeor /dpH and dEce:
/d[Mn**] will aid in establishing the stoichiometry of the cathodic reaction that develops during

Ennoblement.

Relationship to Previous Studies

The proposed mechanism is consistent with a wide -variety of published data on

Ennoblement. The electrochemical characteristics of synthetic MnO, deposits on SS are

strikingly similar to those observed both in the present study and in the literature®*>"*’ for
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Ennobled SS. In the only published report containing elemental analysis of biofilms on
Ennobled stainless steel, the presence of Mn (as well as oxygen and carbon) was noted’, while
in a separate report, EDS spectr;1 show a cofnplete absence of Mn* for microbially colonized
stainless steel that failed to develop Ennobled potential. Interestingly, in a related stﬁdy on
cathodic polarization behavior of stainless steel colonized by aerobic microorganisms, Mn was
obse&ed on coupons that developed marked cathodic depolarization and pitting during
colonization“%. The occurrence of Ennobiement in some studies but not in others has led to
considerable debate concerning the conditions necessary for Ennoblement'>*>*. In light of the
proposed mechanism and the wide variability in abundance and redox state of Mn in natural -
waters, these different findings are not unexpe.cted.

One of the most widely cited obsgrvations on Ennoblement is the. shift in Ecor to_pre-
exposure values that occurs when sodium azide is added to the biofilm on Ennobled samples’.
This finding has formed much of the basis for the proposed mechanisms of Ennoblement
involving electrocatalysis of the oxygen reduction reaction>"°, since it is assumed that sodium
azide poisons extracellular enzymes or metallo-porphyrin compounds that might otherwise
catalyze charge transfer to oxygen. ‘Results shown in figure 5.3 indicate however that oxygen
is not the dominant depolarizer at modest cathodic potentials for Ennobled SS. Further, it has
been established that sodium azide and other respiratory inhibitors suppress oxidaﬁve removal
of M** from solution by suppressing microbial growth”. Thus the observed drop in Ecer oni
azide addition may have arisen from suppression of I;/InOZ deposition. Once microbial MnO,
production ceases, slow self-discharge of the previously accumulated material would

eventually cause Ee,r to decay. It is interesting that the drop i Ecor observed in the above
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study” was really quite slow, taking place over a period of 5 days; far longer than \;vould be
required for soluble electrocatalysts tc; diffuse away frém the surface, but not an unreasonable
time for passivation current densities of a few nA cm™ to discharge a few mC e of MnOs. ..

In other work on Ennbbiement, an apparent exponential temporal increase in cathodic
current density at fixed potential was reported’. While this was ascribed to autocatalysis of the
oxygen reduction reaction, figure 5.3 indicateé that oxygen reduction does not' control
cathodic current at mild poléﬁzation for Ennobled SS. vIn contrast, oxidation of Mn** to
MnO, is autocatalytic, insofar as adsorption of Mn” onto MnO, dramatiéally increase;s the
rate constant for oxidation'. Thus enhanced cathodic current due to biologically produced

MnO, will be augmented by an increasing rate of chemical MnO, production as the deposit

forms.

Ennoblement and Corrosion

As noted in the introduction, a principal concern regarding passive metal Ennoblement
is the increased risk of localized corrosion that arises when E.,r exceeds the critical pitting
potential ot; the metals. The morphology of the Mn-rich deposits that cause Ennoblement in
the present study méy aggravate this concern. The typically ring-shaped deposits ’ﬁx the site of
the dominant cathodic reaction and, coupled with cell colonization within the ripgs, may
provide ideal éénditions for localized oxygen depletion, with consequent diminished reaox
potential. This would increase activation overpotential for the anodic reaction at the exposed

substratum within the rings, and raise the risk of exceeding the critical pitting potential even
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beyond that anticipated by bulk solution chemistry. It is worth noting, that such a scheme for
localized attack does not require formation of ferric or manganig chlorides, although chloride
would presumably compound the risk of attack.

Mn-rich microbial deposits have been implicated in pittiné of stainless steel turbine
blade‘s33 indicating that this type of fouling can cause severe material degradation. Given the
number of reports on Ennoblement, and the widespread distribution of manganese-oxidizing
bacteria in natural waters, it is likely that conditions leading to MnO, deposition and possible
material failure are common. These conditions can be found in heat exchangers and storage
tanks where residual moisture following hydrostatic testing fosters bacterial growth®.
Treatment for such fouling often includes mechanicai disassembly and cleaning®. While
previous work has shown thf;lt physical removal of biofilm prevents Ennoblement from
occurring’® and eliminateé Ennoblement oﬂce it has developed’, controlling. Ennoblement by
this method will often be impractical or expensive. The mechanism proposed in this paper,
éuggests that an alternative preventative measure may be to remove dissolved Mn(II) from
influent water. This could be accomplished by chemical means, or using methods established
for biological removal of Mn(II) from drinking water”; the latter possibly providing a lower
cost approach for large-volume cooling water requirements. In such a design, Mn(]l) removal
by microbial sand filters placed upstream from the target facility would lower concentrations

sufficiently to prevent MnO, biomineralization downstream.
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Conclusions

Manganic oxide biofouling of 316L SS in fresh river-water shifts Ecor to steady-state
values of +350 mV, and increases cathodic current density at mild polarization by more than
two orders of magnitude compared to unexposed samples. These electrochemical changes are

very closely mimicked by the behavior of SS coupons partially coated with MnO, paste. Ecor

exhibited during Ennoblement agrees closely with the one-electron reduction potential for

conversion of MnO, to MnOOH at the experimental pH. Origin of the Mn-rich deposits may

be attributed to surface colonization by Mn-oxidizing bacteria,

Much of the data concerning Ennoblement can be understood in terms of MnO;

biofouling, including the correlation between Ennoblement and the presence of Mn in biofilms,

the influence of sodium azide on Ennobled potential, and the autocatalytic nature of increasing =

cathodic current density that develops during microbial colonization. Based on the proposed
mechanism of Ennoblement, removal of dissolved Mn(Il) from influent process waters may

serve to prevent development of this potentially destructive microbial process.
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CHAPTER 6

MANGANESE DEPOSITION RATES *

Overview

Corrosion potential (Ecor) for 316L. stainless steel coupons was monitored during 9
days in situ exposure to fresh river water. Ecor increased at 300 mV day” reaching potentials
of +350 mV (SCE) within 48 hours, then remained fixed at this potential. The coulometric
reduction technique was used to determine rate and total abundaﬁce of cathodically active
manganese biofouling during the exposure. A deposition rate of 0.57 mcoul cm? d* was
measured during the initial 7 days, increasing to 3.1 mcoul cm? d” between day 7 and 9. Based
on a one-electron reduction of MnO, to MnOOH, 8.8 pg cm” electroactive MnO, was
deposited during the 9 day exposure. Comparison with published data for manganese
deposition in drinking water distribution systems suggests rapid biological MnO, depositic;n
consistent with the rapid rate of Ennoblement. Deposition rate is used to estimate the potential

impact of manganese biofouling on stainless steel pitting.

" Published as: Manganese Biofouling of Stainless Steel: Deposition Rates and Influence on Corrosion .
Processes. W.H. Dickinson and Z. Lewandowski (1996). Corrosion/96 paper no. 291, National Association of
Corrosion Engineers, Houston, TX.
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Introduction

The noble shift in corrosion potential (Ecer) and accompanying increase in cathodic
current density that develop during microbial colonization of passive metals have been the

10 The phenomena, collectively

subject of considerable controversy over the past decade
known as Ennoblement, have been variously ascribed to depolarization of the oxygen
reduction reaction™® , acidification 6f the electrode surface’, the combined effect of elevated
H,0, and decreaséd pH’, and production of passivating siderophores'. One of the principal
concems in Ennoblement is the enhanced risk Qf pit formation that arises as Ec,r exceeds the
critical pitting potential (Ey). Recent findings in this labo;atoryll have demonstrated that
Ennoblement is accounted for by manganic oxide biofouling attributable to surface
colonization by manganese-oxidizing bacteria. Results from this work showed that
annular manganese-rich deposits 10-20 um in diameter and approximately 3 pm thick formed
on a variety of materials including stainless steel, carbon, and glass, during exposure to ’
fresh river water. Commonly the substratum surface within.the rings was colonized by -
bacterial cell clusters. Cell colonies present wrchm annular manganese-rich deposits is a prime-
diagnostic characteristic for Siderocapsa bacteria'. These‘ taxonomic characteristics, shown
in figures 6.1a and 6.1b, may further enhance the risk of pit formation caused by Ennoblement.
Oxygen consumption by the bacterial clusters coupled with impeded oxygen transport into the
rings may diminish redox potential and so cause Ecor to exceed By at these local sites ex.len

before E, for metal exposed to the bulk solution is reached. Depolarization by the fixed

MnO, cathode surrounding such sites would prevent pit broadening but could sustain rapid
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attack within the rings, leading to commonly observed tunneling corrosion, in which large

subsurface cavities are connected to solution at microporous surface sites13

Figure 6.1. Micrographs of microbially colonized 316L stainless steel after 23 day
exposure to fresh river water, (a) Epifluorescence image of acridine-orange stained
biofilm showing distribution of cell clusters and presence of sheathed bacteria, (b)
Reflected light image showing morphology and distribution of manganese-rich deposits.
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In light of widespread biofouling by iron- and manganese-oxidizing bacteria in natural
waters*"®, cathodic depolarization by microbial MnO, may be anticipated on a v'an'ety" of
metals including mild steel. If this is true, then the influence of manganese-oxidizing bacteria
has ;igniﬁcance not only to understanding Ennoblement and the enhanced risk of aggressive
pitting, but to the broader issue of microbially influenced corrosion of mild steels, where
elevated cathodic current density will activate the anodic reaction and support - higher
corrosion currents. While microbially related formation of aggressive manganic chlorides has

been cited repeatedly in the corrosion literature'®?", little effort has been made to characterize

and evaluate the corrosive impact of manganese oxide biofouling. The present work attempts

to quantify the rate of electroactive MnO, deposition by microorganisms as a step towards

establishing the influence of MnO, biofouling on corrosion rates.

' Experimental Methods

Epoxy embedded type 316L stainless steel coupons (1.59 cm. dia) were prepared as
previously described™. A set of 5 coupons were exposed to fresh flowing stream water at a
field site near Bozeman, MT, by mounting the coupons in a 2 cm X 60 cm open-channel poly-

carbonate reactor and submersing the reactor below the stream surface. Based on chemical

composition, the field site classifies as a clean stream (dissolved oxygen (DO) > 6.ppm; pH 8-

' 8.5; alkalinity 3 meq/L; nitrate jon 1.2 ppm; Ca™* 58 ppm; Mg*" 15 ppm; CI' 3 ppm; dissolved
Fe 200 ppb; conductivity 4 x 10* ohm™cm™; total organic carbon 110 ppm). Eer was

measured daily vs. the saturated calomel electrode (all poteritials are reported vs. the SCE). At
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specified intervals, coupons were transported in stream water to the laboratory for
microscopic evaluation and coulometric titration of the surface deposits.

The coupons were examined at 400x by reflected light microscopy prior to titration.
Abundance of the annular ménganese—ﬁch deposits W.as determined by countinIg individual
rings within an area bounded by a calibrated graticule. Thickness of the deposits was evaluated
by noting travel of the calibrated microscope stage‘ adjustment whﬂe focusing first at the
substratum then at the top of the deposits.

Titrations were carried out in aerated 0.01M sodium sulfate (Na,SO4) / pH 8.2 using a
commercial computer-controlled potentiostat/galvanostat operating in galvanostatic mode.
Aerated electrolyte was used to ensure chemical stability of the manganic oxicie phase during
the experiments. ’The counter electrode was a graphite rod (3 cm’ exposed area) and
potentials were recorded vs. the SCE. Based on previously_ established polarization
characteristics (cf, figure 6.2)", for coupons exposed at the above field site, a current density
of 250 nA cm™ was chosen for the coulometric titration. The current density was sufficient to
polarize the coupon significantly from the Ennobled Ecor but small enough to allow a distinct
shift in potential to occur upon depletion of the electroactive surface phase. Titration curves
shown in figure 6.3, exhibit a clear potential plateau corresponding to reduction of surface
bound phases, as typically obsefved for measurements of passive film thic_knesszs, followed by
a shift to the polarization potential corresponding to oxygen reduction. Plateau potentials

agree very closely with values anticipated from the cathodic polarization data in figure 6.2.
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¥ -0.2

pre-exposure
160 hour exposure

Figure 6.2. Cathodic polarization curves for 316L stainless steel before and after
formation of manganese-rich biofouling deposits.

Coulometric behavior OfMnO2 paste coated stainless steel was also determined. The
MnO2 paste was prepared by reduction of permanganate with manganous ion under alkaline
conditions followed by centrifugation. pH of the MnO2 suspension was 8.6. A coating of
MnO2 paste several hundred pm thick was applied to the coupon surface, and the coupon
allowed to stand overnight in 0.01 M Na2S04/ pH 8.2. The bulk of the paste was then wiped
off, leaving an MnO2film about 5 pm thick covering 20% ofthe coupon surface. The sample
was placed in fresh aerated 0.01 M Na2504/ pH 8.2 and coulometrically titrated at 250 nA
cm'"2 as described above. Eam for the coupon at the beginning of titration was stable at +335

mV.
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Results

E.or for the 5 in situ exposed-coupons increased rapidly at a rate of nearly 300 mV
day™. ‘ While one coupon removed for titration after 24 hours had reached only +286 mV, all
others attaiﬁed steady-state values of +350 mV W1th1n 48 hours of exposure. Microscopic
mspectién showed an abundance of annular deposits on all the coupons, with a surface
abundance of 300 - 400 rings mm™” after 24 hours increasing to 1000-I1300 rings mm? after
121 hours. Beyond 164 hqurs, the abundance had stabilized at 1400-1600 ﬂngs mm'z but an
increasing amount of translucent brown film about one micrometer in thickness was evident
surrounding the deposi’gs.

Curves for 'the coulorﬂetric titrations are shown in figure 6.3. The clear evolution in
extent of the plateau region with duration of exposure indicates an increasiﬁg surface density
of electroactive material. Similarity between ¢urves for Ennobled coupons and the curve for
MnO, paste coated coupon is evident. Figure 6.4 shows the relationship between exposure
time and coulombs cm? of electroactive material. Accumulation rate during the initial 164
hours of exposure is 0.57 mcoul cm™ d’ and in<.:reases to 3.1 mcoul cm™ d™ after 164 hours.
Based on a one-electron reduction of MnOz to MnOOH " these rates correspond to 0.5 and

2.8 ug MnOy) cm” d” respectively. Total accumulation after 210 hours exposure was 9.8

mcoul cm? or 8.8 pg (MnO;) cm™ .
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Figure 6.3. Evolution of coulometric titration curves for 316L stainless steel with
increasing duration of exposure to fresh river water. The curve for an MnOz paste coated
coupon is also shown. 250 nA cm"2applied current in aerated 0.01 M Na2S0O4/ pH 8.4.

m_omg

Exposure Time (hours)

Figure 6.4. Accumulation of cathodically active MnO2 based on coulometric titration
curves. Initial rate is 0.5 p.g cm"2day"1for a one-electron reduction.
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Discussion

Deposition Rates

The cqulometric technique is well suited to evaluating the corrosive impact of MnOIZ
biofouling in that only the electroactive portion of the deposits is measured.  MnO, has
modest electrical conductivity, consequently electroactivity is expected to extend beyond the
first few atomic layers within the mineral deposit. Nevertheless, only a small fraction of the
total deposit is likely to be accessible for cathodic reaction, and this complicates comparison of
results obtained in the present expériments w1th deposition rates determined by dissolution or
physical removal of MnO,. Comparison can still be ca:nied out however, if the present results
are acknowledged as a lower limit of MnO, deposition. Total particulate manganese
previously determined in this Jaboratory'" for biofouling deposits from the same exposuré site,
was 9.6 g (1\-/InOI2) cm? after 20 days exposure or a net deposition rate of about 0.5 pg’
(MnO,) cm? d™. Duriné those‘exposures‘, Eeor increased more slowly (110-200 mV day™)
than in the present study. The rate of electroactive MﬁOz deposition in the present study is
roughly twice the total MnO> depos@tion rate observed previously, consistent with the more
rapid rate of Ennoblement in the present work. The former study was condpcted during early
summer and the latter in early' fall, so that differences in rate may arise from seasonal variations
in microbial activity. In a separate study of MnO, precipitation in a drinking water
distribution system containing 10 ppb Mn(IT)*, biological deposition rates of 0.8 ug (MnOy)

cm? d”! were observed during the initial two weeks of exposure
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Model for Pit Formation

Under environmental conditions for which Ennobled Ear < EpJ manganic oxide
biofouling of passive metals is not detrimental and may indeed serve to enhance passivity.
Cathodic depolarization by MnO2 shifts Eaarin the noble direction until the stability potential

for the reaction:

MnO2+H20 +e~ <>MnOOH+ OH ‘E°AHB8 = +335 mVscE (6.1)

is reached. Above this potential, MnO2 is stable with respect to reduction and increased
cathodic current from continued MnO2 deposition is offset by decreased current density at the

individual deposits. This situation is depicted in figure 6.5

Figure 6.5. Model of stainless steel Ennoblement by microbially deposited MnO2 Ear
shifts to the stability potential for MnO2 reduction at experimental pH. For Eat< Epit,
passivity is enhanced.
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As noted in the introduction, the specific biofouling morphology observed in the
present study may, however, aggravate the risk of pit formation and suggests a new pitting
mechanism which for clarity is restated here. Oxygen consumption by bacterial clusters within
the annular MnO2 deposits coupled with impeded oxygen transport into the rings may
diminish redox potential and so cause Eanto exceed Epit at these local sites even before EpUfor
metal exposed to the bulk solution is reached. This would lead to preferential pit formation
within the annular deposits. Depolarization by the fixed MnO2 cathode surrounding such sites
would prevent pit broadening but could sustain attack within the rings, leading to the common
form of MIC for stainless steel in which large subsurface cavities are connected to solution by

microporous surface openings. Figure 6.6 illustrates this model.

Figure 6.6. Conceptualized subsurface pit formation arising from microbial oxygen
depletion within annular MnO2 deposit. MnO2 depolarization shifts Econ to values
exceeding EpHat local sites of diminished redox potential.
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Corrosion Rates

The curves shown in figure 6.3 indicate that once formed, MnO, biodeposits can
support current densities of 250 nA cm? at potentials near +100 mV. This is appromrﬁately |
350 mV above the .potential required to support the same current using. oxygen as the sole
depolarizer. Despite fairly rapid kinetics for oxidation of elemental iron®, the higher potentlal
may still activate the anodic reaction, so that once a pit is initiated, penetration may proceed at
an accelerated rate. The hlgh rate would persist until the MnO, cathode material was
c.onsumed, after which time.the potential would drop to the value sustained by oxygen
reduction. Based on a continuous deposition rate of 3.1 mcoul cm” d" measured during the
later part of the experiment, however, a‘sustained'corrosion currenf of 36 nA cm? can be’
supported indefinitely at a potential near +300 mV. (cf. figure 6.2). The penetration rate
supported by this current will depend on the number and area of pitting sites, however for
microporous sites, such as those constrained to the 3-4 um diameter void within the annular
Mnoz cathodes, and assuming an arbii:rary pit density of 100 pits" cm”®, the ﬁﬁd pitting area
would be 10° ¢cm?, and an initial penetration ra’?e greater than 100 pum day™ for 2-electron iron

oxidation would result.

Conclusions

Coulometric titrations of electroactive manganic oxide deposits formed during

freshwater biofouling of stainless steel indicate a net deposition rate of 1.1 mcoul cm” d” over
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a 9 day exposure period. The rate is approximately twice the previously reported Valueé for
total manganic oxide biofouling under simii_ar environmental conditions, suggesting Méher
manganese-oxidizing bactén'al activity in the present study. The conclusion is consistent with |
the very rapid rates of Ennoblement noted in the present work. Taxonomy of the biofouling
deposits suggests a new méchanism of pit initiation for stainless steels colonized by manganic
oxide ring forming bacteria such as the genus Siderocapsa. The model can be used to explain

. subsurface pitting corrosion frequently observed in microbially influenced corrosion of

stainless steels.
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CHAPTER 7

ENNOBLEMENT BY LEPTOTHRIX DISCOPHORA

- Qverview

The relationship between surface colonization, manganese deposition, and corrosion
potential (Ecr) for stainless s’.ceel. coupons exposed to batch cultures of the mar-lganes'e-
depositing bacterium Leptothrix discophora was investigated to establish whether biological
manganic oxide deposition could iﬁducé Ennoblement. E.. shifted from -100 to +330 mVscg
as a‘bioﬁlm containing 75 nmoles cm™ MnO,, formed on the coupon surface but changed little
further with continued MnOx deposition .up to 260 nmoles cm?  Mn(I) uptake, MnOx
deposition, énd attached cell density covaried with increasing Eeor. Mn(II) enhanced the areal
density of attached cells. The experimental results validate a mechanism of Ennoblement in

which Eeor 1 fixed near +350 mVscz by the cathodic activity of biomineralized MnOx.
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Introduction

Stainless steel and other passive metals can be corrocied by exposure to biologically
active natural waters™”. Complex deposi’;s of microbial cells, extracellular polymers, and
organic and inorganic debris that accumulate on: the metal surface ﬁccelerate corrosion by
changing the electrochemical behavior of the metal®®. The principal electrochemiézil changes,
which are collectively termed Ennoblement, are an increase in corrosion potential (Ecox) to
noble values approaching +350 mV vs. the saturated calomel electrode (SCE) and a two to
three orders of magnitude increase in the cathodic reaction rate at potentials above 300
mVsce °. Elevated B, promotes COrr‘osion initiation on type 304 and other loW molybdenum
stainless steels in seawater’, and the concurrent increase in cathodic rate stabilizes and
propagates the corrosion””. The concerted éffect of these two corrosive events can cause
perforation failure of piping and containment vessels that are exposed to- natural waters. In
order to prevent incréased service costs (eg. biofouling removal, cathodic protection),
decreased life-expectancy, 'and catastrophic failure of structural materials”", the
petrochemical, pulp and paper, and electric-power industries must .employ. increasingly
expensive alloys that are able to withstand the corrosive effects of the .bioﬁlms.

A number of studies have attempted to establish a direct link between biofilm
 formation and Ennoblement since the effect was first observed in the mid-1960’s ™. Ennobled
potential has been correlated with bacterial cell density’ and with biological activity in the
biofilms by measuring ATP accumulation® and electron transport activity and

lipopolysaccharide content’. These studies, coupled with studies using filter sterilized; heat
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pasteurized, and artificial seawater> as experimental controls support the hypothesis that
biofilm foﬁnation is a prerequisite for.Ennoblement; However, a Biological mechanism
explaining Ennoblement has not been established.

We have recently demonstrated that Ennoblement of stainless steel coupons placed
within a fréeshwater stream in Bozeman, MT was caused by the deposition of manganese-rich
material on the coupon surface®. Ennoblerﬁent could also be induced by coating the metal
surface vﬁth pure manganese dioxide paste. This study established a chemical mechanism for
Ennoblement in which manganese dioxide acts as a galvanic cathode to elevate cathodic
current and shift E.or in the noble direction. The MnO,-MnOOH redox couple (E°'= +335
mVsce at pH 8) was proposed as the reéction that fixes Eer near +350 mVsce. Since
manganese-rich deposits and manganese-oxidizing bacteria frequently occur at sites of
stainless steel corrosion'*® this study also unified the previously separate issues of
Ennoble'ment and manganese-related corrosion.

While‘ the oﬁgin of the manganese-rich material deposited on stainless steel coupons
exposed to Bozeman streamwater was not ﬂgo;ously established, mineral-encrusted bactérial
sheaths characteristic of Leptothrix sp.”’ and mineralized torroidal capsules characteristic of
Siderocapsa treubii*® were abundant on 'the surface of the Ennobled stainless steel-coupons”,
and manganese—oxidiiing bacteria were isolated from the maﬁganese-rich deposits. While
both of the genera mentioned are known to deposit manganese, principally in the‘sheaths and
capsules, this ability is often loét during laboratory culturing and efforts to obtain manganese-
depositing axenic cultures of Siderocapsa treubii have been unsuccessful'®. A strain of

Leptothrix discophora that maintains its ability to form sheaths in laboratory culture has
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recently been described”’. This strain was choseg as a model bacterium to test the hypothesis "
that Ennoblement of stainless steel can be induced by manganese biomineralization. We repoﬁ :
that concomitant biofilm formation and manganese dioxide deposition by Lepfothrix
discophora induce stainless steel Ennoblement. These results establish the biological basis for
Ennoblement and advance our ability to control this phenomenon By quantifying the surface

abundance of manganese that is required to shift Ecor to +350 mVscg.

Experimental

Inoculum and Growth Medium

Stock cultures of Leptothrix discophora SP-6 7 obtained from the American Type:
Culture Collection, (ATCC :51168, Rockvi]le, MD), were maintained at 4°C en ATCC 1917
mineral salts-vitamin-pyruvate (MSVP) medium solidified by addition of 1.5% agar noble
(Difco, Rockville, MD). The experimental medium consisted of MSVP medium amended
with 35 mg I'' pyruvate and ca. 200 uM Mn(Il). Mn(Il) was supplied from a filter-sterilized
O.i M MnSO; stock solution. Colonies from the plated stock culture were incubated for 72
hours at room temperature (20-22°C) in 100 ml MSVP. An aliquot of this cultgfe (1.0 ml)
was used to inoculate 20.0 ml MSVP medium, which served as the inoculum for the

experimental reactors. The cell density of the experimental inoculum after 20 hours of static

incubation at room temperature was 1 x 10° cells ml™,
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Materials and Apparatus

Type 316L stainless steelv coupons (1.6 cm diam, Metal Samples Inc, Munford, AL)
that were epoxy-embedded in polycarbonate tubes (1.9 cm: diam x 10 cm) were exposed to
600 ml of the test medium in polycarbonate reaction vessels (12 cfn diam x 10 cm). Each
reactor contained 18 coupons. The coupons were mounted in the reactors such that only one
face was exposed to the test medium and electrical connection was made to the coupons by
fixing conductive copper tape to the unexposed side. The coupons were abraded and washed
as previously described” and mounted througﬁ the reactor lids with the exposgd coupon face
oriented downward to prevent suspended solids from settling onto the surface. In this
orientation, each coupon face was equidistant (2.5 c1;n) from the reactor Bottom and the
solution surface.

Eoor for each coupon was measured hourly by computer against the SCE using a high
' impedance (>10"" ohm), 64 channel, analog to digital converter (Keithley, Taunton, MA). A
single SCE reference electrode was connected to each of three reactors through salt bridges
filled with 1 mM Na,SO, solution. The salt-bridges made contact with medium in the reactors
through Vycor glass tips (Ed&G, Princeton, NJ) which served as a bacterial barrier to prevent
reference electrode filling solution from contaminating the reactors. The salt bridges
introduced a second electrical junction in the circuit used to measure Eco, producing an offset
of roughly -30 mV. This offset was determined befc;re and after each experiment and was

subtracted from measured Eco values to give Ecox verses the SCE.
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The reactors were filled witﬁ 600 ml of mineral salts medium and autoclaved at 121°C
and 16 psi for 20 minutes. Appropriate amounts of filter sterilized vitamin, pyruvate, and
Mn(II) solutions Were then added to the cooled medium in thé reactors. Autoclaved salt
bridges and coupons which had been soaked for 1 miﬁute m 70% ethanol and UV irradiated
for 12 hours were mounted in the reactors and connected to' the analog to digital converter.
The absence of bacteria, as determined by direct cell counts, in the uninoculated control
experiment confirmed that this treatment maintained solution sterility. Coupons were exposed
to the MSVP medium for ca. 24 hours to attain stable valuies of Ee,r before initiating the

Ennoblement experiments.

Experimental Procedure

The Ennoblement hypothesis was tested by exposing the coupons to three treatments
(Table 7.1) with each treatment performed in triplicate. Where error bars are shown or
réported, they refer to one standard deviation about the mean of the triplicate measurements.
Coupons were exposed to inoculated MSVP in the presence and absence of Mn, and to
uninoculated MSV]E; containing Mn. For the inoculated treatments, 20 ml of inoculum were
repeatedly aspirated through a 22 gaﬁge needle attached to a 10 cc syringe to break up cell
aggregates and produce a uniform cell suspension'”. Each reactor was inoculated with 6 ml of
the aspirated cell suspension and'stirred for one minute to distribute the cells. Thergafcer, the
reactors were stirred for one miﬁute prior to each sampling but were otherwise left unstirred.

After inoculation or after Mn addition for the cell free control experiment, Ecor, Mn(ID),
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attached cell density, and surface-bound manganese abundance were measured at intervals
over a 36 hour period. Thé pH for all treatments was iaetween 7.1 and 7.2, the temperature
was 25 +/- 2°C, and the initial cell densities in the reactors for treatments 1 and 2 were 1.0 +/-
03 and 1.0 -F/- 0.1 x 10° cells ml”, respectively.

Table 7.1.  Experimental approach to test the
manganese biomineralization hypothesis®

Treatment Bacterial Cells Mn(1T)
1 + | +
2 + -
3 - +

*+, present; - absent.

Analytical Methods

The dissolved Mn(IT) concentration was measured by the formaldoxime method™. At
each sampling interval, 1.5 ml of solution was removed from each reactor and filtered through
a 0.2 pm cellulose acetate filter to remove suspended solids. Mixed ammonia-formaldoxime
reagent (1.5 ml) was added to 0.5 ml of each sample, incubated for 30 minutes, and the
absorbance at 450 nm was measured using a Shimadzu 2101PC Specfrophotometer. The
spectrophotometer was calibrated using Mn(II) solutions that were previously standardized
against atomic absorption standard Mn(IT) (Fishef Scientific). The manganese concentration
on the coupon surfaces, hereafter refeﬁed o as MnO; (x ~ 1.7) 21 was monitored by

removing a coupon from each reactor at each sampling interval and reductively dissolving the
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MnOy using sodium sulfite’. The coupon was soaked for 30 minutes in 5.0 ml of stirred 0.5
M Na,SO0s (pH 7.3), the solution filtered (0.2 pm cellulose acetate), and Mn(II) concentration
determined as described above. Fof these measurements, analytical standards were prepared
in 0.5 M Na,SOs to correct for a 10-20% incregse il sensiﬁvity caused by the presence of
sulfite. Although the reductive dissolution of manganese does not distinguish solid manganic
oxides from Mn(II) adsorbed onto the oxide phase, previous work”>* indicates that more than
90% of the tofal dissolved Mn comes from the oxide fraction. This is important in reating
surface rﬁangaﬁese abundance to the amount of MnOy required to produce Ennoblement since
only manganese in oxidation states above two behaves as é. galvanic cathode.

Cells were removed from ﬁe coupon surface by scraping with a sterile razor bladé,
suspending the scrapings and washing the coupon surface in three 100 pl aliquots of sterile
ammonium oxalate-glutaraldehyde reagent (28 g ammonium oxalate; 15 g oxalic acid, and 0.1
ml glutaraldehyde per liter), and transferring the washings to a vial containing 4.8 ml of the
ammonium oxalate-glutaraldehyde reagent. After extracting for at least one hour, the solution
was aspirated five times th‘rough. a 22 gauge needle attached to a l‘O‘zcc syringe to suspend and
break up ceu aggregates. The cells were then stained and counted using a modification of the

epifluorescence microscopy technique® as described previously™.
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Results and Discussion

Bacterial Colonization

The number of cells attached to the surface in Mn(II) containing media iﬁcreased
exponentially at a rate of 0.31 doublings h?! (Fig. 7.1) and rteached an épparent maximum
density of 8 x 107 cells cm” after 31 hours. This growth rate is in aécordance with that
reported by Adams and Ghiorse™ (0.08 i 0.15 doublings h™") for Leptothrix discophora grown
on glass slides. In medium without Mn(II), the growth rate was similar (0.26 doublings h™)
however, the maximum cell density was lower by 63%, and the cell density decreased after
reaching a maximum at 27 hours. For both treatments, a mucaliginous biofilm was readily
apparent on the coupon surfaces after 20 hours of cell growth. Formation of such a biofilm, in
which cathodically active MnO, can be deposited close to the metal substratum, is considered
a prerequisite for Emobleﬁent, since electron tra'nsfer. can fake place only when MnOx is in
electrical contact with the metal. |

Sub-millimolar Mn(IT) concentrations haye been previously shown to either stimulate™
or repress” the maximum cell yields of Sphaerotilus and Leptothrix sp. during batch culture.
The present results, in which an Mn(I) concentration of 200 uM stimulates attached cell
yield, may be explained by the activity of the manganese-oxidizing factor excreted by different
Leptothrix discophora strains under sessile vs. planktonic growthi conditions. The sheath-
forming strain SP-6, used in 6ur work produces higher manganese-oxidizing actix}ity and
retains the activity closer to the cell than does the sheathless strain SS-1 used previously”. In

addition, the polymeric biofilm matrix produced during sessile growth may impede advective-
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diffusive loss of the excreted activity, further concentrating the activity near the cells. It has
been suggested that Mn(Il) levels >55 pM may be toxic to cells, but that MnOxmay enhance
cell survival by removing toxic active oxygen species (eg. O2'or H202) 2 produced during cell
growth. The elevated manganese-oxidizing activity posed for sessile growth of SP-6 could
mediate these factors by more completely precipitating toxic Mn(ll) as MnOx and by more
effectively destroying active oxygen species on the MnOx surface. The result of such

mediation would explain the stimulated cell yield that we observed.

o 80 with Mn

mwithout Mn

Time (h)

Figure 7.1. Influence of Mn(ll) on attached cell density for stainless steel coupons
exposed to Leptothrix discophora. Initial Mn(l1) = 200 pM.
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Manganese Uptake and Deposition.

After 21 hours of exposure to the SP-6 culture in Mn(ll)-Containing medium, coupon
surfaces were dark brown and were coated with a biofilm ca. 100 pm in thickness.
Manganese uptake from solution and deposition on the coupons began during the exponential
phase of cell growth, continued through the stationary phase, and correlated with attached cell
density (Fig. 7.1 and 7.2). The Mn(ll) concentration in the uninoculated control remained
unchanged and no MnOx accumulated on the coupon surfaces. These results confirm that
chemical oxidation of Mn(Il) did not contribute to MnOx deposition and that Mn

mineralization was caused by the bacteria.

—m— Mn(ll)linoculated

--E3-- Mn(ll)1uninoculated
— 125 A Surface Mn

(zwo / sajowu) up adeuns

Time (h)

Figure 7.2. Time dependence of soluble Mn(ll) concentration and surface manganese
abundance on stainless steel coupons. Surface manganese for an uninoculated control
experiment was undetectable and is not shown.
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The Mn(1I) uptake rate at the end of the experiment was 3.7 +/- 0.8 uM h* (3.5 +/-
1.1 % h™ based on the final Mn(IT) concentration) and MnOy deposition rate was 28 +/-13
nmole cm? h™.  After 36 hours, 270 +/-42 nmoles (MnO;) cm™ had accumulated on the
coupons and 68 +/-7 pmoles Mn(II) had been removed from solution. The dark brown
biofilm that covered the coupon surfaces and the reactor walls at the end of the experiment

indicated that much of the MnO, had accumulated as an attached surface deposit.

Effect of Bacteria and MnO, on Ennoblement

Figure 7.3 shows Eeor over time for the three experimental treatments. In inoculated
. media containing Mn(II), E.. began to increase after 10 hours, exceeded +300 mVscg after 25
hour's,. and approached +350 mVscg at the end of the experiment. The maximum rate of
increase was 48 mV h* between hours 16 and 21, after which the rate diminished rapidly to 4
mV h' for times greater th'an 25 hours. The increase in B, began with the onset of 1\/.InOx
deposiﬁon and ceﬂ growth, and Ee, was correlated with both cell density and surface MnO,
up to potentials of ca. +300 mVscg (Fig. 7.4). In contrast, little change in Ecor Was observed
for coupons eipos’ed to uninoculated media containing Mn(II) or to inoculated media without
Mn(II). The small changes that were obsérved in controls are of ;:he mélgnitude commonly
observed in abiotic medium, and are usually attributed to ichanges 1n passivation current that
occur as the passive film agesl. The lower cell density in reactors without Mn(II) caﬁnot

explain the absence of Ennoblement since Ecor increased no more than 50 mV at a maximum
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cell density of 3 x 107 cells cm"2 under these conditions while less than half this cell density

corresponded to an increase of more than 350 mV for cells grown with Mn(Il).

Inoculated, with Mn
Uninoculated1with Mn
Inoculated, without Mn

Time (h)

Figure 7.3. Effect of Leptothrix discophora grown in media containing Mn(ll) on Eaar
for stainless steel.

Figure 7.4 illustrates the relationship between Ennoblement, biofilm formation, and
MnOxdeposition. Egitincreased ca. 5 mV per nmole cm"2MnOxup to +300 mVSE and was
shifted to an Ennobled value of +330 mVscE by 75 nmole cm MnOx. Deposition of
additional MnOx caused little further change in Eadr. These results are similar to findings for
stainless steel exposed to Bozeman stream water in which 15 nmole cm MnOxEnnobled Eait

to +350 mVscE and additional MnOx deposition caused no further potential increaseZ28
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Variation in the amount of MnOx required for Ennoblement in the two studies may be
attributable to the different characteristics of the MnOx deposits. In Bozeman stream water,
MnOx occurred as 3-4 pm thick deposits that adhered tightly to the coupon surface. In the
present work, the sheaths of SP-6 resulted in easily dislodged sessile mats in which MnOXx
deposition occurred as far as 100 pm from the substratum. We speculate that a greater
fraction of the MnOx in the present study was not in electrical contact with the coupon and

therefore did not influence Eoait.

400
300
A
A 200
% A
g 100
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» Sfc Mn
A Sfc cell density
-100
75 150 225 300
Surface Mn (nmoles/cnf)
0 25 50 75 100

106 cells/cm2 on Coupon Surface

Figure 7.4. Relationship between Eoor, surface manganese, and attached cell density for
stainless steel coupons exposed to inoculated media containing Mn(ll).
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The relationship shown in Figure 7.4 supports our previous finding that MnOj shifts
Eeor to the reduction potential for the MnOy phase®. Data from figures 7.2 and 7.3
demonstrate that bacterial MnOy deposition induces this process a.pd confirm that manganese
biomineralization by Leptothrix discophora results in Ennoblement.

The proposed half-reaction that fixes Ecor iS:

MnO, + HyO +e~ < MnOOH +OH~ @D

which has a reduction potential of +335 mVscg at pH 8.0 3 At the pH used in this study
(7.2), the reduction potential would be +382 mVscg, ca. 30 mV higher than observed. This
difference is expected to decrease with time. It has been reported that the Mn oxidation state
fér MnO, formed by Leptothrix discophora increases as the oxi’de ages,. from a value of 3.32
after 11 hours to 3.62 after 3O-days21. Su;:h a change would increase the oxidizing power of
the oxide and thus shift the reduction potential to more positive values. Figure 7.3 .ShOWS
clearly that Ecox continﬁed to increase at the end of the experiment suggesting that the final
potential would have been higher than +350 mVscg. Many reports on Ennoblement in natural
waters show an increase in Ec, to values greater.than +300 mVgcg over a period of a few days
followed by a gradual Lincrease duriﬁg the ensuing few weeks*”. Such findings are consistent

with an increase in Mn oxidation state that would occur as microbially deposited MnOx ages.

Relationship to Ennoblement in Natural Waters

Partitioning of MnOx between suspended cells and sessile cells is a key issue in

determining the effectiveness of natural populations of manganese-oxidizing microorganisms
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in promoting Ennoblement. Mn(II) uptake has ‘been measured widely in natural waters and .
microbially mediated Mn(II) oxidation has been found to be the dominant Mn(IT) removal

mechanism>*®,

These experiments are usually carried out in acid leached containers and
Mn(I) is recovered primarily as MnOy oﬁ suspended particulate material. The degree to
which the manganese-oxidizing activity .would be concentrated at untreated metal sulfaceé by
‘sessile cell growth in these séme waters has not been investigated. However, the tendency for
biofilms to form under these conditions is undisputed and it has been reported that sessile
growth greatly enhances manganese-oxidation rate®. In light of this, at least part of the
manganese-oxidizing activity is expected to reside near the metal surface. Moffet® reported
Mn(II) uptake rates of 0.6 to 3.2 nM b (0.2% to 4% k™) for Mn(TI) concentrations between
20 and 1000 nM in the surface waters of Vineyard Sound, MA and similar rates were
observed in the shallow waters of the Newport River estuary, NC *. The rates indicate daily

" MnO, deposition of 14 to 75 nmoles L. In the shallow waters of the northern Chesapeake
Bay, MD, daily rates as high as 4000 nmoles L have been estimated®. If even a few percent
of this MnOy deposition occurs at the surface of @etal coupons, MnOy levels of ca. 15 to 75
nmoles cm™ required to induce Ennoblement would be reached within é few hours to a few

months. This time scale agrees with the period of a few days to ca. one month™ required for

Ennoblement to develop on metals exposed to oxic natural waters.
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Conclusions

Manganese-oxidizing bacteria are widely distributed in nature and cause -a variety of

36
T

industrial problems ranging from ‘dirty’ drinking water” to fouled heat exchangers®’.
Numerous reports during the past two decades have also associated these bacteria with
stainless steel corrosion'> 16,38, 39 but the biological origin of the corrosion process has never
been established. Over roughly the same peﬁod, an increasing awareness of the corrosive
effects of biofilm formation on stlainless steel has evolved and the Ennbbl‘ement phenomenon
has been considered a principal factor in the corrosion process””. The results presented here
link these separate observations to a common cause, biomineralization of MnO,, and validate
the biological mechanism of Ennoblement. Based on these findings, Ennoblement and the

associated risk of corrosion must be added to an already extensive list of industrial problems

caused by manganese-oxidizing bacteria.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

Overview

f -
Manganese- and iron-oxidizing bacteria (MFOB) are widely implicated in microbially

influenced corrosion, often in association with sulfate-reducing bacteria (SRB). Traditionally
MFOB have been assigned a passive role in the corrosion process, promoting differential
aeration cells, and providing oxygen depleted conditioné conducive to the -growt}:; and
corrosive attack of SRB. Recent work, summarized in ‘this article, demox;strates that
manganese biofouling alters the electrochemical behavior of stainless steel (SS), and suggests
that MFOB are more active in localized corrosion thaﬁ traditionally held. The paper discusses
the chemistry and potentially corrosive impact of manganese and iron oxides on SS, explores
the possible relationship between MFOB and SRB, and proposes a model .to describe the

synergistic influence these organisms may exert in the corrosion process.
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Introduction

A survey of the literature on microbially influenced corrosion raises several notable
points: 1) sulfate—reduciﬁg bacteria (SR]é) have an unparalleled reputation as agents of
localized microbial attack of ferrous m’etals, 2) manganese- and iron -oxidizing bacteria
(MFOB) are often present within the tubercles surrounding the corrosion sites, and 3) MFOB
are considered to pr_o’mote corrosion primarily by forming mineral deposits that occlude the
metal surface. Consequent corrosion is attributed to differential aeration, colonization
succession by SRB, and the SRB related processes thought to occur within the corrosion
tubercle (e.g. diminished rgdox potential, cathodic iron sulfide formation, hydrogen
depolarization, chloride counter-ion accumulation, acidifying metal-ion hydrolysis).

During the past decade, a few reports have suggested that MFOB play a more active
electrochemical role in localized corrosion of SS. Duquette and Ricker' proposed a chemical
basis for MFOE attack entailing f‘ormation of aggressive ferric and manganic chlorides and
Linhardt? demonstrated that MFOB can induce massive pitting failure of SS. In addition, itis
known that manganese oxides exhibit strong ‘cathodic activity when coupled to passivle
metals’. . Despite these considerations, the electrochemical basis for MFOB induced corrosion
has as yet received little atfention. Recent work in our laboratory® has demonstrated that
manganic oxide biofouling can account for the phenomenon known as Ennoblement, in which
corrosion potential (Eer) and cathodic current density increase dramatically during microbial
colonization of passive metals. The findings support the electrochemical role of MFOB in

corrosion processes and invite closer consideration of the corrosive influence of MnO,. The
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present work summan'zés our findings concerning the nature and electrochemical
consequences of manganese biofouling and outlinés the possible scope of MFOB related
corrosion. The paper also proposes a mechanism for MFOB' induced pitting of SS, and

suggests a basis for synergistic corrosive attack by MFOB and SRB.

MFOB and Localized Corrosion

Reports linking MFOB to localized corrosion consist largely in detection of MFOB

and elevated iron and manganese levels at the corrosion site. A quote from Tatnall® is

illustrative;

“scattered throughout the (corrosion) mound will often be found filamentous
or stalked iron-oxidizing bacteria ... high numbers of Gallionella iron-
oxidizing bacteria and Siderocapsa iron- and manganese-concentrating
bacteria...and high levels of iron, manganese, and chloride. Under each of
these mounds was found a subsurface pit... Failures of this sort have been
reported at numerous sites world-wide.”

While reports of corrosion attributed solely to MFOB activity are becoming more

numerous>** by far the majority of case histories still note an association between MFOB and

SRB at the corrosion sites. Thus Videla and Characklis’ state that

“metal-oxidizing microorganisms create environments for the accumulation of
chloride ions and form acidic ferric chloride and manganic chloride, which are
corrosive to SS. However the main mechanism used by this kind of tubercle-

. forming bacteria is the production of differential aeration cells. ... In all cases, -
corrosion enhancement is largely due to the presence of SRB in the inner area
of the tubercle.”
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Although there is an increasing awareness that ‘in cases of anaerobic corrosion, SRB are
seldom if ever the ‘sole organisms present, and other mechgnisms of microbial corrosion are at
least potentially active’® the prevailing opinion remains that MFOB promote corrosion
pﬁman'ly by establishing differential aeration cells and oxygen-depleted conditions conduci\./e
to SRB growth. Our recent work on Ennoblement suggests that another mechanism is indeed

‘potentially active’.

Stainless Steel Ennoblement

Ennoblement refers to the several hundred millivolt noble shift in E, and the
accompanying 2 to 3 decade increase in cathodic current density that develop when SS or
other passive metals are ;:olonized by nﬁcro'org'anisms n natu;al waters. Figures 8.1 and 8.2
illustrate this behavior for Type 316L SS (UNS 31603) during #x situ exposure to fresh river-
water. The apparent limiting potential between +300 and +400 mV (all pote’;ials vs. the
saturated calomel electrode, SCE) is characteristic of nearly all reported cases of
Ennoblement. In a.series of recent expeﬂments4’9, we demonstrated the following points
concefning these pheﬂomena: 1) MFOB and Mn-rich mineral deposits accumulate duﬁné
Ennoblement; 25 chemical dissolution of the manganese deposits shifts Ecor to pre-exposure
values; and 3) SS coated with MnO, paste exhibits electrochemical behavior nearly identical
to that displayed by Ennobled coupons (Figures 8.1 and 8.2 include the electrochemical
behavior of MnO, paste. coated coupons). Based on these results and the thermodynamic

potential for one-electron reduction of MnO, we concluded that biomineralized manganese,
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reacting according to equation 8.1, is'responsible for the increase in potential and cathodic

current density observed during Ennoblement.

y MnO, +H,0+¢” & y MnOOH +OH~ B e =+335mVsee (8.1)

MnO, deposited on the metal surface acts as an attached cathode to dépolan'ze the
metal. The increasing cathodic current density shifts Ee.r in the noble direction until the
reduction potential for MnQO, at the experimental pH is reached; at this point Ecor remaips
fixed by the solid-phase redox equilibrium. Our experiments confirmed that once sufficient
MnO, was applied to shift Eeoe to +350 mV, application of additional material caused no
furtherl increase in potenﬁal.

The electrochemical influence of metal-oxide biofouling very likely extends to iron-
oxides as well. The thermodynamic potential for reduction of ferric oxide to magnetite' is

given as:

3Fe, 0, + H)0+26™ = 2Fe;0, +20H E g5 =-529 mVsce  (8.2)

Typical values of Eco for mild steel at neutral pH lie near -700 mV, significantly more negative
than the reduction potential shown in equation 8.2. Thus, ferric oxides are thermodyﬁanﬁcally
unstable on mild steei in aerated media and may accelerate corrosion by cathodically
.depolariz_ing.the metal. The possibility has been investigatéd for wet/dry rust cycles'>" but the
influence of ferric oxide biomineralization on the corrosion of mild steel has yet to be
investigated. In contrast, the potential in equation 8.2 is lower than Ecor for SS in aerated
medié, indicating that under ‘aérobic conditions, ferric oxides will not cathodically depolarize

SS.
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500 h

time (h)

Figure 8.1. Eearvs. time for 316L stainless steel coupons during in situ exposure to fresh
river-water. Data points for 3 coupons used for polarization measurements are shown,
while shaded area envelopes curves for 23 coupon set. At times denoted by arrows,
cathodic polarization curves were measured. Horizontal dashed line indicates potential
for MnO2-Paste coated coupon.

Galvanostatic reduction behavior shown in figure 8.3, for 316L SS in the presence and
absence of Ennoblement illustrates the cathodic character of surface oxides. Galvanostatic
reduction is commonly applied to investigations of passive films1 and in battery research and
is carried out by applying constant cathodic current to samples in deaerated (depolarizer-free)
electrolyte. In the absence of dissolved faradaic reactants, the electrode is rapidly polarized to

the stability potential of adsorbed surface phases, followed by a potential lag as the surface

phase is reduced. The potential lag near -550 mV visible in figure 8.3 is attributed to ferric
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oxide reduction13 and shows the close agreement between thermodynamic stability potential
(cf. equation 8.2) and onset of oxide reduction. The lag at more positive potential exhibited
by the Ennobled coupon is assigned to MnOz reduction. While, in this latter case, lag potential
and stability potential (cf. equation 8.1) do not match, the difference can be attributed to
polarization effects, and indeed, the potentials converge as the applied current density is

diminished9.

-e—pre-exposure
-e— 160 h exposure

B¢ 500 h exposure
-B - Mn02 coated

Log I (Acm -2)

Figure 8.2. Cathodic polarization curves for 316L stainless steel coupons after different
exposure intervals in fresh river-water, and for an unexposed coupon coated with MnO?2
paste. Measurements were made in air saturated OOIM Na2S0O4/ pH 8.4.

MIC of SS is characterized by reddish-brown mound-shaped or volcano-like deposits

connected by pin-hole perforations to large subsurface cavities515 In some cases, the surface
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perforations can be microscopic1617. Based on our Ennoblement studies, we propose that this
form of MIC may result from the electroactivity and specific morphology of the manganese

deposits produced by MFOB.

Ecorr = +314 mV (SCE)

Ecorr =-75 mV

time (s)
Figure 8.3. Galvanostatic reduction behavior for two 316L stainless steel coupons in
deareated 0.1 M Na2SO4/ pH 8.5 after 4 months exposure to fresh river-water. 2.5 |iA

cm"2applied current. Ecorvalues are at the end ofthe exposure period.

Proposed Mechanism of Pit Formation by MFOB

It was shown49 that stainless steel Ennoblement is caused by deposition of
biomineralized manganic oxide on the metal surface. Figure 8.4 shows the distinctive ring-
shaped morphology ofthe manganese-rich deposits formed in fresh river water. The rings are
10-20 pm in diameter, approximately 3 pm thick, and frequently contain clusters of individual
bacterial cells within the 3-4 pm diameter central void. Figure 8.5 shows the microbial

characteristics associated with the rings for biofilm formed on 316L SS in fresh river-water.
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The photograph, obtained using epifluorescence microscopy, reveals sheathed cells
characteristic of the Leptothrix-Sphaerotilus group and cell clusters within the rings
characteristic of Siderocapsa bacteria. Both genera are known to deposit manganese, and in
our experiments, manganese-oxidation was exhibited by separate cultures of both filamentous
and sheath free cells isolated from Ennobled coupons. Manganese enrichment within the
annularldeposits is shown in figure 8.6.

The ring—bacterial cell taxonomﬁr, in the presence of MnO,, suggests the following
mechanism as the basis for the characteristic subsurface pitting obseryed in MIC of SS:
Ennobled potential due t§ cathodic MnO, depolarization, coupled with diminished redox
potential caused by microbial respiration, increases the interfacial potential difference within
the rings to a value exceeding the critical pitting potential (Ey;). This occurs before By for
metal exposed to bulk solution is reached and leads to preferential pit nucleation within the
rings. Enhanced pit nucleation in turn increases the probability that stable pit growth will
develop. The fixed MnO, cathode would initially prevent the pit from spreading but would
support relatively large anodic cufrents, leading ;co the microscopic surface openings. Once
stable pitting develops, active corrosion currents may consume the available MnQ,, removing
the fixed cathode and allowing the surface openings to broaden. The combination of ferrous
corrosion products and continued iron and manganese biomineralization around these sites
would result in ‘visible. red-brown mounds. By this mechanism, MFOB can be expected to
promote SS pitting even in fresh waters. The combined influence of MFOB and colonization
succession by SRB would be potentially even more damaging, since the risk of pit nucleation

would increase as SRB activity further decreases redox potential within the rings.
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Evidence to support the above model can be obtained by considering the anodic
current required to sustain SS pitting. The ‘pit stability product’ required for stable pit growth
on 304 SS is 3 mA cm™ ™*. For hemispherical pits constrained to the 3-4 um diameter area
within the rings (figure 8.4), this would.correspond to about 5 pA. Figure 8.2 shows that
‘Ennob'led SS of a few cm” area would support this current at potentials that still exceed Epit '
(-50 mV at 0.5N NaCI'™), indicating that a greater density of metastable.pits can be sustained
by manganic oxide depolarization than by oxygen depolarization alone. The greater density,
increases the probability that a metastable pit will stablilize. In addition to increasing the
density of metastable pits, the ring shape would serve as a barrier to diffusion of cations from
the metastable site, lowering the “pit stability product’ required to maintain the high cation
anolyte concentrations fequired_ for pit growth.

The mechanism described above has some similarities to previous arguments relating
SS pitting to manganese biofouling' but differs in a,ﬁmc'iamental Wlay, and, contrary to.the
previous discussions, is based on experimental evidence that manganese biofouling strongly
shifts By in the noble direction. In past‘ discussions, the corrosive agents produced during
MFOB biofouling are considered to be ferric and manganic chlorides. The argument assumes
that metal ions produced during om'dation of the substratum necessitate accumulation of
counter anions (typically chloride) at the metal surface to maintain charge neutrality. ‘Chloride
accumulation in the presence of MnO, presumably results in an aggressive manganic chloride
solution. While this mechanism suggests that mangar;ese biofouling intensifies attack -once
corrosion is initiated, it does not address the possible mechanism in which MnO, fosters

corrosion By enhancing pit nucleation and sustaining greater metastable pit density.
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Figure 8.4. Reflected-light micrograph of annular deposits on 316L stainless steel
coupon after 13 day in situ exposure to fresh river-water. Stainless steel substratum is
visible outside the rings and within the central void.

10um

Figure 8.5. Epifluorescence micrograph of acridine-orange stained biofilm on 316L
stainless steel after exposure to fresh river-water. Bacterial cells centrally located within
annular deposits as well as sheathed filamentous bacteria can be seen.



158

5 uar
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Figure 8.6. EDS maps of annular deposits on 316L stainless steel coupons confirming the
presence of Mn, Ca, 0, and C.

MnO? Induced Corrosion

To demonstrate that MnO2 can induce corrosive attack of SS, chemically prepared
MnO2pastedwas applied to a 304L SS coupon, and the coupon was immersed in 0.05N NacCl
solution carbonate buffered at pH 8.2, while Ean+ was monitored and linear polarization
resistance (Rp) was periodically measured. As shown in figure 8.7, Ecmn exhibited a series of
negative excursions that were accompanied by a sharp decrease in Rp. The behavior is

interpreted as follows: ) cathodic depolarization by MnO?2 elevates Eoon above Ept (Ept =
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0.12V in 0.05N NaCl-pH 8.2, unpublished data); 2) increased corrosion current caused by pit
initiation anodically depolarizes the electrode, with MnO2furnishing the cathodic current; 3) as
Eaitfalls below the protection potential (Epd), anodic current drops, and Eadr again increases.
The process is the same as for active-passive cycles with dissolved oxygen (DO) as the sole
depolarizer, with the marked distinction that the elevated cathodic currelnt supplied by MnO2
(cf. Figure 8.2) requires a higher anodic current to polarize Eairto Epat. Thus more numerous

or more active pits must form before repassivation can occur, increasing the risk of stable pit

formation and localized damage.

P 01 770 kohm-cm?

56 kohm-cm

10000 15000 20000
time (s )

Figure 8.7. Eodrvs. time for M n0O2paste coated 304L stainless steel coupon in 0.05N
NaCl / pH 8.2. Polarization resistance at two points during exposure is shown.
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Potential Scope of MFOB Related corrosion

In view of the proposed mechanism of microbially induced pitting of SS, the question
arises, ‘how pervasive is MFOB corrosion?’ Only a few of the reports published since MIC of

> S-20-

SS was first noted in the early 1970 have included manganese analysis of the corrosion

productss’ls’w’ﬂ. Neverthéless, the widely. acknowledged role of MFOB in tubercle
formation?* indicates that these bacteria are prevalent; and indeed these organisms are
known to be broadly distributed in soils and natural waters””. While reports of MFOB
related corrosion have most frequently implicated the freshwater genera Siderocapsa,
Gallionella, and the filamentous bacteria Leptothrix and Sphaerotilus, a far broader range of
organisms are known to deposit manganese. These include the bacterial genera Bacillus,
Pseudomonas, and Micrococcus®™, numerous marine bacteria, and a variety of algae, yeast and
fungi®®. Schuett et al.® isolated forty-seven strains of manganese-oxidizing bacteria from
manganese nodules, sediments, and seawater in the Pacific Ocean and the Mediterranean Sea;
Moffett®® demonstrated microbially-mediated oxidation of manganese(II) in seasonally anoxic
coastal waters; and Cowen and Silva®! estabiished the presence of manganese-oxidizing
bacteria and biomineralized manganese on macropaﬂiédate material in the oceanic water
column. Such reports underlie the pronouncement that “microorganisms are, either directly or

indirectly, the major catalysts of manganese cycling in the natural environment””’

and indicate
that manganese biofouling can be expected under a variety of natural conditions.

The extent of corrosion caused by manganese biofouling has yet to be assessed. The

ability of manganese deposits to depolarize SS is at least partially dependent on where the
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deposit is located relative to the metal surface since the mineral must be within charge-transfer
distance or must be embedded in electrically conductive material. Thus in our experience,
adherent deposits such as those depicted in figure 8.4, are effective depolarizers, while
deposits broadly distributed within a polysaccharide biofilm matrix may cause Ecor to shift only
slightly, if at all. Furthermore, the extent of Ennoblement may be influenced by the rate of
manganese deposition. That is, MnO, accumulation will reflect both the rate of biological and
chemical deposition and the rate of removal by discharge through the metal corrosion current.
We detefmined rates of cathodically active MnO, deposition between 0.57 and 3.1 mcoul cm™
day™ for 316L SS exposed to fresh river-water’. For a one-electron reduction accofding to
equation 8.1, the cathodic material deposited at these rates would be discharged by between 6
and 36 nA cm? of anodic current. Initially, with Ecor near the pre-exposure value, anodic
current will be balanced by DO reduction, allowing MnO, to accumulate; however as MnO,
deposition shifts E. in the positive direction, more and more cathodic current will be supplied
by MnO, reduction. Only metals with low corrosion currents (i.e. noble or passive metals)
will allow MnO, to 'accumulate sufficiently to reach Ennobled potentials. MnO, accumulation
will also depend on the nature and activity of the organisms causing deposition, and on the
redox, chemical, and physical characteristics of the environment. As an example of the
possible influence of physical conditions, we speculate that inhibition of Ennoblement, which
has been observed for sunlight-irradiated seawater> may Be caused by photé—ixﬂﬁbition of
enzymatic manganese oxidation™, that prevents MnQ, deposition.

Manganese oxidation rates (biological plus chemical) have been determined in a

number of natural environments® but these are typically reported as Mn(Il) uptake rates
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(moles liter™" hour™) It is difficult to relate these rates to deposition of cathodically active
material since the surface area of the particulafe materjal (on which the deposiﬁqn is presumed
to occur) is generally not known. Nevertheless, if all Mn(II) oxidation were to deposit MnO,
on a metal surface placed in solution, the above studies suggest that deposition rates as high as
4000 nmoles day™ per liter of s_olution may be encountered in some natural environments.
This would have a very strong influence on the cathodic performance of the metal.

A better perception of the extént of potentially destructive manganese biofouling is
gained by considering the. reported instances of Ennoblement. In sepa/rate studies, the
electrochemical behavior of passive metals exposed to fresh, estuarine, and marine waters at
more than a dozen sites world-wide has been examined. In all but two of the reports, Ecor Was
observed‘ to increase to values exceeding +300 mV at rates between five™ aﬁd several
hundred® mV day™. If these experiments are representative of the behavior of SS exéosed

to natural waters, then the risk of pit initiation due to manganese biofouling is significant.

MnQ, and SRB: Chemistry within the Deposits

A possii)le symbiotic relationship between MFOB and SRB has been noted above.
SRB are obligate anaerobes and under natural conditions, depend on the action of aerobic and
facultative anaerobic microorganisms to generate oxygen depleted ‘conditvions. MFOB
respiration coupled with a deposit morphology that impedes o;cygen transport cén reasonably

be expected to provide such conditions, and this point has been raised repeatedly in the
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literature™*.  In light of the chemicai and electrochemical reactivity of MnO, however, a
number of possible chemical aspects of MFOB/SRB symbiosis also bear consideration.
Hamilton™ has noted the limited nutritional spectrum of SRB. The bacteria can utilize
small organic acids and alcohols, but are generally unable to grow on carbohydrates or

biopolymers. To quote further,

“Although SRB are strict anaerobes, it has been noted that in sediment
systems they demonstrate maximal activity within a few. centimeters of the
aerobic/anaerobic interface. Almost certainly this reflects nutrient input from
the metabolic activities of other aerobic and facultative organisms also present
but with greater biodegradative capability than the SRB, and the availability of

biotic and abiotic oxidation of the produced sulphide to which the SRB are
themselves sensitive.”

Nutrent Production

Sunda and Kieber’’ have recently reported significant levels of pyruvate formation by
MnQO, oxidation of humic substances in natural waters. They speculate that manganese
oxidation has evolved as a means by' which abundant but biologically refractory humic and
'ﬁleic acids can be converted to low-mol;ecul‘ar-weight biological substrates. They measured
pyruvate formation rates of 10 nM b for 2 mg L™ fulvic acid in the presence of 55 mg L" of
suspended MnQO,, and noted that total production c_>f small organic. substrates including
alcohols and short cﬁain organic acids is likely to be considerably greater. We previously
measured- MnO, bidfouling rates greater than 1 ug cm? day” on 316L SS exposed té
fver-water’. The MnO, is contained almost completely within the annular deposits shown in

figure 8.4, which numbered approximately 1600 rings mm? after 7 days exposure. From




164
these values, a mass of 44 ng MnO, per ring is calculated.' Treating each ring as a tiny
reaction vessel, and applying the following simplifying assumptions: _1) stagnant sélution
containing 2 mg L™ fulvic acid permeates the roughly 15 pm diameter x 3 pm thick volume of
the ring plus central void (volume of ﬁng plus void, 5 x 10™ L; substratum area’ beneath
central void, 1.2 x 10" m?), 2) all MnO; in a ring is accessible for reaction with the stagnant
solut_ioni 3) the 10 nM h™ rate for 55 mg L of MnO, can be extrapolated to the grossly larger
_ MnO, weight to solution volume ratio within the n'ngs; and 4) pyruvate removal by mass
transfer can be ignored; a pyruvate production.rate of 15 uM k! within the rings can be
estimated. For a ring volume of 5 x 10’13 L, a production rate of 7.5 X 10" moles h! per ring
is estimated. Characklis and Marshall*® reported glucose removal rates of about 2.8 x 10
moles m™ h™* for a 10 pm thick mixed culture biofilm. Converting this to a pyruvate removal
rate based on a pyruvate/glucose ATP ratio of 0.4 for aerobic metabolism, gives a value of 7 x
10 moles m2 h™". For a biofilm area of 1.2 x 10 m? a pyruvate consumption rate of about
8 x 107 "moles h? within each ring is calculated. Thus, pyruvate produced by MnO,
oxidation of fulvic acid is estimated to furnish roughly one-tenth of one percent of the
substrate demand within the rings, ‘and as noted, pyruvate may represent only a sméll fraction
of the total assimilable organic carbon produced during fulvic acid degradation. This coarse
calculation provides a modest test of Sunda’s hypothesis concemir;g the evolutionary selection
of manganese Bionﬁnera]ization, and sﬁggests that MFOB activity cquld generate modest -

levels of organic substrates for SRB growth.
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Sulfide Removal

Sulfide is known to repress SRB growth®>* and standard culture technique for these
organisms includes addition of ferrous iron that detoxifies ;che media'by fonﬂation of FeS%.
’fhis same process may protect SRB during growth in the presence of active ferrous metal
dis,solu’tion, as would occur during corrosion of mild steel. For SS in the passive state,
however, ferrous iron production will be negligible, and the above mechanism of sulfide
removal will not be operative. Under these conditions, other sulfide re@oval mechanisms may'
be important to SRB growth, and one such mechanism is su]ﬁae removal by reaction with
MnO,.

MnO, is reduced by bisulfide ion in natural waters according to the reaction™
5 MnO,+HS™+3H* = Mn**+ 5°+2H,0 (83)

and MﬁOz may. further oxidize elementﬁaI sulfur to sulfate®’. | Reaction 8.3 is rapid and
quantitative, and provides a substantial removal mechanism for microbially produced sulfides
in anoxic waters. The same procesé may be the primary mechanism coﬁtro]]ing sulfide toxicity
during initial SRB growth. on passive SS, and so may promote pit nucleation by fostering SRB

‘growfh as described in the Mechanism of Pit Formation above.

Reactions with Corrosion Products

Once pit nucleation occurs within a ring, MnO, chemistry may continue to influence

the corrosion process. Thermodynamically favored reactions such as 8.4 and 8.5, would serve
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to oxidize ferrous corrosion ﬁroducts and deposit hydrous ferric oxides.- Oxide accumulation
near the pit nucleation site would serve as an added barrier to Cr’* diffusion and so would
- promote the high concentration of this acidifying cation required for metastable pit growth.
The result would be similar to'porous cap formation that occurs in conventional pitting of SS
.when ferrous ion is oxidized by dissolved oxygen”. The role of MnO, in forming the barrier
may be particularly important for processes occurring in the low oxygen conditions at the base

of a biofilm where ferric oxide deposition might not otherwise occur.

FeZt +MnO, +20H~ = FeOOH+MnOOH = - ' (84
2Fe2t +MnO, +20H~ = 2FeOO0H +Mn2t : (8.5)

In the presence of sulfides, an additional process may occur as insoluble FeS is

2+ -41-

oxidized by MnO; to f)roduce SO, and regenerate Fe Fe’* may then be oxidized
further by reactions 8.4 and 8.5. The net result Wo‘uld be to shift the location of surface
" occlusions that form during the conosion process. The actual influence of MnO, on the .
corrosion chemistry will irery likely depend on the spatial relationship between the deposit and
the nucleation site; near surface pH and oxygen gradients; the geometry of the ferrous ion
plume emanating from the pit; counter-ion access; and whether SRB are present.
Micfobiological analysis coupled with micro-electrode measureménts of DO, S*, redox

‘potential, and pH within the rings before and after pit initiation would help clarify the actual

pitting process.
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Model for MFOB/SRB Induced Corrosion

The proposed chemical interactions between MnO, and SRB, together with the

electrochemical effects already described, make it possible to propose an overall synergistic

relationship between MFOB and SRB in promoting SS corrosion. The following model is put

forth:

1)

2)

3)

4)
5)

6)

7)

SS is colonized by heterotrophic MFOB which consume oxygen and produce MnO,-rich
deposits;

the deposits i) physically impede oxygen trénsport, allowing oxygen depleted conditions
to develop,; ii) oxidize natural polymeric substances to produce organic substrates suitable
for SRB growth; and iii) elevate metal potential by depolarizing the cathodic process;

SRB colonizatioﬁ, which develops under the favorable growth conditions, lowers rédox'
potential within the deposits by producing sulfides;

sulfide toxicity is controlled by oxidation at the MnO,, deposits, furthering SRB growth,
the combined electrochemical effects of elevated metal p(').tential and diminished redox
potential raise the interfacial potential difference within the deposits above the critical

pitting potential, causing pit nucleation;

elevated cathodic current density provided by the MnO, prevents repassivation of the

'nucleation sites and increasés the probability of stable pit growth by supporting a greater

density of metastable pits;

MnO, deposits impede diffusion of acidifying corrosion products, and so promote the

high anolyte cation concentrations required for stable pit growth.

Figure 8.8 shows the overall nature of this process. While the key role of MnQ, inSS

Ennoblement has now been established, several of the steps in the model are based on

theoretical arguments that clearly invite continued research.
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Oxygen Depletion

Hurries
FeOOI
NW(IKI) 11/20,42011 -» W), +11D SO,
lowreA>xp ¢ S Il Fe2 MQCHCH
Ennobled
Stainless Steel

Bacterial Cells

Figure 8.8. Proposed model of corrosion processes within biomineralized MnO2 deposit
containing SRB. MnO2depolarization shifts Eaitto values exceeding Ept at local sites of
diminished redox potential. Cross-section through annular ring is shown.

Concluding Remarks

Manganese biomineralization is a widely distributed process in natural waters. Results
from recent experiments on Ennoblement have demonstrated that this process profoundly
alters the electrochemical behavior of SS and suggest that biomineralized MnO2 may be

responsible for widely observed pitting corrosion of microbially colonized SS. It has been
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shown that, at modest chloride concentrations, MnO, coated SS exlﬁbi"cs behavior typicai’ Qf
pit initiation, and it is suggested that an annular deposit morphology may compound the
corrosive effect by serving as a barrier to oxygen pt_enetr,ation and‘ cation removal. SRB-
. succession within manganese biofouling deposits may intensify the corrosive effect of MnO,
by diminishing redox potential; and both chemical and physical interactions between MnO,
and SRB are expected to promote SRB succession. Defining the ecological and corrosion

relﬁtionships between MOB and SRB will be an important next step in controlling microbially

influenced corrosion of stainless steel.
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APPENDIX

Galvanostatic Pulse Circuit and Derivation of Equation 3.20

Equation 3.20 is based on a simple parallel combination of Faradaic resistance, R;, and
interfacial capacitance, C, as the model for the electrode-solution interface. Faradaic or

polarization resistance is interpreted as the value of Ma / Ly, near Ecor. This relationship is

obtained for small values of 2.3 llgf-‘— by making the substitutions:

Taer o 3Tet
e =1+230m g e A =1-2370
ﬂc ﬁa

in equation 3.17 to give:

Poo=i (1 + 2.3Mj - (1 ~23 ﬂj (A1)

ﬂc ﬂa

. 77act‘ . .
Solving for —*~ gives:

Tt _R with R, = Dol (A2)

imea.s’ P d 2'3 iCOrr (ﬂa +ﬂc)

Figure A.1 depicts the circuit model for a constant current, T, applied to the electrode

interface.
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act

Figure A. 1 Equivalent circuit for constant current applied to an electrode-solution interface

A physical interpretation of the circuit indicates that the applied current will charge the
capacitance, increasing the voltage across the resistance until a steady-state potential is
reached at which all applied current flows through the resistance. Analysis of the circuit
allows the time dependent activation overvoltage, Tjegt, to be determined as a function of Igp

and the component values Rpand C.

J _ Vact _I_Q< d_|act (A.3)
"oa, M odf

Mapp _  rlact _i_r’\ rJ act (A4)
C RpC dt

apply the integrating factor, e RC :

(AS)

taking the integral:



t

dividing by ¢™°
I R = 7.7act

app™ °p

at time zero, M = 0, so that D = IR,

—t

+De™

(A.6)

(A7)

(A8)

(A.9)

(A.10) & (3.19)

Naet is recorded as a function of time and the constants R; and C are obtained by non-linear

regression of equation 3.20.

A circuit to supply Iy, and measure 1. is shown in figure A.2. Naet corresponds to the

change in interfacial potential difference between the working and reference electrodes caused

by application of I, (assuming negligible uncompensated solution resistance). The working

electrode is at virtual ground, consequently the difference between the reference electrode

potential at time t, and the reference electrode potential at time zero is numerically equal to

Nt This difference is obtained by adjusting the output of the x100 difference amplifier,
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ADC524C, to zero before applying I, then recording the amplified signal as a cathodic value
of Ial;p forces the potential measured by the reference electrode to become more positive. Ly

was chosen to keep Mac below 10 mV, thereby assuring that the steady-state value of R, (=

et ) is independent of n.. Duration of the applied current was controlled either manually
app

through the del')ounced switch, Ty, or electronically through the 4538 monostable. The
monostable was used to apply constant current for accurately measured times of the qrder ofa
few milliseconds, allowing capacitance to be determined by the relation C = q /M. (qis the
charge generated by applying a constant current for a known duration). This approach was
generally less reproducible than the galvanostatic technique and was not used. To make a
measurement by the galvanostatic technique, logic low generated by I is inverted to drive
comparator 3 to the positive rail. This turns on the bidirectional VMOS switch and allows
voltage follower 4, cor;nected through either 1 kQ or 1 MQ, to. source current to the
summing amplifier 1A. All current applied to the summing pofnt flows through the working
electrode-counter electrode feedback path, producing .thef activation _oVervoltage, Maet, at the
working electrode. Use of the source connected VMOS switch allows either anodic or '
cathodic current to be applied. Current source 2 was used as a separafe polarizing current to
polarize the working electrode to a preset potential before applying L. This allowed
capacitance to be measured at various electrode potentials to determine if potential alone

influenced capacitance.
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Galvanostatic Pulse Circuit

Figure A.2 Galvanostatic circuit used to assess capacitance according to equation 3.20






