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The following is a concise review of the literature that addresses the impact of marine biofilms on two
phenomena—ennoblement of corrosion potential and sulfide derivitization due to sulfate-reducing bac-
teria. A universally defined mechanism of potential ennoblement has not been established. Extent of
ennoblement varies among locations and the extent of ennoblement for a particular material cannot be
used to predict an increased likelihood of localized corrosion. There is some controversy as to the suscep-
tibility of low- and medium-grade stainless steels. Carbon steel and copper alloys are susce ptible to sulfide
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1. Introduction

Two microbiologically mediated processes dominate the liter-
ature on microbiologically influenced corrosion (MIC) in natural
marine environments—ennoblement of corrosion potential values
(Ecorr) and sulfate reduction that leads to sulfide derivitization.
Ennoblement and sulfate reduction are global phenomena which
have been studied intensely since the 1980s producing extensive
literature on both mechanisms. High-grade stainless steels (e.g.,
Ni-Cr-Mo alloys), titanium alloys, and noble metals (e.g., platinum,
gold) are generally accepted throughout the literature to be capa-

* Carresponding author.
E-mail addresses: blittle@nrlssc.navy.mil (B]. Little), jlee@nrlssc.navy.mil
(J.S. Lee), ray@nrissc.navy.mil (R.1. Ray).

0013-4686/$ - see front matter. Published by Elsevier Ltd.
doi:10.1016/j.electacta.2008.02.071

ble of sustaining ennobled Ecorr without increased susceptibility
to localized (crevice) corrosion and resistant to sulfide derivitiza-
tion. Medium-grade stainless steels (e.g., UNS S31725, N08904) are
also capable of sustaining ennobled Ecorr. However, due to their
intermediate resistance in marine environments, these alloys are
highly susceptible to increased crevice corrosion propagation at
ennobled Ecorr [11]. Low-grade stainless steels (e.g., UNS S30400
and $31603)also experience ennobled Ecorr. With their high suscep-
tibility to localized corrosion in marine environments, maximum
ennoblement values are generally not obtained prior to the onset
of localized corrosion [11,15]. In regards to sulfide derivitization,
it is impossible to make predictions as to the impact on low- and
medium-grade stainless steels exposed in marine environments,
The well-known toxicity of cuprous ions does not mean that
copper alloys are immune to microbial colonization. However, only
those organisms with a high tolerance for copper are likely to have
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Fig. 1. Composite of E, vs. time data for materials exposed in natural seawater [1-12].

a substantial effect. Some copper alloys exposed in natural sea-
water do ennoble, but to a lesser extent than do stainless steels,
titanium, and platinum [12]. Most of the reported cases of MIC
of copper alloys in marine environments are not related to poten-
tial ennoblement, but are caused by the reaction of the alloys with
microbiologically produced sulfides [16-19].

The aim of this paper is to concisely review the literature on
ennobiement and suifate reduction in the marine environment and
present some reasons for the persistent confusion as to whether
either phenomenon is important in the corrosion of specific mate-
rials.

1.1. Ennoblement

At temperatures below 60 C, resistance to crevice corrosion
is the limiting factor for selecting alloys for seawater service and
crevice corrosion is the most critical issue affecting the perfor-
mance of stainless steels in seawater. Marine biofilms cause a noble
shift, or ennoblement of Ecorr for most passive alloys [1-79-11].
Theoretically, Ecorr ennoblement should increase the probability for
pitting and crevice corrosion initiation and propagation of some
passive alloys. Numerous researchers have shown that increased
cathodic reduction rates accompany ennoblement of Eco [2,5,9.11].
However, attempts to relate ennoblement to increased localized
corrosion have been inconsistent. Much of the on-going research in
the area of ennoblement in marine waters is directed at identifying
a unifying mechanism for the global observations.

Ennoblement of Ecorr has been reported in fresh, brackish and
seawaters around the world. The alloys tested include, but are not
limited to. UNS S30400, S30403, S31600, $31603, $S31703, S31803,
N08904, N08367, S44660, S20910, S44735, N10276, N06625, plat-
inum, gold, palladium, chromium, titanium, and nickel. Fig. 1 is
a composite graph [1-12] indicating Ecorr ennoblement for these
alloys over a 1-month period, Fig. 1 should only be viewed as an
iltustration of Ecorr ennoblement since water conditions (e.g, salin-
ity, temperature, chemical composition, immersion depth, and flow
rate), and exposure sites varied. In addition, maximum Ecorr enno-
blement values often are not achieved in the 1-month time frame
shown [8]. In fresh and brackish water, ennoblement is the result of

microbial deposition of manganese and localized corrosion of 300
series stainless steels has been related directly to the biomineral-
ized deposits on the surface [20-23].

A mechanistic interpretation of ennoblement in marine waters
does not exist. Little and Mansfeld [13] categorized the proposed
mechanisms for ennoblement in marine environments into three
categories: thermodynamic, kinetic, and aiteration of the nature of
the reduction reaction itself. Thermodynamic arguments for enno-
blement suggest that either a pH decrease at the metal/biofiim
interface or a local increase of the partial pressure of oxygen (po, )
raises the reversible potential of the oxygen electrode (Eg2 ). For aer-

obic biofilms, changes in Eg2 due to changes in po, would be smalt.
For seawater, a decrease of local pH from 8 to 3 would account foran
ennoblement of about 300 mV, assuming that the exchange current
density for the oxygen reduction reaction (1%2 ), specifically lg'; ,.and
the cathodic Tafel siope remain constant (Fig. 2) where the initial
Elorr. changes to E2,.; as Eq! increases to £,

Little et al. {15] measured the pitting potential (E,) in abiotic
chioride solutions at pH 4 and 2 and observed that E,, decreased
befow ennobled Eorr values determined in natural seawater, and
therefore dismissed the possibility that ennoblement is due to
reduction of surface pH. This conclusion was challenged by Chan-
drasekaran and Dexter [24] who suggested that Ep; for a stainless
steel covered by a biofitm might be different from that measured in
an abiotic solution. Nevertheless, the same authors conceded that
“all the observed ennoblement on stainless steel, particularly in fow
salinity waters, cannot be explained by pH alone.” Mollica et al. [7]
analyzing field test data, concluded, "the phenomenon of oxygen
depolarization on active-passive alloys covered by slime does not
depend on acidification of the substrate but, on the contrary, on a
light (sic) alkalization.”

Kinetic arguments for ennobiement suggest that the rate of
oxygen reduction at a given potential can also increase due to an
increase of ig'! to ig? leading to an increase of Eloyy to Ey; (Fig. 1).
Dexter and Gao [25] suggested that increased oxygen reduction
rates may be due to an increase of 1"2, mediated by biopolymer
metal complexes known to catalyze oxygen reduction. The nature
of these organometallic catalysts has been the topic of wide dis-
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cussion [5]. Holthe et al. [2] referred to biofilm catalysis of oxygen
reduction. Scotto et al. [10] attributed catalysis to the presence of
microbial enzymes and based this assertion on the abrupt drop in
ennobled Eqorr that accompanied addition of a respiratory inhibitor,
sodium azide, to a microbial film. Srinivasan et al. [26] pointed
out the ability of enzymes to accelerate electrochemical reac-
tions and noted the inhibitory effect of sodium azide on enzyme
electrocatalysis of oxygen reduction. They furtherreported that lac-
tase increased |gz on platinum approximately 40 times above that
observed in the absence of the enzyme. Johnsen and Bardal [4]
observed that the presence of a biofilm dramatically increased the
current density required to polarize stainless steel to a potential of
—400 mV vs. saturated calomel electrode (SCE), adequate to pro-
vide cathodic protection in seawater. They attributed this increase
to a lack of calcareous deposits and an enhanced oxygen reduction
rate beneath the biofilm due to an increase of l‘(’)z. The mechanism
of organometallic catalysis has been criticized, however, because
ennoblement is also observed on more noble metals, including tita-
nium and platinum, which lack transition elements thought to be
necessary to form catalyzing complexes [27]. The nature of the pas-
sive layer has also been suggested to play a role in ennoblement by
altering the reduction rate of oxygen [28]. Differences in the semi-
conductive properties of the passive film has also been suggested
to effect an alloys susceptibility to ennoblement [ 14,29].

In the previous discussion it was assumed that microorganisms
change the rate of the cathodic reaction and for neutral, aerated
solutions, the cathodic reaction is reduction of oxygen. It is possible
that microorganisms change the rate-determining step in an elec-
trochemical reaction or produce an entirely different mechanism.
Chandrasekaran and Dexter [24] suggested that reduction in sur-
face pH and production of hydrogen peroxide (H,0,) at low oxygen
concentration are important contributory factors for ennoblement.
The contribution of H;0; to ennoblement is related to its relatively
noble thermodynamic potential at low pH. Theoretically, at pH 2.9
and po, = 0.5ppm(0.015 mM), the presence of 8.2 mM H,0, would
produce an increase in the reversible potential of 0.5 V. These spe-
cific conditions have not been measured in an actual biofilm. The
authors measured H;0; concentrations ranging from 1.3 to 6.6 mM
on biofilmed platinum coupons after a 1-year exposure. Dupont
et al. [30] observed ennoblement of stainless steels exposed in
“biochemical artificial seawater,” artificial seawater amended with
glucose and glucose oxidase. The enzyme catalyzes the oxidation

of glucose to gluconic acid and H;0; [31]. Washizu et al. [32] exam-
ined the role of H,0; in ennobling biofilms by addition of catalase
and perioxidase, enzymes that are known todecompose H,0,. Con-
centrations ranging from 10 to 30 ppm (0.29-0.88 mM) H,0; were
identified in natural biofilms that produced ennobled Ecor values.
Addition of catalase or peroxidase to the bulk solution decreased
H,0; concentrations to below 0.5 ppm (0.014 mM) and ennoble-
ment was decreased resulting in Eqoe values observed in sterile
conditions. An important point should be made here. The previous
work by Scotto et al. [10] indicated that addition of sodium azide
resulted in some loss of ennoblement. In more recent work, Scotto
and Lai [33] tabulated enzymes inhibited by sodium azide, includ-
ing catalase and peroxidase which are identified as being reversibly
inhibited by sodium azide. These results would seem to contradict,
the enzymatic mechanism of ennoblement. Addition of sodium
azide to ennobled biofilms containing catalase or peroxidase would
inhibit the decomposition of H,0; and result in higher ennobled
Ecorr Values, not a sharp decrease in Ecqrr Values as reported earlier
[10.33]. These results suggest that neither enzymatic activity nor
H,0; production is solely responsible for ennoblement.
Theoretically it is also possible that Ecorr becomes ennobled due
to a decrease of passive current density (ip) at constant Eg;' 132.

and Tafel slope, leading to a change from E},, to E3 ., (Fig. 2). Eash-
war et al. [34,35] proposed a mechanism in which siderophores
(iron chelators) produced by microorganisms within biofilms at
neutral pH act as inhibitors and enhance passivity of the stainless
steel by reducing ip. Siderophores, produced by all microorgan-
isms, have been shown to possess excellent corrosion inhibition
properties. Hansen and McCafferty [36] demonstrated that a bac-
terial siderophore, parabactin, has an inhibitive effect on E; for
aluminum in NaCl. Eashwar et al. [35] predicted that siderophore
production and maximum ennoblement occur at pH 8. Their pro-
posed model has not been rigorously tested, but it does explain
Scotto's [ 10] observations of a drop in Ecor With the addition of
sodium azide. The respiration inhibitor would prevent formation
of siderophores. The theory involving enhanced passivation is also
consistent with the observation that very noble Ecorr values are
often maintained for long periods of time without any indication of
localized corrosion. Eashwar has called the theory “imaginary, but
... based on careful analysis of both the literature on ennoblement
and ecological factors inherent in marine biofilms.”

Martin et al. [14] compared ennoblement of several Ni-Cr-Mo
alloys (N06625, N10276, N06059, N064555 and N06686) and
$30403 at two coastal seawater locations—Key West, Florida and
Delaware Bay (Fig. 3a and b). The two exposure sites have different
temperatures and different salinities. Martin et al. [14] demon-
strated that Ecorr €nnoblement is site-specific, varying 100 mV vs.
SCE between locations, with higher potentials at Delaware Bay.
Localized corrosion was observed for alloy S30403 (attached to an
Alloy 59 rod) exposed in Key West (Fig. 4), but not in Delaware Bay.
In summary, the authors demonstrated that extent of ennoblement
varied between two locations and that the extent of ennoblement
for a particular material could not be used to predict an increased
likelihood of localized corrosion for a crevice corrosion prone alloy,
i.e. 304 stainless steel.

Most experiments on ennoblement have been conducted in
coastal environments. Dexter et al. [37] had previously reported
that manganese was found within biofilms on UNS $20910 coupons
exposed in Delaware Bay. Manganese has not been reported in
other marine biofilms. Delaware Bay is an estuary, which is strongly
influenced by the Delaware River. Water at this location has
been referred to as estuarine [1], coastal seawater [11], seawa-
ter [24] and marine [38]. Salinity in Delaware Bay water varies
from 25-31 parts-per-thousand (ppt) [1,11] to 26-33 ppt [38]. Man-
ganese distribution maps prepared by the U.S. Geological survey
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Fig. 3. Econr N1-Cr-Mo alloys and 304SS during 60-day exposure at (a) Key West, FL,
showing corrosion potential ennoblement approaching 300 mV in the first 30 days
114] and (b) Delaware Bay. showing corrosion potential ennoblement approaching
300 mV in the first 7 days | 14].

|37] indicate that the Delaware River basin is high in manganese
concentration. Therefore, Ecorr ennoblement in Delaware Bay may
be due to microbial manganese deposition and the data gener-
ated at that site may have little in common with data collected
from other coastal locations. In fact there may be other site-specific

environmental parameters that influence ennoblement at other
locations. Oceanographers recognize that the major constituents
of seawater do not change their ratios with changes in salinity. This
principal of constant proportion of seawater applies to the open
ocean and is not applicable in brackish water influenced by river
water [39].

Comparison of ennoblement data among investigators is com-
plicated because extent of ennoblement is affected by sample
size [40], flow rate [2,4,41], and temperature [2,6.41,42). Further-
more, ennoblement in marine waters has been measured for
boldly exposed metals with a crevice free surface, metals incorpo-
rated in crevice assemblies and polarized metals. In some cases,
anodes have been initiated galvanostatically and cathodes have
been pre-ennobled with biofilms to demonstrate some influence
of ennoblement. There are no reports of localized corrosion on
crevice-free surfaces even in the presence of ennoblement above
pitting potentials for the material [34].

1.2. Sulfate reduction

Susceptibility of metal substrata to derivatization by microbio-
logically produced sulfides is predicted by a thermodynamic model
proposed by McNeil and Odom [43]. The model for predicting SRB-
influenced corrosion is based on the likelihood that a metal would
react with microbiologically produced sulfide. The model assumes
that SRB MIC is initiated by sulfide-rich reducing conditions in
the biofilm and that under those conditions, the oxide layer on
the metal (or the metal itself) is destabilized and acts as a source
of metal ions. At the outer surface of the SRB, sulfide ions react
to produce sulfide compounds in micron-sized particles that are
in some cases crystalline. The consumption of metal ions at the
microbe surface is balanced by release of surface ions until the
oxide is totally consumed. If the reaction to convert the metal oxide
to a metal sulfide has a positive Gibbs free energy under surface
conditions, the sulfides will not strip the protective oxide and no
corrosion will take place. If the Gibbs free energy for that reaction is
negative, the reaction will proceed, sulfide microcrystals will redis-
solve and reprecipitate as larger, generally more sulfur-rich crystals,
ultimately altering the sulfide minerals stable under biofilm con-
ditions. The following is a summary of the mineralogical products
produced during SRB-influenced corrosion reactions:

400

- ' |
0 e T
0y o - '.', .0‘.
Lovr TR e )
=200 oo * T e
) $ e . '
‘é .4 - . h |
. * o
L4
100 4 »
L e e ]
> *0
£ s 2 3
SK 0 = > . . 0 1
§ H * e .
w % B ¢ . . |
oo . e . .
.‘!; Sabis L ) o Wi Tew g
-100 0932 ] ot e o 3 f t o e
¥, ‘::'! mg 'ﬁ;‘ :3.; g.C;! ”ss" ‘;J:.
H H ' "..o - " \ossf
-200 1 e
O fid
1300 s . = e ; o
4/28/2005 5/8/2005 5/18/2005 5/28/2005 6/7/2005 6/17/2005 6/27/2005

Day

Fig. 4. Ecor of 304SS control specimens at Key West, FL, showing periods of active corrosion, with ennoblement-driven E.o,, values visible between active corrosion episodes.

Measurements referenced using a Ag/AgCl/seawater electrode [14].
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* Ag—acanthite (Ag,S).

* Ag-Cu alloys—acanthite, argentite (the high temperature poly-
morph of Ag;S or jalpaite (Ag3CusS;)).

* Cu—complex suites of sulfide minerals: the most common
product is chalcocite (Cu;S). Final product in many cases is blue-
remaining covellite (CuS{.y).

* Cu-Nialloys—sulfide corrosion products similar to those of Cu but
with significant djurleite (Cus3; S;). No Ni minerals observed.

» Cu-Sn alloys—corrosion products similar to those in Cu.

e Fe (carbon steel)—final product is pyrite (FeS) with numerous
intermediates.

* Fe(stainless alloys)—rates are slower than pure Fe or carbon steel.
No Ni minerals have been detected. Stainless steels with 6% or
more Mo appear to be very resistant.

o Ni—millerite (NiS).

* Pb—galena (PbS).

The McNeil-Odom model [43] predicts that carbon steel and
copper alloys will be derivitized by sulfide. The model is limited
to thermodynamic predictions as to whether or not a reaction will
take place and does not consider metal toxicity to the organisms,
tenacity of the resulting sulfide or others factors that influence
corrosion rate. In the presence of oxygen, the possible corrosion
reactionsin a copper sulfide system are extremely complex because
of the large number of stable copper sulfides, their differing electri-
cal conductivities, and catalytic effects. Transformations between
sulfides, or of sulfides to oxides. result in changes in volume result-
ing in internal stresses that weaken the attachment scale and oxide
subscale leading to spalling. In the presence of turbulence, the
loosely adherent sulfide film is removed, exposing a fresh copper
surface to react with the sulfide ions. For these reasons turbulence-
induced corrosion and sulfide attack cannot be decoupled easily.

McNeil-Odom [43] predict that the rate of sulfide minerals for-
mation from stainless steels will be slower than for pure iron and
that stainless steels with more than 6% molybdenum will be very
resistant to derivitization. The model does not make specific predic-
tions for alloys. Laboratory experiments have attempted to provide
data, however the literature on the subject of SRB-influenced corro-
sion of passive alloys, particularly stainless steels with less than 6%
molybdenum, is contradictory. For example, Brossia and Yang [44]
exposed S30400 stainless steel in a deaerated (via nitrogen [N;]
bubbling) 0.5 M NacCl solution with an SRB (Desulfovibrio vulgaris)
and a slime-forming bacterium (Vibrio natriegens). They added
unspecified nutrients. They did not observe any significant corro-
sion. Yang and Cragnolino [45] exposed S30400 and S30403 to the
same solution inoculated with the same organisms. No pitting was
observed on either material. The authors specified that modified
Baar’s Broth medium and NaCl nutrient broth were added to the
test cells. The modified Baar's broth contained 1gL ! yeast extract.
The test cell was not deaerated. Webster et al. [46] concluded that
SRB-influenced corrosionin stainless steel is unlikely to occurin the
absence of oxygen in the bulk electrolyte. The author’s surmised
that cathodic current provided by the oxygen reduction reaction
(ORR) at discrete cathodic sites was required for high rates of anodic
dissolution. In contrast. Neville and Hodgkiess [47] evaluated cor-
rosion of five stainless steels (532760, S31803, $31603, S31254 and
a 25% Cr duplex) in a variation of Postgate’s B medium (0.1 wt%
yeast extract), inoculated with SRB. The medium was deaerated
with bubbling nitrogen. They reported increased susceptibility to
localized and general corrosion in marine environmentscontaining
SRB for duplex and austenitic grades of stainless steels even in the
absence of an efficient ORR cathode.

The reason for the conflicting results may be the varying labora-
tory conditions and the varying media used to represent seawater.
Two media are frequently used for SRB experiments: (1) a variation

of Postgate B medium and (2) artificial or natural seawater to which
nutrients and microorganisms are added. The relative consistency
of natural seawater, as previously described, has led to the devel-
opment of recipes for artificial seawaters. It is generally recognized
that artificial seawater mixtures do not approximate the complex-
ity of natural seawater, especially the organic material. Dexter [48]
concluded that synthetic seawater solutions were not free of organ-
ics. Instead, the organics were just different from those found in
natural seawater. Webster and Newman [49] examined the impact
of media constituents on localized corrosion of Fe-15Cr-10Ni
stainless steel crevices and made the following observations:
localized corrosion would not readily occur unless chloride (Cl )
was the predominant anion in the medium. They concluded that
Cl- must be present in a concentration at least comparable to that
of all other anions combined, otherwise corrosion was inhibited
even at high H;S concentrations up to 100 ppm. Reduction of the
ratio of Cl- to other anions increased the time to initiation and
decreased the rate of propagation of the corrosion. Other corrosion
investigators have concluded that extra nutrients cannot be added
to stimulate bacterial growth if those nutrients inhibit corrosion
by adding too many non-chloride ions [50]. Anions, including
sulfate, hydroxide, phosphate, acetate, carbonate, and nitrate can
inhibit pitting corrosion. It is possible that bacterial consump-
tion and fixation of nutrients, including sulfate could render an
initially inhibiting solution aggressive by removing non-chloride
ions [51].

An additional complicationin the interpretation of electrochem-
ical measurements in synthetic media is the effect of culture media
on the measurement. Webster and Newman [49] observed inter-
ferences in electrochemical measurements when yeast extract was
included in the culture medium/electrolyte. The interferences were
removed when the yeast extract was removed.

A third standard practice that can influence the outcome of
an experiment of a marine SRB experiment is the method of
deaeration. Lee et al. [52] demonstrated dramatic changes in the
chemistries and microflora of two natural coastal seawaters as a
result of storage and environmental conditions. Exposure to an
anaerobic atmosphere containing a mixed gas of nitrogen (N, ), car-
bon dioxide, and hydrogen generated the highest number of SRB
and dissolved sulfide concentrations. In contrast, sulfides and SRB
were not detected in anaerobic seawater maintained with bubbled
N;. Lee et al. [52] demonstrated that bubbling N, into natural sea-
water produced a pH shift from 8.0 to above 9.0, an environment
that was not conducive to the growth of SRB. Maintenance of sea-
water in an anaerobic hood with an anaerobic mixture of gases
produced a pH shift of 8.0 to below 7.0 and a significant increase in
SRB numbers.

2. Conclusions

It is impossible to predict the impact of ennoblement and sul-
fide derivitization on low alloy and medium-grade stainless steels
exposed in marine environments. Extent of ennoblement of Ecorr
varies among locations and the extent of ennoblement for a par-
ticular material cannot be used to predict an increased likelihood
of localized corrosion. A number of thermodynamic and kinetic
arguments have been used to explain experimental ennoblement
data. Ennoblement of stainless steels in seawater has been shown
to be the result of acceleration of the rate of the cathodic reaction
in the corrosion process. While it is generally assumed that this
reaction is reduction of oxygen as in abiotic solutions. it is possible
that reduction of H,0; plays a role in ennoblement phenomenon.
It is remarkable that frequently observed significant increases of
Ecorr ON crevice-free surfaces does not lead to localized corrosion
and sharp decreases in Ecorr. There may be multiple site-specific
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mechanisms for ennoblement of E.o in coastal seawaters. Ther-
modynamic models cannot predict the susceptibility of low- and
medium-grade stainless steels exposed in marine environments to
corrosion induced by SRB. Laboratory experiments designed to pro-
vide data on susceptibility of these alloys have produced conflicting
results.
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