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Biocorrosion

Michael ). Franklin and David C. White

University of Tennessee, Knoxville, Tennessee, USA and Oak Ridge National Laboratory,
Oak Ridge, Tennessee, USA

Recent studies have demonstrated that mechanisms of microbiologically
influenced corrosion are dependent on the biofilm populations as well as
the metal substrata, and that this type of corrosion represents a local
phenomenon in terms of both microbial biofilm distribution and activity,
and electrochemical activity. The combined approaches of electrochemists,
material scientists and microbiologists, using new on-line methods, will
continue to provide elegant new insights into the complex interactions
between multispecies biofilm consortia and metal surfaces.

Current Opinion in Biotechnology 1991, 2:450—456

introduction

Replacement costs and maintenance shut down caused
by microbiologically influenced corrosion (MIC) of metal
structures are problems in many industries. In addition,
the corrosion of long-term waste storage containers by
MIC is envircnmentally hazardous, MIC studies have been
initiated in order to better understand this costly and po-
tentially environmentatly catastrophic problem. This un-
derstanding should lead to more rational countermea-
sures for MIC.

Studies of the mechanisms of MIC represent a new
area of biotechnology. Several traditionally disparate dis-
ciplines must be combined in order to elucidate the
complexities of microbial interactions with metal sub-
strata. Some of the most important developments in MIC
research over the past vear have resulted from combi-
nations of nondestructive analytical and electrochemical
methods to characterize microbial biofilms and corrosion
reactions.

The reader is referred to several detailed reviews of MIC,
including proposed mechanisms of MIC {1¢*], the micro-
bial ecology of biofilms as it relates to MIC [2+*] and the
electrochemical techniques used to study MIC [3+¢]. In
this review, the results generated using newly developed
electrochemical and analytical techniques for MIC studies
will be discussed.

Non-destructive electrochemical MIC analysis

Mansfeld and Little [3**] have reviewed the electrochem-
ical techniques used to study MIC. Large amplitude po-

larization techniques have limited use in MIC studies be-
cause of the destructive nature of the applied currents to
the microbial biofilms. As a result, several investigators
have used techniques which require only small applied
potential (or none at all), w study the electrochemistry
of the biofilm-—metal interface, Among the techniques re-
cently used (in combination with biofilm analyses) are
open circuit potential (OCP) analysis, electrochemical
impedance spectroscopy, the dual-cell technique and the
scanning vibrating electrode technique.

Eifect of microbial biofilms on metal open circuit
potential

The OCP of metal in the aqueous environment is an im-
portant parameter in corrosion. The increased suscepti-
bility of stainless steel to pitting or crevice corrosion in
natural seawater has been attributed to the increase in
the OCP, caused in part by microbial biofilms. Little et
al [4e*] have used microelectrodes, as well as scanning
electron microscopy (SEM) with energy dispersive X-ray
analysis (EDAX), to evaluate the relationship between the
interfacial chemistry and the changes in OCP on stain-
less steel samples exposed to Gulf of Mexico seawater.
An increase in the OCP was observed when the sam-
ples exposed to natural lowing seawater were under con-
tinuous illumination. SEM and EDAX analyses revealed
that the illuminated samples were enriched with thick
biofilms primarily composed of diatoms. Microelectrode
analysis showed that the surface of the illuminated sam-
ples were aerobic (approximately 2 ppm O3) and the pH
at the interfaces was similar to that of the bulk seawater.
In contrast, under reduced light conditions, the potential

Abbreviations
ATR-FT/AR—attenuated total reflectance Fourier transform infrared spectroscopy; CEB—Center for Environmental Biotechnology;
EDAX—energy dispersive X-ray analysis; EIS—electrochemical impedance spectroscopy;
ESEM—environmental scanning electron microscopy; MIC—microbiologically influenced corrosion; OCP—open circuit potential;
PLFA—phospholipid fatty acid; QCM—quartz crystal microbalance; $CC—stress corrosion cracking; |
SEM—scanning electron microscopy; SVET—scanning vibrating electrode technique.

(©Current Biology Ltd ISSN 0958-1669






Biocorroston Franklin and White

dropped when the biofilm formed. The biofilms in re-
duced light conditions were composed primarily of bac-
teria, and the O, concentration at the metal-biofilm in-
terface was below detection limits. The authors propose
that the change in stainless steel OCP could be caused by
either thermodynamic effects, such as changes in the pH
or O, concentration, or kinetic effects, such as enhanced
catalysis of the O,-reduction reaction.

Interestingly, no significant change in OCP was observed
on stainless steel exposed to Port Hueneme, Califor-
nia seawater under either continucus illumination or re-
duced light [5+¢]. This lack of difference may have been
because of the very sparse biofilm on the surface of sam-
ples, as observed by SEM.

Effect of microbial biofilms on interfacial impedance

The impedance of metal samples exposed to micro-
bial biofilms has been studied using electrochemical
impedance spectroscopy (EIS). With EIS, small amplitude
sinusoidal signals over a large frequency range {(gener-
ally from 10 kHz to 5mHz) are applied to metal samples,
and the amplitude and phase shift of the resulting sinu-
soidal currents are measured. The interfacial impedance
is often modeled using electrical circuits containing resis-
tors and capacitors in seties and in parallel. The spectra
of responses provide information associated with corro-
sion, For example, EIS can provide values of polarization
resistance (which is inversely proportional to the corro-
sion rate), double layer capacitance and solution resis-
tance. In addition, using EIS analysis, models to study lo-
calized corrosion and three-dimensional surface deposits
have been developed (see [3*¢] for review). Recently, EIS
has been used, in conjunction with biofilin analyses, to
study the effects of both natural and laboratory-generated

biofilms on the corrosion of carbon steel and stainless
steels [5e= 6o 7o),

Mansfeld et af [3*+] have used EIS 1o study corrosion
associated with biofilms on stainless steel generated from
Port Hueneme, California seawater. These investigators
found little change in the polarization resistance of the
steel samples over time, and a small change in the double
layer capacitance, which could have been caused by the
presence of the biofilm. As with the lack of change in the
OCP, mentioned above, the lack of change in polarization
resistance may have been a consequence of the sparse
biofilm that formed on the samples.

Microbial biofilms are often complex stratified structures,
containing many physiological types of microorganisms.
Aerobic bacteria can create local anaerobic microenvi-
ronments which allow for the colonization of steel by
strictly anaerobic bacteria, such as sulfate-reducing bac-
teria. EIS studies have been performed recently in order
10 determine the effect of changes in community struc-
ture of attached bacteria on the corrosion of steel. Jack
[6¢¢] used a flow-through freshwater aerobic system to
study the differential effects of various combinations of a
strict aerobe (Bacillus sp.), a facultative anaerobe ( Haf
nig sp.), and a sulfate-reducer ( Desulfovibrio gigas) on
the corrosion of carbon steel. D, gigas was able 1 colo-

nize the surface of the steel, presumably within anaerobic
microenvironments produced by the aerobic organisms.
Using EIS, the author demonstrated that carbon steel with
the consortia containing D. gigas had a lower polariza-
tion resistance and therefore a faster corrosion rate than
steel without the sulfate-reducer. He also showed that
the specific combination of the Hefitia sp. and D. gigas
produced greater corrosion than any other combination,
including the triculture, even though the total cell num-
ber and the number of sulfate-reducers were less than in
the triculture. Thus, specific combinations of bacteria are
more important in MIC than the total cell numbers,

The biofilm community structures in these studies were
analyzed using cluster analysis of the phospholipid
fatty acid (PLFA) profiles. The community structure of
the laboratory-generated biofilms was compared with
biofilms associated with corrosion tubercles, and with
biofilms generated by enrichment cultures, It was found
that the natural biofilm had more complex PIFA pro-
files than the laboratory biofilms, and that none of the
laboratory-generated biofilms clustered closely with the
natural biofilms. However, interesting results were ob-
tained from the cluster analyses. The PLFAs of attached
versus bulk-phase bacteria clustered separately, suggest-
ing that either the community or the physiology of the
attached bacteria differs from that of the bulk-phase bac-
teria. In addition, Jack [6°*] found that biofilms generated
from tubercle enrichments with sulfate-reducer medium
clustered most closely to the original corrosion tubercle.
Although it is probably not possible to construct labora-
tory biofilms which simulate natural biofilms, these clus-
ter analyses have provided a teans of comparing the
laboratory-generated biofilms with natural biofilms.

Dowling et al [7+*] have used FIS to investigate the
effects of microbial communities, designed to simu-
late anaerobic communities found in gas transmission
pipelines, on the corrosion of pipeline steel. A syner-
gistic effect on corrosion was observed when an aceto-
gen, Eubacterium Imosum, and two sulfate-reducers, a
lactate-utilizing Desulfovibrio sp. and an acetate-utilizing
Desulfobacter sp., were included in the consortium. This
increase in corrosion rate did not correlate with bulk-
phase volatile acid concentration or change in pH, which
suggests that enhanced corrosion caused by microbial
biofilms is a complex process, and that bacterial produc-
tion of acid is not solely responsible for the increased
corrosion rates,

Dual-cell studies of MIC half reactions

The effect of sulfate-reducing bacteria on the corrosion
of stainless steel has been attributed in part to the aggres-
sive nature of sulfur compounds [8+*9e+], including sul-
fide and thiosulfate ions. Newman ef af [10**] have used
a dual-cell to physically separate the anodic reaction, con-
tained in an anaerobic environment with sulfate-reduc-
ing bacteria, from the cathodic reactions, occurring on a
large-surface-area steel electrode in an aerobic medium.
The authors demonstrated that catalysis of the anodic re-
action in both carbon steel and chromium-depleted stain-
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less steel proceeds by the adsorption of hydrogen sulfide
10 the steel. The cathodic reaction for carbon steel in an
anaerobic environment can be maintained by hydrogen
evolution from the large surface area of the iron sulfide
precipitate. In most cases, oxygen reduction on a remote
cathode was required to maintain the anodic reaction. In
some cases, however, reduction of certain sulfur species,
such as polysulfide, could stabilize the anodic reaction on
the stainless steel. Pitting corrosion was inhibited when
chloride was not the predominant anion in solution.

Localized MIC studies using the scanning vibrating
electrode technique

Recently, the scanning vibrating electrode technique
(SVET) developed by Hugh Isaacs and associates, has
been applied to the study of localized corrosion as a re-
sult of MIC [11ee,12=+]. The SVET uses a vibrating elec-
trode to map the potential fields in solution over local
anodic and cathodic sites. The vibrating electrode con-
verts the potential fields into an alternating signal. Fre-
quencies not associated with the alternating signal can
be filtered, thereby increasing the signal-to-noise ratio,
as compared with a non-vibrating electrode. Franklin et
al. [11#+,12++] have used the SVET to localize corrosion
on carbon steel associated with MIC (Fig. 1). They have
demonstrated that in sterile, continuously stirred micro-
biological medium, small pits initiated on the steel, and
subsequently became inactive (repassivated). In the pres-
ence of microbial biofilms, some of the initiated pits re-
mained active. The active pits in the presence of bacteria
propagated and spread until a large area of the sample
became anodic. Propagation of pits was shown to be de-
pendent on the presence of bacteria, as spent cell-free
microbiological medium did not cause pit propagation.
Thus, the presence of the microbial biofilm, rather than
changes in the bulk medium, caused pit propagation. The
authors have proposed that the microbial biofilms may
either inhibit migration of aggressive ions, such as chlo-
ride, from inside pits or else inhibit migration of inhibit-
ing ions, such as phosphate and hydroxide ions, from the
bulk medium to the pits.

Hydrogen-producing bacteria and hydrogen
embrittlement

Certain anaerobic bacteria can produce H, as an
endproduct of the fermentative metabolism of carbo-
hydrates. As atomic H, can cause the embrittlement of
certain susceptible metals, Ford et af [13+*] and Walsh
et al [14++] have studied the effects of microbial H, pro-
duction on the permeation of H, through palladium and
mild steel. These investigators measured the transport of
H; across a thin metal membrane by measuring the cur-
rent associated with the anodically polarized ‘output’ sur-
face of the membrane. They were able to correlate per-
meation of H, through the membranes with the bacterial
growth cycle. In addition, the synergistic or antagonistic
effects of certain chemicals in solution were character-
ized. For example, the authors found that H, permeation
was enhanced with the production of organic acids in the

mild steel. Hydrogen sulfide acted to increase H, perme-
aton through palladium. The results of these studies indi-
cated that, in addition to causing enhanced deterioration
of metals, bacteria may also be involved in the loss of
metal ductlity, thus enhancing stress corrosion cracking
(SCC). Ford and Mitchell [15*¢] have studied the effect
of bacterial-mediated H, embritdement on SCC of steel.
They found that cracks which formed rapidly on stressed
samples exposed Hy-producing bacteria,

Biofilm dynamics

In situ evaluation of microbial biofilms

The attachment of bacteria to metal surfaces is widely
held as a precursor to MIC. Detection of changes in phys-
iology of sessile bacteria often requires removal and de-
structive analysis of the sample, New insights have re-
sulted from on-line non-destructive methods. Nivens et
al. [16+¢] have demonstrated that attenuated total re-
flectance Foutier transform infrared spectroscopy (ATR-
FT/IR) can be used to detect changes in sessile microbial
biomass. The ATR FT/IR studies showed that changes in
the physiological properties of the attached bacteria were
induced by changes in the bulk phase, They demon-
strated that the number of attached caulobacters is di-
rectly correlated with the intensity of the infrared amide
Il asymmetrical stretch band at 1543 cm~1, correspond-
ing to bacterial protein. The technique was sensitive to
106 bacteria per cm?, and changes in the physiological
status of the attached bacteria could be measured. For
example, production of the intracellular storage lipid,
poly-B-hydroxyalkanoate, and production of extracellular
polymer, were monitored by absorbance at 1730 cm—1
{C=0 stretch) and 1084cm~1 (C-O stretch), respec-
tively,

Nivens et al. [16#¢] have also investigated the use of the
quartz crystal microbalance (QCM), a very sensitive mass-
sensing device, for detecting attached microbial films.
Although it provided less chemical information regard-
ing biofilm composition, the QCM was more sensitive to
changes in biomass than the ATR-FI/IR, with a detection
limit of 104 bacteria per cm? and a linear range of at least
two orders of magnitude. An interesting aspect of both
the ATR-FI/IR and the QCM is that the substrata of both
techniques can be converted 1o electrodes for electro-
chemical analyses. Thus, corrosion information can be
obtained while changes in microbial biofilms are moni-
tored.

Geesey ef al. [17°¢] have used the ATR-FT/IR not only
to detect biofilm formation, but also as a spectroscopic
method to monitor metal loss. By sputtercoating a thin
film of copper on the germanium internal reflectance ele-
ment used in ATR-FT/IR, they were able to detect changes
in the thickness of the copper films by observing the in-
crease in intensity of the infrared water absorption band
at 1640 cm~1, The authors compared copper loss from
the thin film in the presence of different bacteria isolated
from corroded copper samples. Different rates of metal
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Fig. 1. Current density maps over car-
bon steel samples obtained with the
scanning vibrating electrode technique.
The steel was exposed to sterile medium
for 17h fab,c), and showed pitting
and repassivation. After 17 h, the ster-
ile medium was removed and medium
containing a high concentration (108
cells ml=" of fixed bacteria was added.
Two of the initiated pits propagated and
spread after addition of bacteria (de,.
E, open circuit potential; V/SCE, poten-
tial versus saturated calomel electrode.

distance (mm)

loss were obsetved in the two cultures. Using this tech-
nique, Jolley et al [18*] observed copper loss, caused
by the binding by bacterial extracellular polymer, in the
absence of bacteria. Additdonal characterization of these
isolates and of the polymer-metal interactions should
lead to a better understanding of the nature of bacteria
which promote copper corrosion,

Recently, Litde et al [19*+] have used environmental
scanning electron microscopy (ESEM) to study biofilms
associated with corroding copper alloys. This technique
allowed the investigators to visualize biofilms without the
usual dehydration steps required for SEM sample prepa-
raton, and to visualize the bacteria within their extra-
cellular polymer matrix (Fig. 2). Use of EDAX in con-
junction with ESEM enabled the investigators to analyze
the chemical composition of the biofitm-corrosion layers,
again with less disruption of the chemistry than when the

films were dehydrated, The authors demonstrated that,
among other effects of the bacteria, sulfides, produced by
sulfate-reducing bacteria, preferentially reacted with the
iron and nickel in the copper alloys, resulting in selec-
tive loss of these constituents (and loss of the corrosion
inhibition provided by these alloying constituents).

Metabolic activities of attached bacteria

Varying the community structure within biofilms leads o
changes in corrosion rate that are not dependent on the
total microbial biomass [6+#]. Thus, the activities of at-
tached bacteria appear to be a more important compo-
nent in MIC than the attached] biomass. Measurement of
bacterial activity ér sifze and a comparison of this activ-
ity with the corrosion of the metals should provide in-
sight into MIC mechanisms. Roszak and Colwell [20¢]
have reviewed the techniques commonly used to detect
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microbial activities in natural environments, These tech-
niques include transformations of certain radiolabelled
metabolic precursors, Phelps et al [21+*] and Mittel-
man et al. [22++] have used uptake or transformation of
l4Clabelled metabolic precursors to examine the ac-
tivities of sessile bacteria in natural environments and
in laboratory models. Phelps et al used a varety of
14C-labelled compounds to quantify catabolic and an-
abolic bacterial activities associated with corrosion tuber-
cles in natural gas transmission pipelines. They demon-
strated that organic acid was produced from H, and CO,
in natural gas by acetogenic bacteria, and that this acidifi-
cation could lead to enhanced corrosion of the steel. Mit-
telman ef al [22+¢] used measurement of lipid biosynthe-
sis from 4C-acetate in conjunction with measurements
of microbial biomass and extracellular polymer, to study
the effects of differential fluid shear on the physiology and
metabolism of Alteromonas (formerly Pseudomonas) at
lantica. Increasing the shear force increased the rate of
total lipid biosynthesis, but decreased the per cell biosyn-
thesis. Increasing fluid shear also increased the cellular
biomass and greatly increased the ratio of extracellular
polymer to cellular protein,

Localization of microbial activity
Biofilms are usually spatially heterogeneous, whereas MIC

.tends to be in the form of localized corrosion. ‘Tech-

niques for analyzing microbial metabolic activity at lo-
calized sites are being developed. Franklin et af [23+s]
incubated microbial biofilms with 14C-metabolic precur-
sors and then autoradiographed the biofilms to localize
biosynthetic activity on corroding metal surfaces. The lo-
calized uptake of the labelled compounds was related to
localized electrochemical activities associated with cor-
rosion reactions, using the SVET. The autoradiographic
technique had certain drawbacks with respect to corro-

Fig. 2. Environmental scanning electron
micrograph of hydrated bicfilm on brass
foil. Taken from [19*] with permission.

sion studies: first, some of the metabolic precursors tend
to adsorb to the corrasion products of the steel; and sec-
ond, the techniques require sample removal and dehydra-
tion. It was not possible, therefore, to determine whether
localized bacterial activity led to localized corrosion, or
whether the bacteria preferentially attached to the corro-
sion products. In order to better determine the cause and
effect of spatial and temporal relationships between the
bacterial activity and electrochemical activity, i séfu tech-
niques for studying both activities must be used. A major
breakthrough has been the use of ‘reporter’ genes that
can signal when the activity of specific metabolic path-
ways are induced. Sayler's research team at the Center
for Environmental Biotechnology (CEB) [24*+} has en-
gineered the incorporation of a promotorless cassette of
fux genes into specific operons of Pseudomonas so that
these operons induce bioluminescence during the degra-
dation of naphthalene. Mittelman er al have used the
bioluminescent reporter gene to provide a quantitative
measure of the attachment of these engineered organ-
isms onto metal and glass surfaces in a laminar flow sys-
tem (MW Mittelman, JWM King, GS Sayler and DC White,
unpublished data). They found that biofilm light produc-
tion was directly correlated with biofilm cell numbers in
a range of 105107 cells per cm2. In collaboration with
CEB, our laboratory is extending this work by resolving,
spatially and temporally, the expression of biolumines-
cent reporter genes in sessile bacteria, to determine the
effect of this gene activity on the local electrochemical
activity of metal samples,

Perspectives

Although corrosion associated with microorganisms has
been recognized for over 50 years, the study of MIC
mechanisms is a relatively new field, as the techniques for
its study are just now becoming available. Recent stud-
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ies have demonstrated that mechanisms of MIC are de-
pendent on the biofilm populations as well as on the
metal substrata. They have also shown that MIC repre-
sents a local phenomemon in terms of both microbial
bioflim distribution and activity, and electrochemical ac-
tivity. Thus, the combined approaches of electrochernists,
material scientists and microbiologists using new on-line
methods, will continue o provide elegant new insights
into complex interactions between multispecies biofilm
consortia and metal surfaces.
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