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Abstract

Growth of the nonsulfate-reducing marine bacterium Vibrio natriegens increased the corro-
sion current density (CD) of AIS] 304 stainless steel (SS) coupons when grown in a marine
medium. The corrosion rate, estimated as the corrosion CD (I, calculated from the Tafel
constants and polarization resistance, increased from 230 to 2900 nA/cm? during a 6-day in-
cubation period with V. natriegens. Just before the rapid increase in the corrosion CD,
bacterial cells were seen by epifluorescent microscopy after acridine orange staining to col-
onize the SS surface. On the third day of exposure to seawater, the rapid increase in the corro-
sion CD correlated with the appearance of extracelluiar material from the colonizing bacteria,
as observed by (1) epifluorescent microscopy, (2) scanning electron microscopy (SEM), and (3)
nondestructive analysis of lyophilized biofilms by Fourier transform-infrared spectroscopy
(FT-IR) using diffuse reflectance. The extracellular products from the colonizing bacteria cor-
related with the rapid increase in infrared absorbance at ~ 1440 cm~1. The IR spectrum of the
~1440 cm~—1 component corresponds to authentic calcium hydroxide possibly associated
with an organic matrix. Bacterial colonization reached the maximum extent on the fourth day,
as monitored by the infrared absorption at ~ 1660 cm~", which corresponds to the amide |
vibrations in the bacterial proteins as well as in the appearance of the biofilm in epifluor-
escent microscopy. The increase in the corrosion CD continued after the decrease in the rate
of bacterial colonization. Removing the biofilm with sonication and washing decreased the
bacterial content of the biofilm monitored at ~ 1660 cm~" to a greater extent than the extra-
cellular calcium hydroxide monitored at ~ 1440 cm~'. This had essentially no effect on the
corrosion CD. Sonication followed by extraction with chloroform-methanol removed the ex-
tracellular exudation and the bacteria with a 10-fold decrease in the CD. A related bacterium,
V. anguillarum, showed a smaller increase in corrosion CD that correlated with a smaller in-
crease in infrared absorbance at ~ 1440 and ~ 1660 cm™'. The present study shows the rever-
sible facilitation of the corrosion of SS exposed to seawater by organisms and extracellular
accumulations of nonsulfate-reducing marine bacteria.

Introduction

Corrosion of irons and steels exposed to seawater is a signifi-
cant problem. The role of microorganisms in facilitating or in-
hibiting the corrosion of irons or steels has received increasing
attention. The materials technology institute of the chemical
process industries recently supported a muitidisciplinary
study group to review the state of the art of microbially in-
fluenced corrosion (MIC).! The report of this group! adds to the
limited number of reviews of MIC in the literature.?® This litera-
ture deals primarily with the corrosion of irons and steels by
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the anaerobic sulfate-reducing bacteria or aluminum by hydro-
carbon-degrading organisms. A number of mechanisms have
been postulated by which MIC could function with irons and
steels.! Bacterial films generate organic acids under micro-
aerophilic or anaerobic growth conditions. Organisms capable
of oxidizing ferrous or manganous ions to ferric or manganic
ions could cause the co-accumulation of highly corrosive fer-
ric and manganic chloride solutions in crevices. This is
postulated to lead to severe pitting.” Pseudomonads and other
aerobic bacteria have been associated with the accumulation
of iron in slimes with MIC. Areas of local oxygen depletion
under metabolically active concentrations of bacteria may pre-
vent the normal repair of passive films damaged by halide or
mechanical attack. These local accumulations of bacteria can
create anaerobic microniches in which the anaerobic sulfate-
reducing bacteria can flourish. Other marine aerobic orga-
nisms produce extracellular materials that could facilitate cor-
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rosion by generating concentration cells of differing cathodic
activities.?

A major problem in the study of MIC mechanisms has
been that the standard methods of microbiology (i.e., isolation
and characterization of bacterial monocultures, which proved
useful in the control of infectious disease) have provided little
direct evidence for MIC mechanisms. New methods for study
of the biomass, community structure, and metabolic activities
of microbial consortia involved in ecological processes® can
be applied to organisms involved in the MIC of irons and steels
exposed to seawater. These methods depend on analyses of
signature compounds from the membranes of different groups
of organisms.® In this study, it will be shown that a com-
plementary method involving Fourier transform-infrared spec-
trometry (FT-IR) may provide nondestructive analysis of areas
on the scale of microorganisms.'® Using the correlation be-
tween microscopy, FT-IR spectroscopy, and corrosion current
density (CD) measurements, this study reports the facilitation
of corrosion of AlSI 304 stainless steel (SS) by the extracellular
exudations of the nonsulfate-reducing marine bacterium,
Vibrio natriegens.

Experimental

Coupons

Disks of AlSI 304 SS 1.59 cm (5/8 in.) in diameter, having a
face polished with 600 grit powder, were boiled in toluene for 5
min and rinsed with acetone to remove surface films.

Medium

The treated disks were placed in Difco marine broth
2216 made to 3.74% (wtivol), boiled, and filtered through
0.2-u pore filters before autoclaving. Four disks were placed in
300 mL Erlenmeyer flasks, 100 mL medium was added, and the
flasks were capped with SS caps. The flasks were autoclaved
at 121 C for 20 min.

Organisms

Cultures of V. natriegens and V. anguillarum were in-
oculated using 1 mL from organisms grown for 18 h (stationary
phase organisms). Stocks were maintained on agar slants at 5
C. Culture purity was followed microscopically and by Gram
stain reactions.

Incubation

Flasks (triple baffled shaker flasks with SS closures) were
shaken at 23 C (room temperature) at 80 rpm on a gyratory
shaker. At the times indicated, the disks were recovered from
the flasks with sterile forceps, rinsed once with filter-sterilized
{0.45-u pore size) artificial seawater at a concentration of 25
ppt, and immediately placed in the filter-sterilized seawater.
Within a few minutes, the disks were aseptically transferred
from the seawater to the Teflon® holder of the working elec-
trode with forceps.

Corrosion Current Density

Disks from the control and inoculated flasks were placed
in the Teflon holder of the working electrode in the EG&G
K105 flat specimen holder. The corrosion cell contained 600
mL of filter-sterilized seawater that was stirred at 140 rpm at
23 C. The system used twin high density, nonpermeable
graphite counter electrodes, and a saturated calomel
(reference) electrode (SCE) used with a bridge tube incor-
porating the ultra-low leakage Vycor? frit. The reference elec-
trode was positioned within 1 mm of the working electrode.
The disk was allowed to equilibrate until the drift was <0.05
mV/s and then scanned at 0.2 mV/s using the EG&G Model
350A8 corrosion measurement system. The first disk was
cathodically scanned from E.,, to —500 mV to obtain the
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FIGURE 1 — Typical anodic and cathodic linear
polarization results, from which Tafel constants were
calculated (A and B), and the linear polarization resist-
ance determination results (C) used to determine the
corrosion CD.

cathodic Tafel constant {3,). The second disk was scanned
from E.,, —10 to +300 mV to obtain the anodic Tafel con-
stant (3,). The second disk was then used to measure the
polarization resistance (R,) by scanning from E.,, —5 mV to
Ecore +5 MV. I, was then calculated as 3,8./2.3 x Ry (83, +
B.)."" Typical plots for anodic and cathodic Tafel constant
calculation and linear polarization resistance are shown in
Figure 1.

FT-IR Measurement

Disks were stored over P,Oy in evacuated desiccators un-
til examined. The disks were then placed in the Spectra Tech.
diffuse reflectance accessory in the Nicolet 60SX® FT-IR.

Each sample resulted in a single-sided interferogram of
4069 data points that yielded a resolution of 4 cm~", Signal
averaging of 500 scans per sample required 2.5 min of total
measurement time. The resulting spectra were ratioed to the
appropriate background spectrum. In these experiments, the
sample chamber was evacuated for 2 min and purged with dry
nitrogen for 2 min before obtaining the spectra.

The spectra were interpreted based on Kubelka-Munk
(K-M) analysis'? and used as an approximation of Beer's law
for reflectance spectroscopy.’®> The liquid-nitrogen cooled,
mercury-cadmium-tellurium detector (a range of 5500 to 710
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cm~"), a mid-range IR globar source, and KBr beam splitter
were used with the Nicolet 60SX FT-IR. Interferograms were
zero filled and apodized by the Haap-Genzel function before
the fast Fourier transformation, using Nicolet SX software
(TMON version 1.5). Spectra showed identical baselines and
are plotted uncorrected.

Scanning Electron Microscopy

Specimens were fixed in glutaraldehyde, relaxed in ar-
tificial seawater, critical-point dried'* or lyophilized, sputter
coated, and examined with the JEOL? 100-CX STEM Micro-
scope. Electron diffraction x-ray analysis (EDXA) was per-
formed using the Tracor-Northern® energy dispersive x-ray ac-
cessory at the Florida State University STEM facility.

Epifluorescence Microscopy

The biofilm on lyophilized disks was stained with 0.2%
(wtivol) filtered acridine orange'® and photographed using the
Zeiss® Model GFA epifluorescence microscope with an at-
tached Olympus!'® OM-1 camera back and filter set numbers
48-77-07 and 99-03 (Zeiss) to provide the proper wavelengths.

Results

Corrosion With Colonization

Colonization by the nonsulfate-reducing bacterium V.
natriegens of polished surfaces of AlSI 304 SS disks in a sea-
water medium over a 6-day period resulted in a 13-fold increase
(from 230 to 2900 nA/cm?) in the corrosion CD when compared
to the control coupons (Figure 2). The sequence of colonization
can be followed in micrographs after staining with acridine
orange and exposure to epifluorescent illumination (Figure
3). Bacteria initially attach to the surface as individual cells
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FIGURE 2 — Relationship between the corrosion CD
and absorbance at ~ 1440 and ~ 1660 cm~1 of the bio-
film on AISI 304 SS exposed to a seawater medium in the
presence of V. natriegens.
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[Figure 3(A)]. Microcolonies can be detected by 24 h [Figure
3(B)). At 72 h, the microcolonies are obscured by an extra-
cellular exudation [Figure 3(D)). This extracellular exudate in-
creasingly covers the bacterial colonies as the exposure is
continued. The initiation of the rapid increase in the corrosion
CD corresponds to the production of the extracellular material
at 72 h [Figures 2 and 3(D)]. Nondestructive analysis of the bio-
films on the disks by FT-IR spectroscopy shows two signifi-
cant changes with time (Figure 4). The absorption at ~ 1660
cm~ detects the presence of proteins in the bacteria. Other
studies from this laboratory have shown that the intensity of
this absorption correlates with the numbers of bacteria in bio-
films.'® The biofilms generated by V. natriegens also show a
prominent broad absorption centered at ~1440 cm~1. The in-
crease in ~ 1440 cm~ parallels the increase in corrosion CD
(Figure 2) and the appearance of extracellular exudation
(Figure 3). The increase in bacterial numbers, as monitored by
the absorbance at ~ 1660 cm~1, follows the increase in the
corrosion CD for the initial portion of the experiment (Figure 2).

Formation of Exudate on Surfaces

V. natriegens grown to the stationary phase on AIS| 304
SS coupons, commercial aluminum foil, or the surface of
Teflon sheets shows a similar spectrum featuring the same
prominent absorption at ~ 1440 cm~" seen in Figure 4 (lower
spectrum).

Effects of Biofilm Removal on the

Corrosion Current Density

A biofilm was generated on AISI 304 SS disks and then
removed by a combination of washing, sonication, and solvent
extraction (Figure 5). The bacterial cells were differentially
removed with washing and sonication, as evidenced by a
40-fold decrease in the ~ 1660 cm~" absorption compared to
a 15-fold decrease in the extracellular exudate monitored at
~1440 cm~". Chloroform-methanol extraction with additional
sonication induced a further 43-fold decrease in extracellular
exudate (~1440 cm~"), a total removal of absorbance
resulting from cellular protein at ~1660 cm~1, and a 10-fold
decrease in the corrosion CD.

Corrosion by V. anguillarum

The related marine Vibrio, V. anguillarum, also induced
corrosion of AlS| 304 SS disks (Figure 6). The increase in the
corrosion CD was less than that produced by V. natriegens
over the same time interval. The decreased corrosion induced
by V. anguillarum correlated with decreased extracellular
exudate ( ~ 1440 cm~—) and bacterial biomass (~ 1660 cm~1).
The FT-IR spectra after 96 h of exposure showed features
essentially similar to those illustrated in Figure 4.

The corrosion CD after 24 h of exposure, when compared
to the logarithm of the infrared absorption expressed in K-M
units, showed linear correlation coefficients for V. natriegens
of r = 0.87 with the ~ 1440 cm~ ' band and r = 0.85 with the
amide | band at 1660 cm~" (Figure 5). The linear correlation
coefficients for V. anguillarum were r = 0.94 for the ~ 1660
cm~'band and r = 0.99 for the ~ 1440 cm~" band (Figure 6).

Nature of the Extracellular Exudate

Scanning electron microscopy of the biofilm formed by V.
natriegens and its extracellular exudate of the SS surface
clearly shows the Vibrios (rod-shaped bacteria) and the extra-
cellular material at a magnification of 2000 (Figure 7). At
increasingly higher magnifications, the structure of the extra-
cellular material showed rosette-shaped crystals. The square
indicated in the extracellular material in Figure 7(C) indicates
the area subjected to x-ray analysis. The x-ray analysis
showed that no heavy metals were present. Only calcium and
chloride gave significant signals. The infrared spectrum in-
dicates a close similarity between the extracellular accumula-
tions with absorption centered at 1440 cm~' and between
authentic calcium hydroxide (Figure 8).
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FIGURE 3 — Micrographs of V. natriegens colonizing AISI 304 SS surfaces stained with
acridine orange and exposed to epifluorescent illumination at 400X for (A) 12 h, (B) 24 h, (C) 48
h, (D) 72 h, (E) 96 h, and (F) 144 h, showing the rapid accumulation of extracellular material.

Discussion

Mechanisms of Microbially
Influenced Corrosion

There are several mechanisms by which microbes have
been shown to facilitate the corrosion of steels. Some bacteria
generate mineral acids such as H,SO, or HNO, by oxidizing
reduced sulfur or nitrogen compounds in the presence of air.
The Thiobacilli readily attack surfaces when grown in the pres-
ence of reduced sulfur and oxygen.'® In areas in which
microbes can accumulate, the respiratory activities of hetero-
trophic bacteria create anaerobic microniches in which
anaerobes can flourish. In fine muddy sediments, the propor-
tions of fermentative anaerobes containing the plasmalogen
phospholipids are at least 10-fold greater in the aerated top
portions of the sediments than in the deeper anaerobic
layers.''8 |n these anaerobic environments, fermentative
bacteria create organic acids and carbonic acid, which can be
sufficiently corrosive to weather rocks into soils. The increase
in corrosion of nickel by obligately thermophilic bacteria may
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be the result of isobutyric and isovaleric acid elaboration.’®
Some anaerobes generate hydrogen that may contribute to the
embrittlement of steels.?0 in the presence of sulfate, such as
in seawater, the sulfate-reducing bacteria generate hydrogen
sulfide in these anaerobic niches with notorious conse-
quences for corroding metals.

The present study examined a different mechanism for
corrosion involving the production of extracellular materials
by aerobic marine bacteria. Some of these organisms such as
Gallionella, Spherotilus, and some Pseudomonads can selec-
tively oxidize or reduce iron and strongly bind it to extra-
cellutar polymers. Both of the Vibrios used in this study clearly
induce the increased corrosion CD that correlates with col
onization of the SS surface (Figures 2 and 7). However, with
the MIC developed with the bacteria in such thin fiims, it is
unlikely that anaerobic conditions would be created (Figures 3
and 7). Both of these organisms secreted extracellular
material, the appearance of which correlated with a great in-
crease in the absorbance at ~1440 cm~. The formation of
exudate correlated with the increase in corrosion CD, but the
exudate showed no evidence of binding iron. Clearly, MIC
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FIGURE 4 — FT-IR of biofilms induced by the coloniza-
tion of V. natriegens on AIS| 304 SS surfaces. [Values] in-
dicate multiplication factors for the abscissa compared
to the bottom spectrum.

must involve a different mechanism.

The rapid increase in bacteria and extracellular material
is related to the increase in the corrosion CD (Figures 2 and 6).
Late in the growth cycle, the extracellular material may make
the greatest contribution to MIC, as suggested from the effect
of its removal on the corrosion CD (Figure 5). The related
organism, V. anguillarum, forms a similar extracellular
material, with absorption at ~ 1440 cm~'. This evidence in-
dicates a role for the extracellular excretions in facilitating
corrosion. X-ray analysis of this material showed no concen-
tration of iron or chromium, so the exudate must facilitate cor-
rosion by a mechanism other than strongly chelating the metal
ions released from the SS surface. This material is also
secreted by V. natriegens when it colonizes aluminum or
Teflon surfaces where iron binding would be unlikely.

The present authors propose that the uneven distribution
of biomass evident in the photomicrographs (Figures 3 and 7)
creates concentration cells that differ in cathodic activity.
This difference in cathodic activities creates metal surfaces
relatively more anodic and could then facilitate corrosion. It is
also possible that the increase in extracellular material creates
microanaerobic sites, and that the organisms locally generate
organic acids and carbonic acid. However, it is believed that
this is unlikely, at least in the initial process of colonization.

The extracellular material with the IR maximum centered
at ~1440 cm~! has the spectrum of authentic calcium
hydroxide. The calcium hydroxide associated with the growth
of the Vibrios shows differences in the major absorbances
possibly associated with an organic matrix (Figure 8). Authen-
tic calcium hydroxide deposited on the SS coupons did not in-
crease the corrosion CD. It appears that the combination of
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FIGURE 5 — FT-IR spectra and corrosion CD changes of
biofilms formed by V. natriegens after washing and
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and chloroform-methanol extraction (lower panel).
[Values] indicate multiplication factors for the abscissa
compared to the topmost spectrum.
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anguillarum (circles) grown on AISI 304 SS coupons in
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FIGURE 7 — Scanning electron micrographs of the biofilm generated by V. natriegens grown
on AISI 304 SS disks for 144 h {see (Figure 3(F)], showing progressively greater magnifications
of the rosette-shaped crystals. The square in panel C indicates the area analyzed for elemen-
tal composition by EDXA that showed calcium and chloride as significant ions.

the modified calcium hydroxide accumulated by the bacteria
together with the bacteria are necessary to significantly in-
crease the corrosion CD.

Preliminary work from this laboratory has shown that
facilitation of corrosion of AISI 304 SS by the bacterium
Pseudomonas atlantica may also use the generation of cells
of different cathodic activity in facilitating corrosion. This
organism is an obligate aerobe that generates uronic acid con-
taining extracellular polysaccharide?’ with an IR absorption at
~1150 cm~1.10

This study demonstrates the power of the FT-IR in defin-
ing the chemical composition of biofilms that is fast, sen-
sitive, nondestructive, and capable of examining areas 25 ym
in diameter.'® This research illustrates its usefuiness in ex-
amining mechanisms for MIC. If a method of measuring corro-
sion CD could be miniaturized to the same extent, the genera-
tion of concentration cells by accumulation of extracellular
materials could be directly demonstrated. The use of
galvanically coupled electrodes (one inoculated and the other
sterile) in two vessels connected by a membrane with 0.1-um
pores may provide a means to test smaller surfaces with great
sensitivity.1?
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