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Simulating Microbiologically Influenced Corrosion
by Depositing Extracellular Biopolymers

on Mild Steel Surfaces
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ABSTRACT

Electrochemical properties of corroding mild steel (MS) sur-
faces were measured in real time using three closely spaced
microelectrodes. Dissolved oxygen, pH, and ion currents
were mapped simultaneously and noninvasively above a
MS coupon partially coated with biopolymer gels. Calcium
alginate (Ca-Alg [an extracellular biopolymer containing
carboxylate functional groups]) and agarose (one without
carboxylate functional groups) were tested. Corrosion
occurred at approximately the same rate under the two
biopolymer spots on the same coupon. Corrosion rates under
these biopolymers were = 4 mpy in a weak saline solution.
Results suggested corrosion was not influenced by chemical
properties of the biopolymer but possibly was controlled by
oxygen reduction in noncoated regions of the coupon (i.e., a
differential aeration cell).

KEY WORDS: biopolymers, dissolved oxygen, microbiologi-
cally influenced corrosion, microelectrode, mild steel, pH,
scanning vibrating electrode

INTRODUCTION

Bare mild steel (MS) corrodes in dilute saline solu-
tions with no pronounced polarization. The metal
rarely passivates, and corrosion rates normally
increase with corrosion potentials.! Oxygen reduction
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normally is the rate-limiting step because of diffu-
sional or mixed diffusion-reaction control.?

Microorganisms growing on water-immersed
metal surfaces form biofilms that are held together
by extracellular polymeric substances (EPS) or
biopolymers. Biofilms on MS often are associated
with microbiologically influenced corrosion (MIC),
which is a more aggressive and localized form of
corrosion.?

Widespread evidence indicates many extracellu-
lar polymers produced by bacteria are acidic and
contain functional groups that easily bind metal
ions.*7 It is plausible that complexation of metal ions
by these polymers in biofilms may speed corrosion.

However, White, et al., found no accumulation of
iron or other metals in EPS from biofilms growing on
corroding type 304 (UNS S30400)" stainless steel
(SS).2 The accelerated corrosion was attributed to
inhomogeneous distribution of biofilm at the metal
surface, resulting in areas of differing cathodic activ-
ity. This was consistent with a differential aeration
cell, where areas covered with biofilm exhibited low-
ered oxygen concentrations and became anodic while
those with less biofilm were exposed to higher oxygen
concentrations and became cathodic.

Iverson proposed that natural heterogeneous
distribution of biofilm on a metal surface under aero-
bic conditions results in a differential aeration cell.®
Hernandez-Duque, et al., reported a decrease in the
corrosion rate of MS in the presence of a uniform
layer of biofilm.!'° This decrease was attributed to
respiration of the biofilm, which resulted in a decline
in oxygen concentration at the metal surface and an
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associated decrease in the rate of cathodic reduction
of oxygen. He duplicated this observation in synthetic
seawater with Pseudomonas sp. S9 and Serratia
marcescens.'! Adhesion of bacteria to the surface
also appeared to be a factor in corrosion inhibition.
Smith, et al., reported that agar-coated steel (artifi-
cial biofilm) also produced a very high polarization
resistance and low corrosion rate.!?

Quantification of corrosion has been limited
largely to measuring average values of corrosion-
related properties at actively corroding surfaces. With
the introduction of areal mapping of chemical char-
acteristics near surfaces using microelectrodes,
including the scanning vibrating electrode (SVE),
pinpointing corrosion and correlating it with other
surface characteristics is possible. Lewandowski, et
al., showed corrosion occurs rapidly under a localized
spot of calcium alginate (Ca-Alg) biopolymer gel de-
void of living organisms.!3 The observed corrosion
was consistent with an active differential aeration
cell or a metal concentration cell.

In a differential aeration cell, the region that
exhibits corrosion also inhibits oxygen transport to
the metal surface. Oxygen reduction occurs preferen-
tially in gel-free regions. In a metal concentration
cell, the high concentration of carboxylate functional
groups in the gel may promote metal complexation
and increase corrosion in the biopolymer-coated
region. Thus, two mechanisms are possible: a metal
concentration cell arising from complexation of metal
ions in regions covered with biopolymer or an oxygen
concentration cell (differential aeration cell) resulting
from inhibition of oxygen transport to the metal sur-
face below the biopolymer.

The present work tested the hypothesis that
corrosion of MS under a Ca-Alg gel spot is promoted
by complexation of corrosion products by alginate
carboxylate functional groups. Alginates are natu-
rally occurring copolymers consisting of linear chains
of 1,4 linked B-D-mannuronic and a-L-guluronic acid
units. Tests were run by comparing two spots of algi-
nate gel with different surface densities and by
comparing two gel spots with the same surface den-
sity, but with one gel spot consisting of Ca-Alg (with
carboxylate functional groups) and the second spot
consisting of agarose (without carboxylate functional
groups). Agarose, a naturally occurring polymer,
consists of repeating subunits of agarabiose, an
alternating 1,3 linked B-D-galactopyranose and 1,4
linked 3,6-anhydro-a-L-galactopyranose structure.

Comparisons were made by mapping electro-
chemical characteristics directly above the
biopolymer-spotted coupons using three closely
spaced microelectrodes. Dissolved oxygen (DO), pH,
and ion currents were scanned simultaneously and
noninvasively above the biopolymer-coated regions.

* Trade name.
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From maps of these variables, a portrait of biopoly-
mer-enhanced corrosion was constructed.

MATERIALS AND METHODS

Oxygen Microelectrode

The oxygen microelectrode was a Clarke-type
electrode with an internal silver-silver chloride (Ag-
AgCl]) half-cell reference and a silicone polymer
diffusion membrane. A description of its construction
has been given elsewhere.!*

pH Microelectrode

The pH microelectrode was constructed using a
modified pH-sensitive liquid ion exchange cocktail.'®
The cocktail, modified from the original composition,
was: 1 wt% N,N-dioctadecylmethylamine
([CH3(CH,)CH,;l,NCHjy); 67.0 wt% 2-nitrophenyl
octyl ether (2-NO,CcH;O[CH,],CHj3); 0.3% sodium
tetraphenylborate ([C¢Hs],BNa*); and 31.7 wt% poly-
vinyl chloride (PVC) high molecular weight (Fluka
813927). All ingredients were dissolved in 200 pL of
tetrahydrofuran ([CH,],0).

A lead glass tube (2 mm [0.079 in.] outer diam
[OD]) was drawn to a fine capillary (< 20 pm diam).
The tip was silanized using a 10% trimethylchloro-
silane ([CH,];SiCl), 90% carbon tetrachloride (CCl,)
solution. The membrane was applied to the tip of
the microcapillary by placing it in the ion exchange
cocktail for = 2 s. The electrode was allowed to dry,
with the tip up, in a dust-free environment for 24 h.
Once the electrodes were cured, they were back-flled
with a solution of 50 mM potassium dihydrogen
phosphate (KH,PO,) and 300 mM potassium chloride
(KC]) adjusted to pH 7 and degassed. The last step
was to insert a Ag-AgCl reference electrode into the
back-filled solution.

Scanning Vibrating Electrode

When corrosion occurs, ion currents generally
develop between the anodic and cathodic sites on the
metal surface. Weak electric fields generated by these
ion currents can be measured and mapped using a
SVE.16

The SVE was a glass-sheathed platinum micro-
electrode vibrated in the vertical plane through a
15-pm to 30-pm excursion at 100 Hz to 200 Hz. The
SVE, along with a nearby stationary reference plati-
num wire, constituted a complete circuit that
measured potential gradients at different locations in
the corrosion-generated electric field. A high-imped-
ance alternating current (AC) amplifier and lock-in
amplifier (LIA) conditioned the signal, allowing mea-
surement of pV-level AC signals induced in the SVE
circuit. The mechanical drive unit for the SVE (Figure
1) used a small loudspeaker!” activated by the refer-
ence output signal from the LIA. The electrode signal
was preconditioned using a specially equipped high-
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FIGURE 1. Drive unit for the SVE, whre V,, is a lock-in frequency, AC
voltage is supplied by the LIA, and Vs is a positive direct current (DC)
supply voltage used to power the amplifier chip.

impedance AC amplifier (Applicable Electronics
Model 100 Differential Input Preamplifiert) with a
gain of 100 (V,,/Vy,). The amplifier had provisions for
conveniently testing the electrode and platinizing the
tip. The amplified signal was fed back to the LIA.

Positioning Table and Data Collection

A computer-controlled positioning table was
used to move the sample under the stationary micro-
electrodes. Movement of the table and concurrent
collection of quantitative data from all three probes
were coordinated using a personal computer. A
12-bit analog-to-digital (A/D) conversion board and
custom software were used for data collection.

Biopolymer Solutions

Alginic acid, sodium salt (Na-Alg) of medium
viscosity (Sigma A2033f), and agarose (Sigma A4108f)
were used as received. Properties of the alginic acid
used have been described previously.!® The agarose
gel was noncharged, porous, resistant to bacterial
degradation, and did not require counterions
for stability.!® Solutions (wt%) were prepared by
dissolving the appropriate weight of polymer in
demineralized water. For example, 3% sodium algi-
nate (Na-Alg) solution was prepared by dissolving
3.0 g of the sodium salt of alginic acid in 75 mL
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(4.65 in.?) of demineralized water and diluting to
100 mL (6.20 in.%).

Coupon Preparation and Procedures

Type C1018 (UNS G10180) MS coupons (1 cm
[0.625 in.] diam) were obtained from a commercial
supplier. They were embedded in drilled-out PVC
plug fittings using Buehler Epoxide resin 20-8132-
032" and hardener 20-8132-008'. Release-agent
20-8185-008" was used to prevent sticking to other
surfaces. Various epoxy resins were tried, and this
type resulted in fewer cases of crevice corrosion at
the coupon edges.

Coupon surfaces were polished using wet silicon
carbide (SiC) and aluminum oxide (Al,O3) papers of
400-; 600-; 1,000-; 1,200-; 1,500; and 2,000-grit.

A final polish to a mirror finish was accomplished
using wet crocus paper (iron oxide [Fe,O;]).

Biopolymer spots were placed on the coupons by
injecting 5.0 pL of the appropriate solution onto the
surface, spreading it to a diameter of 2 mm to 3 mm
(0.079 in. to 0.118 in.) using a plastic fiber, and let-
ting it partially dry under a stream of warm air.
When two spots were placed on the coupon, they
were 3 mm apart and along a line parallel to the X
scan axis (Figure 2).

A plug with the prepared coupon was mounted
in the bottom of a square polycarbonate vessel with
transparent sides. The vessel was fastened to the X-Y
micropositioning table. Before adding electrolyte, the
three microelectrodes (DO, pH, and SVE) were posi-
tioned = 140 um above the coupon and 700 pm apart
along a line parallel with the X scan axis. This was
accomplished using manual micromanipulators and
viewing the microelectrodes through the transparent
vessel sides using a stereoscopic dissecting micro-
scope.

After positioning the microelectrodes, a drop of
50 mM calcium chloride (CaCl,) solution was placed
on the partially dried alginate for 10 s to convert the
Na-Alg to Ca-Alg. Immediately after, 200 mL (6.76 oz)
of an electrolyte (1 mM sodium chloride [NaCl] +
1 mM sodium sulfate [Na,SO,] in demineralized
water) was added to the vessel. The SVE was cali-
brated using the procedure described by Jaffe and
Nuccitelli.'® In this procedure, the SVE is positioned
a known distance from the tip of a glass pipet con-
taining a Ag-AgCl reference electrode. A voltage is
applied between it and ground, resulting in a mea-
sured current of ~ 100 nA. From the geometry of the
arrangement and the assumption of a spherically
symmetrical current distribution at the tip of the
pipet, the relationship between response of the LIA
and current density at the SVE tip can be calculated.

Scanning was initiated immediately after calibra-
tion of the SVE. The entire coupon surface was
scanned, resulting in a separate square matrix of
data for each microelectrode. The table was stepped
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at 700-um intervals along a transect in the X direc-
tion. Multiple parallel transects 700 pm apart were
taken to form the mapping grid. Table movement,
settling time, and data collection took = 3 s for each
step. Consequently, for each grid point, all three
microelectrode measurements were made within 9 s.
Since the spatial orientation of the electrodes
was well-defined, the matrices could be overlaid and
microelectrode specific surface activities correlated.

EXPERIMENTS

Three experiments were conducted to test the
hypothesis that corrosion of MS under Ca-Alg gel is
controlled by complexation of corrosion products by
alginate carboxylate functional groups (Figure 2). In
each experiment, near-surface DO, pH, and ion cur-
rents were measured. The ion currents, measured
with the SVE, were a measure of corrosion rate.

The experimental and control conditions were:

— In Experiment 1, a single region of a MS cou-
pon was spotted with 3% Ca-Alg.

— In Experiment 2, two adjacent 0.05-cm?

(7.75 x 107 in.?) biopolymer spots were placed on the
coupon. The first spot (3% alginate), had a surface
density of 30 g/m?, while the surface density of the
second spot (0.3% alginate) was 3.0 g/m?. Therefore,
the surface density of carboxylate groups for the first
spot was 10 times that of the second spot.

— In Experiment 3, two adjacent 0.05-cm?
regions of a coupon were coated with biopolymer.
Both regions, one with 1.5% agarose and one using
1.5% alginate, had surface densities of 15 g/m?.

— In Control 1, the active area of a commercial
DO probe was coated with 2% Na-Alg solution. The
coating was allowed to dry 5 min before the probe
was immersed in 0.5 M CaCl, solution. Oxygen con-
centrations were measured before and after the treat-
ment in air-saturated water at room temperature.

— In Control 2, the rate of oxygen reduction
again was measured, this time at the surfaces of bare
platinum wires coated with Ca-Alg. One set of wires
was coated with 2% Na-Alg, allowed to dry 30 min,
and immersed in 0.1 M CaCl,. The second set of
wires was coated identically with 2% Na-Alg and im-
mediately immersed in 0.1 M CaCl,. Each wire was
dipped in air-saturated tap water, a direct current
potential of —-0.75 V was applied, and the current was
measured vs a carbon anode.

RESULTS

Experiment 1

This experiment confirmed that corrosion on MS
preferentially takes place under biopolymer-coated
regions, while cathodic activity is limited to uncoated
regions.!® A strongly anodic region was detected with
the SVE above the alginate biopolymer spot on the
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Zone 1 Zohe 2
MS coupon
Scan axis >
Experiment Zone 1 Zone 2
1 Bare metal Ca-Alg (30 g/mz)
2 Ca-Alg (30 g/m?) Ca-Alg (3.0 g/m?)
3 Agarose (15 g/m2) Ca-Alg (15 g/m?)

FIGURE 2. Spot placement on MS coupon.

coupon (Figure 3). This region exhibited low pH and
a localized maximum in oxygen concentration.
Measurements taken from the rest of the coupon
indicated a pronounced cathodic region (SVE) with
high pH and essentially zero oxygen concentration.
Most of the observable corrosion was located in the
biopolymer-coated region.

Each data point recorded for the SVE was a mea-
sure of current density in pA/cm? for a single scan
grid element. Summing the SVE data measured
above the biopolymer spot and multiplying by the
area per grid element furnished the total current
above this specific region (Equation [1]). The total
current from the biopolymer-spotted region was
highly anodic (Table 1).

2

cm' t) < z (curreznt) (1)

rid elemen
g deleme anodic grid

elements

Total anodic current = (

The same procedure was used for measuring the
total current from the remaining area of the coupon,
which was cathodic.

Experiment 2

The results expected from the hypothesis was
that the region of higher alginate density (covered by
3% alginate) would exhibit more rapid corrosion than
that covered by 0.3% alginate. Instead, both spots
behaved similarly and provided similar contours
(Figure 4). Table 2 shows total ion currents above
both spots after 4 h. Total ion currents were calcu-
lated as in Experiment 1.

Experiment 3

Because agarose has no carboxylate functional
groups, it was hypothesized that corrosion would be
significantly less under this region than under a
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(b)

(©

FIGURE 3. Maps of (a) DO, (b) pH, and (c) current density (SVE) above a corroding MS coupon with a 0.075-cm?
(0.012-in.2) spot of Ca-Alg (20 g/m?). The larger raised or depressed circular region in each plot (approx diam. = 15,000 um
[0.625 in.]) represents the entire exposed area of the MS coupon.

similar region of caboxylate-rich alginate. Again, the
hypothesis was disproved. Both biopolymer spots
behaved similarly and provided similar contours
(Figure 5). Table 2 shows total anodic currents above
both spots, as in Experiment 2. Total anodic currents
were calculated in the same manner as in the first
two experiments.

Corrosion rates were calculated from total spot
currents and spot areas (Equation [2]):

- ix 3,600s/h x 27.93 g Fe/equivalent
corr 96,490 coul/equivalentx A

(2)

where r.,,, is the corrosion rate measured in g Fe/h/
cm?, i is the current in coul/s, and A is the area in
cm?. The minimum r,, was calculated to be 9.17 x
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10 g Fe/h/cm?. Based on a density of 7.9 g/cm? for
MS, this was equivalent to = 4 mpy.

It was speculated that partially drying the biopoly-
mer on the surface before crosslinking it with calcium
ion might have created an artifact that was atypical
of a true biofilm (i.e., the rate of penetration of oxy-
gen through the dried and rehydrated biopolymer
may have been significantly slower than that through
biopolymer maintained in a hydrated state). Two
experiments were conducted to test this possibility.

Control 1

The measured oxygen concentration was ex-
pected to be a Fick’s Law function of the bulk water
oxygen concentration (oxygen concentration at the
electrode surface was virtually zero) and the com-
bined diffusional resistance due to the probe
membrane and alginate coating. Before treatment,
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the measured concentration was 6.34 mg O,/L. After
treatment, it was 5.6 mg O,/L. Apparent reduction in
oxygen concentration from increased diffusional re-
sistance of the dried and rehydrated alginate coating
was = 12%. The alginate coating provided less resis-
tance to oxygen transport than the DO probe
membrane.

Control 2

The dried Na-Alg produced films on platinum
wire which, when immersed in air-saturated water,
showed an average current (3 wires) of 287 nA +
15 nA. The moist Na-Alg produced films resulting in
an average current (3 wires) of 321 nA * 20 nA. The
rate of oxygen transport for the dried and rehydrated
alginate coated wires was = 11% less than for freshly
coated wires.

While there was a slight difference in oxygen
permeability between dried/rehydrated and hydrated
alginate films, this difference did not affect conclu-
sions of the study.

DISCUSSION

Corrosion activity, surface oxygen concentra-
tions, and associated pH differences presented a
consistent picture in Experiments 1 through 3. The
local interfacial equilibrium chemistry could be rep-
resented simplistically by Equations (3) through (6):

Anodic region:
Fe’ - Fe?" +2¢” (3)
Cathodic region:
2 +H,0+1/20, - 20H" (4)

Further oxidation:

2Fe(OH) , +1/2 O, - Fe, 05 + 2H,0 (5)
Hydrolysis:

Fe?* + 2H,0 — Fe(OH), + 2H" (6)

The first experiment replicated the findings of
LewandowskKi, et al., by showing that corrosion pref-
erentially occurred under the alginate biopolymer-
coated region of the MS coupon.!®* Anodic and
cathodic currents were measured independently by
summing over the appropriate scan grid elements.
For any electrochemical cell, such as corrosion oc-
curring on a MS coupon, the total anodic current
(Equation [3]) should equal the cathodic current
(Equation [6]). This did not happen in the first
experiment, probably because of the coarse scan grid
used. As the SVE scanned the surface, it detected a
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TABLE 1
Comparison of Anodic and Cathodic lon Currents
Above a Ca-Alg Gel Spot (0.075 cm?) on MS Coupon

Time After Anodic Cathodic
Start of Experiment Current Current
(h) (HA) (UA)
0.3 1.72 -4.57
1.6 3.18 -4.64
TABLE 2

Comparison of Anodic lon Currents
Above Two Adjacent (0.05 cn?) Gel Spots on MS Coupon

Time After Anodic Anodic
Start of Current Current
Experiment Spot 1 Spot 2
(h) (HA) (HA)
Spot 1 =3% 4 0.76 0.81
Ca-Alg
Spot 2 =0.3%
Ca-Alg
Spot 1 =1.5% 0.72 1.08 0.58
Agarose
Spot 2 =1.5%
Ca-Alg

relatively uniformly distributed cathodic current.
Because corrosion occurred at localized areas of the
coupon in the early stages and the scan step size was
coarse, some of the anodic sites were missed. As
corrosion sites matured, they spread to form broader
sources of anodic current, which were less likely to
be missed. Anodic and cathodic currents became
more equal in later stages of the experiment, consis-
tent with this hypothesis.

Experiments 2 and 3 addressed the possibility
that carboxylate functional groups complexed with
corrosion products and controlled the corrosion loca-
tion. Alginic acid is a naturally occurring linear
polymer consisting of mannuronic and guluronic acid
subunits. Each acid subunit contains a single car-
boxylic acid functional group. The affinity of Ca-Alg
for divalent metal ions is documented.!*?! It was
possible that, in the presence of these complexing
alginate gels, oxidation of the MS was enhanced. This
is represented by expansion of Equations (4) and (5):

Alg—Ca+Fe®  Alg —Fe+ Ca®" (7)
Alg—Fe+1/40,+H,0 - 1/2Fe,0, + 2H" + Alg>  (8)

Alg” +Ca® - Alg-Ca (9)

In Equations (7) through (9), Alg represents
binding sites for divalent metal ions in the alginate
gel polymer. If so, the Alg-complexed ferrous ion
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FIGURE 4. Maps of (a) pH and (b) current density (SVE) above
a corroding MS coupon with two 0.05-cn? spots of Ca-Alg: (left)
3.0 g/n? and (right) 30 g/m?. The larger raised or depressed circular
region in each plot (approx diam. = 15,000 um [0.625 in.]) represents
the entire exposed area of the MS coupon.

could have oxidized more rapidly than the soluble
hydrated ion, a catalytic effect. Or, from mass action
considerations, the decreased ferrous ion concentra-
tion could have promoted corrosion underneath the
alginate coating. In either case, it was hypothesized
that the presence of carboxylate functional groups
may have caused enhanced corrosion under the algi-
nate biopolymer gel.

Experiments 2 and 3 provided evidence that
rejected this hypothesis. Both experiments showed
that carboxylate functional groups did not enhance
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oxidation under a biopolymer gel. Even when the
surface densities of alginate gel and the carboxylate
functional groups were increased by a factor of 10,
the corrosion rate, as represented by SVE-measured
anodic ion currents, was not increased (Table 2).
Likewise, when carboxylate functional groups were
entirely absent (when agarose was substituted for
alginate), there was no decrease in corrosion rate
(Table 2). If anything, the corrosion rate was slightly
greater under the agarose.

If the structure or composition of the biopolymer
did not determine the rate of corrosion, then the
rate-determining factor must have been something
else. It was entirely possible that the oxygen reduc-
tion reaction in the uncoated regions of the coupon
limited the reaction rate.

Anodic and cathodic sites were expected to
develop on MS surfaces in the presence of an electro-
lyte. However, it was not immediately clear why
location of the corrosion sites was dictated by the
location of biopolymer gel spots. The process could
be explained hypothetically by the presence of a dif-
ferential aeration cell. The alginate coating on the
coupon may have limited oxygen transport to the
metal surface and, hence, created a differential aera-
tion cell.?? This would have encouraged oxygen
reduction, hydroxide ion generation, and cathodic
behavior in the biopolymer-free areas. In the algi-
nate-coated region, anodic behavior and corrosion
would have resulted. This appeared to have been the
case, even though oxygen transport to metal below
the alginate coating was expected to be nearly the
same as that in the uncoated region, that is:

— The system was stagnant, and there was little
or no convective mixing;

— The alginate coating was thin, on the order of
50 um; and

— For small molecules, diffusion coefficients in
Ca-Alg gels were nearly the same as in water.?

While it was somewhat surprising that such
minute differences in oxygen concentration could be
responsible for controlling the corrosion process,
there was precedent. LaQue demonstrated that small
differences in oxygen mass transport, such as those
created on rotating disks in aerated water, can
produce differential aeration cells resulting in pro-
nounced corrosion.?* Regions close to the center of
the disk, where diffusional resistance to oxygen
transport was greatest, corroded, while those near
the edge were free of corrosion. Consequently, the
small differences in oxygen gradients in the present
system could have produced differential aeration
cells similar to those seen by LaQue. In addition, the
present experiments comparing oxygen transport at
commercial oxygen electrodes and platinum wires,
with and without alginate film coatings, showed dif-
fusion rates were affected measurably, albeit only
slightly.
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FIGURE 5. Maps of (a) DO, (b) pH, and (c) current density (SVE) above a corroding MS coupon with two 0.05-cm? spots
of biopolymer: (left) 15 g/m? agarose and (right) 15 g/m? Ca-Alg. The larger raised or depressed circular region in each plot
(approx diam. = 15,000 um [0.625 in.]) represents the entire exposed area of the MS coupon.

Solutions of isolated acidic EPS from P. atlantica
(a marine bacterial isolate), alginic acid, and gum
arabic have been shown to have a wide range of af-
fects on the dissolution rate of copper from copper
surfaces.*® These observations support the assertion
that chemical composition and binding tendencies of
polysaccharides may be important in determining the
rate and extent of corrosion from biofilms. However,
solutions of EPS, while exhibiting some physical
structure as most colloidal suspensions do, are not
the same as intact biofilm EPS. The structural integ-
rity of a biofilm necessitates that its EPS be fixed in
place in a matrix of interconnected elements that
maintain their relationships to each other and to the
underlying substratum. Because they are organized
differently, biofilm EPS and solution EPS have poten-
tially different activities at metal surfaces. With
colloidal suspensions of EPS, there is constant move-
ment of particles toward and away from the surface.
These particles undoubtedly adsorb to the surfaces
under all naturally occurring conditions. However,

CORROSION-Vol. 52, No. 10

the extent to which this is irreversible is unknown.
At one extreme, there is no adsorption, and exposure
to fresh uncomplexed biopolymer constantly brings
new binding agents into contact with the surface. At
the other extreme, EPS is bound irreversibly to the
surface, especially when there is a strongly adherent
conditioning film such as some glycoproteins. The
latter case is somewhat analogous to biofilm EPS,
but the biopolymer layer may not extend as far into
the bulk solution.

The significant dissolution rates of metal sub-
strata observed may be marginally relevant to the
processes occurring underneath biofilms and may
even be an artifact of the isolation methods used.
This is not to say that chemical composition of EPS
is not a factor in dissolution of metallic substrata,
but that it may not be as significant as the differen-
tial aeration cells created by heterogeneously
distributed biofilm.

White, et al., reported that the most likely
mechanism for facilitated corrosion in their system
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involved generation of areas of differing cathodic
activity through the heterogenous distribution of
bacteria and EPS on their coupons.® They strongly
suggested that “accumulations of materials elabo-
rated (i.e., generated) by bacteria can facilitate
corrosion.” The present results support this sugges-
tion and further show that living organisms are not
required.

CONCLUSIONS

O Corrosion was enhanced under organism-free
biopolymer spots on MS, confirming the results of
Lewandowski, et al.'®

O Carboxylate functional groups were not necessary
to enhance this corrosion, implying that biopolymer
chemical structure did not control corrosion rates on
the MS coupons.

O Corrosion rates were comparable for two different
biopolymers (with and without carboxylate groups),
suggesting that oxygen reduction may have been the
rate-limiting step.

O These results may have significant implications
for the prevention of MIC on MS. If a biopolymer
alone can stimulate corrosion, then merely killing
the microorganisms that form the biofilm will not
stop MIC. Because differential aeration cells caused
by heterogeneously distributed biofilms may be one
of many mechanisms responsible for corrosion of
MS, the relative contribution of each to MIC must be
evaluated.
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