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Abstract

Traditionally, electrochemical techniques used in corrosion studies
have been limitad oy their lack of spatial and iemoceral rasolution. Microbia;
corrosion is often evidenced as pitting in which small anodes and
correspondingly large cathodss are formed. Tachniques such as
electrachemical impedanca Speclroscopy, which ars unable to differentiate
the znode form the cathode, therefore underestimate the rate of corrosion
due to the fact that it averages both anodic and cathodic processas.
Vibrating micro-elecirodes allow magping of the current densities over a
corroding metal surface wheara the resolution is determined by the height of
the elsctrode above ths suriace {resolution =twice the height) and the
number of measurements made. This theorstical vaiue is approached by
vibrating ihe electrode in the vertical plane as well as the horizontal plane
helping to smooth out irregularities in the suriace topagraphy. 8y scanning
such an electrode over the surface, a current density map can be generated
showing the size and location of both the anodic and cathodic regions with
time. Due to the rapid nature of the scans (<5 minutes), the tamporal
resoiution is alsc enhanced. '

A system giving a resolltion of approximately 300 pm has
been coupled with a microscope (resolution bettar than 1 wm) and a photon
counting imaging system capable of detecting the light produced by a single
luminescent bacterium. This system allows the congruent mapping of
Dacterial locations and activity {bioluminescenca) with the resultant current

374



densities. It has been shown that anodic regions are farmead below colonies
of bacteria. Maninulation of these colonies of bacteria have shown that 108
ciu cm™® are necessary to form an anodic region. Further investigation s,
including the incerporation of genetically engineered ‘reporter bacteria”
containing the JuxB gene will allow the determination of the mechanisms
whereby microbial corrosion takes place. The proximity between
Components of a microbial consortium necessary for inducing MIC can be
determined as well.

Introduction

Microbial corrasion of metais normally entails the establishment of zn
area of low potential (anadic region) relative to a carresponding area of high
potential {cathedic region) on the surface. As current flows from the area
of high potential to low potential metal ions are lost from the suriace, when
the anodic region. in maintained and localized in one region a pit is formed.
Cue to the localized nature of pitting the arsa of attack is nermally quite
small, less than 5 mm in diameter. ;

- A number of methods of microbial attack on metal surfaces have
Deen postulated [1]. Of these the maost studied has involved the action of
- the suiphate reducing bacteria (SRB) on mild steel, However, it nesds to
0s noted that micrebially influenced corrosion is not limited to SR8 and mild
steel. MIC has been reported for numerous mestals and meta alloy as
reviewed by Liitle et al., (2]. Even the refatively toxic copper compounds
nave been shown io be vuinerable to MIC in fresh watar (3].

As pitting is.an etectrochemical process the magnitude of the current
ilowing can be measured by slectrochemical technigues, including linear
polarization and elsctrochemical impedances spectroscopy. However, due
{0 the relative small size of the active regions in refation to the totai area of
the test coupon the magnitude of the rate of corrosion is oiten undar
estimated. These methods also are unable to provide any information on
the spatial correlation between any microcrganisms possibly involved in the
process and the site of attack.

A system has heen described in,the literature which zllows for the
mapping of local current densities to be measured In a cenductive solution
above a metal surfacs [41{5]. The system is basad on the ability of a
vibrating electroda to capacitively ‘detect a potential drop between its two
extremities of oscillation. This potential drop is determined by the local
curreat density at that point in the-solution. In order to achiave a high



resolution of the currant densities a piatinum black coated stainless steg| or
platinum microelectrode with g tip diameter of 20-30 Hm s utilized, Witk
such a micreelectrode positioned ciose to 1 metal surface it is passible to
achieve a resolution in the region of 100 - 300 um. By funning the system
under the control of fagt modemn microcomputers jt is possible to quickly
scan relatively large areas, 1or example an area of 25 mm? can be scanned
with a resolution of 15 X 15 data points in approximately five minutes. This

resolution.

o~

Franklin et al. (8] utilizing such 3 system, with the probe bsing
vibrated in one plane parallel to 2 mild stes! suriace, showed that the
bresence of a cutture of Pssudomonas SD. could pravent the repassivation
of locally formed anodic regions seen in sterije contrels.  Although this
System was able to show the localized nature and magnitude of the anodice
regions associated with bacterial activity it was unable {0 provide
information on the spatial relationship between the Dactaria and the anodic
region.

Davenport st al [6] showed ihat the resolution of the vibrating
electrode could be enfanced nearer it's thearetical maximum oy vibrating
the probs in the vertical pians at the same time as the vertical plane.
Angell et al. [7] tock the Systam a stage further by incorporating the
microeiectrode with a microscope fitted with g CCD camera system capable
of detecting the light emitted Oy a single bacterium. They wers able 1o

twenty four hours.

The bacteria used by Angell et ai, (7] had been isolated from a
cofrosion tubercule farmed 0N a stainless steg| nipe carrying frash water-in
2 power generation plant. Thesa bacteria had been Genetically manipulate d
o carry in a plasmid the luxB gene insartad into cartain pathways of
interest. it has been shown using such methods that the production of light
can be corrslated to the initiation of the patnway of interest (8]

This paper will shaw the way in which this powerful toal, the scanning
vibrating electrode microscaope (SVEM), has been used in order to further
understand the mechanisms of pitting in mild steals by non sulphate
reducing bacteria.



Materials and Methods
Bacteria-

A genetically engineared bacteria, containing the plasmid PUTKS0,
was primarily used in this study. PUTKS0 is a plasmid containing the JuxB
gene which encodes for bioluminescence (Sl. The bacteria was
Pseudomonas zeruginesa FRDT isolated irom the lungs of a cystic fibrosas
catient.  This bacteria was chosen due to its ability to produce copious
amounts of the exopolymer (EPS) alginate. '

Medium:

The medium usad was chosen for its ability to enhance polymer
producticn in biofiim grown cells as datermined oy both light production and
EPS assays. It should be noted that this requirement often resuited in a
sub optimal medium from the carresion point of view, with excess sodium
chloride being praseant. For the FRDA sxperiments the medium contained
in (g L™): glutamic acid 0.015, glycerol 0.045, magnesium suiphate 0.00g,
sodium chioride 8.5, Kanomycin 0.05, Carbenicillin 0.5 and 1 ml of
paosphate buffer containing (g L") 20.8 sodium orthephasphate, 58.8 di-
potassium phosphats.

SVEM:

A two-dimensional scanning vibrating electrode microscope (20-
SVEM) utilizing a 2 channel lock-in amplifier sysiem was used. A four axis
motion system allowed movement of the probe in the X, Y plane, and Z
plane as well as focusing the Zsiss Axioplan microscope in the W plane,
he microscope zllowed visual images, both bricht field and photon, to be
cilected via a Hameamatsy C2400-47 photon-detecting camera attached to
the microscope. This system was found to work well with the long working
distance objectives available allowing both low power images of 25 x5 mm_
area (2.5 x obj.) as well as high power images viewing individua! bacterium
(40 x obi.) All the images were processed by the Argus 10 image analyzer
Defore being sent to the computer for use by the VP software
(ScienceWares, Woads Hale, MA). The VP software controlled the location
and movement of the probe relative ‘o the visual imags and logged the local
current densities at each sampling site. "This information could then sither
be plotied congruently with the visuzal image as a surface contour plot, or
both could be exported to other software programs with more sophisticated
plotting routines. Stainless stsel probes electrolytically coated with
platinum biack were usad through out this experiments. At the start of each
experiment each electrode was calibrated using a glass pipette drawn to a



fine point filled with potassium chloride and Coupled to g AG/AQC! half call,
A Xnown current was Passad through this calibration electrade at 5 known
distance from the prabe, in both the x and y planes, allowing the computer
{C make calibrations of the prebe for current densities. [t should be noted
that the probe actually measures the local currant density in the solution at
its operating height above the meta| coupon. This is not *he current dansity
at the surface as there s a gradient away from the surface.

Electrochemicai Do Dolarisation measurments wera conducted by
Softcarr corrosion measurment software assoclated with £G & G model 273
(option 92) potentiostat, For linear polarisation resisiance, current densities
Were monitored within =30 mV versas Open circuit potential with a scan rata
of 0.17 mV/sse.

Soecimens:
=0€Cimens:

Test specimens used wera 18 mm diamster disks of AlSt C1020
carbon steel. Thass disks wera maounted into €DOXY resin casts and wet-
polished in S&quence with 240, 400, and 800 grit SiC paper, ufirasonicaﬁy
Cleaned with distilled waler, degreased with acstone and sterilizad with 70
¥ propan-1-ol for 30 minutes and allowed {0 air dry in a laminar flow hood.
Allother fubing and containers wers sterilized by autoclaving at 121 °C and
15 PS8l for 20 minutes,

Results ang Discussion

Twe ssts of data wiil he presented that are fepresentativa of two
variations usad for inoculatf'ng the system. Fjrs a twenty-four hoyur brath
Culture was addag as the bulk phase, allowing random Colonisation over the
whole surfacs. Second 25 m| of 4 twenty-four hour broth Was spun down
and resuspended in 280 ul of phosphate bufiered saline (PBS) and a 1 wl
drep of this concentrated bacteria) solution allowed o sit on the coupen far
thirty minutes. This method promoted locajised altachment over 2 small
area approximately 1 mm in diameter. PRS was used as it ajllowed slight
SVaporation to take place without increasing the salt level tao much ior the
bacteria,

Figure 1 shows a series of scans over g forty-two hour period of the
current density measura Ferpendicular to the suriace of the. coupen, when
the bacteria had Been applied o the buik phase. initiafly when the bacteria
Were added (1a) there was one large anodic spike, it is likely that this is 4
noise artifact as it was only one paint, it is aiso unlikely that the Dacteria



Figure 1a. (Tima = 0 he) Flgurs 1o, (Time = 1hr)

Figurs 1c. (Time = 18 hr) Figurs 1d. (Time = 22 hr)

Figure t1e. (Time = 3C hr) Figurs 1. (Time = 42 hr)
Figura 1. Current density {Z axis) scans resulting irom the addition of a 24 hr broth cultura
of Pseudomanas zeruginesz  FRDO1T was added to the bulk phase over a miid steel
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would have had sufficient time to really start to attach to the surface and be-
exerting an effect. After one hour (1b) there appearad to be a slight
increase in the anadic current over roughly two-thirds of the coupon. This
anodic region had grew in magnitude until nineteen hours (1c¢). By twenty
-twao hours (1d) this ancdic region had shifted slightly and covered most of
the area being observed. Howevey, after thirty hours (1) the anodic region
has disappeared with the plot showing general noise. This was similar to
the resultant scan seen at forty-two hours (1f).

The correspending images for the above scans are shown in Figure
2. These show boih "brichtfield" images where the image area is the same
as the scans gpgroximately 4.5 mm x 3.5 mm. Thess images wers
collected by the Hamamatsu C2400-47 camerz with the gain turned down,
the images appear hazy due to the image intensifier, that gives very hign
light sensitivity but poor spatial resolution. The other form of image is
callected with the gain sat on high allowing singie photons o be collected.
The image was acguired for five minutes. In ordar to remove the
packground noise counts were made with no bacteria presant and the
Argus 10 manipulated to drop cut all the noise. This resultad in the loss of
scme dimmear bdacterial light irom the final image but at least allowed the
origfiter bacterial arsas to be deizcted with out any background insuring the
lignt seen on the scresn was from baciseria.

Figure 2a is the visual image taken after one hour, showing that
some material settling on the surface of the coupon. The larger light
coloured amorphous material is thought to be alginate. Figure 2b shows
ancther brightiield image this time taken after nineteen hours, This time the
surface has been covered by a "{luffy" type material thought to be an iron
oxide, mixed with alginats. This piciure corresponds to the point when the
ancdic region was covering most of the coupon {{1c). Looking at the pheton
images it is evidant that after 1 hour there is very little light being produced
oy the bacteria (2¢). By ninetesn hours (2d) there was a lot of light with a
number of bright areas indicating the presence of bacteria with the alginate
cathway activated. This level of light was maintained until the end of the
experiment at forty-two heurs indicating that the bacteria wers still alive and
active, even though the anodic region had been passivated.

When a drop of concentrated bacteria was added to a localised
area the results were as shown in Figure 3. After 1 hour a localised anodic
region was present (3a) and was seen to correlate with the visual image
collected at the same time (4a) where the bacteria and their associated
polymers are seen as the light cantral area on the metal. After three hours
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Figure 4e.

Figure 4 Images of Pseudomonas aerugirosa FRD1 on mild steel coupon: a) visual image
after 1 hour exposure, b) visual image after 3 hours showing spread of bacteria, ¢) photon
image takan after 1 hr showing little light, d) visual image taken after 24 hours, e) photon
image taken aftar 24 hours showing the bactaria are siill active.




the anodic region is S€en to have grown and cavered a larger area reaching
the edge of the ares examined (3b). ' Again this Carrelates well with the
visual image (4b) that shows that the bacteria and palymer have alsg
spread to caver a similar area. The direction of spread is parallel to the
direction of flow and it s thought that the flow of the medium thraugh the
System has facilitated the spread of the bacteria. For the corresponding
time periods figure 4c shaws that after one lour there are a faw bright
areas where the bacteria are active. After three hours more light areas
wers visible which again showed good correlation with the visua| image of
wheare the majority of tha bacteria were,

By twenty-hours this anodic region had disappearsd (3c) the visuzl
(Mage (4d) shows tha: Oy this time the bacteria and the polymer have
Spread cver the whole surface along with corraosion products. At twenty-
four hours the results were principally the same with little anodic activity
Cver the surfacs (3d) but tha phaton image (4e) shows that there was a ot
of bacteriaf activity and that the aiginate pathway was indsad active. This
state persisiad until the and of the experiment after forty-two haurs.

Once again it was evident that initially there was some anaodic activity
which couid be atiributad to the location of the bacteria but was shornt lived
as the bactsria colonisad more of the surface of the <oupon. The photon
images indicate that tha Dacteria were stjl| active after the anodic activity
had halted. The link between the light and the production of zlginate was
demonstrated by this |ab (unpublished data), '

One of tha meajor questions regarding the use of the scanning
vibrating electrode technique is whether it can detect the current through a
biofilm. It is arguable with thess resuits that the anodic current was still
Present but could not pe Cetected through the bictim and corrosion
preducts. In order to determing if this was the case z sat of experiments
Were run using tradition de polarisation techniques to determine ihe
corrasion rates of miid steel eleotroohemicaily in the presence of the
pacteria FRD1 and in & sterile control,

Figure 5. shows the inverse of the polarisation resistanca plotted
2gainst time for both the starife control and the FRD1 inoculated ceils. Both
of conditions foflow similar trends with an initial increass in the rate of
carresicon which then droos before g slight increasa at the end of the eight
day run. The initial rise in the sterile control would appear to be larger than
the FRD1 call, but proporticnally to the starting value they are similar.
These results correlate well to the findings in the SVEM, where initialiy
corrasion (anodic current) was see for the first couple of days which then
decreased in magnitude,
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expased to Pssudomanas seruginoss FRO1 (a) and steriie controf ( +).

Conclusion

it is suggested that the bacteriz Pssugomonas zeruginosa FRDT
and in particular alginate are not ¢f themselves capable of micrabial induced
corrosion. It is thougnt that the initial corrosion is due to the bacteria
forming a heterogenous bicfiim that allows differential oxygen cells o be sat
up. These electrochemical cells are not capable of fully establishing
themselves into self sustaining pits and are rapidly passivated as the
Dacteria further grows to cover the surface.

The SVEM has also been demonsirated to be a very useaful tool
providing further insight into-the mechanisms of microbially induced
corrasion providing information ‘on both the location and magnitude of
anodic regions on a metal surface. The SVEM is able to provide this
information at a resoclution not previously possible with traditional
electrochemical methods. '
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