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MONITORING BACTERIA

acterial biofilms in relation
to internal corrosion

onitoring

and biocide strategies™

T
A
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This paper Is a re\iigw of leading research in the fisld of
bacterlal corrosion monitoring, with specific smphasis on
systems that franspé;t lfqulds rather than gases. The
primary mechanism of bacterial corroslon of metal surfaces
involves the creation, within an adherent biofilm, of local
physlochemical “corrosion cells.” Tha practical conse-
quence of this percepiion fs that it is now known that
bacteria must be In sustained contact with a metal surface,
in well-organized microbial communities before the corro-
slon process fs Initiated. The detection of corrosion prob-
fems by moniloring planktonie sulfate-reducing bacteria
{SRB) and the assessment of biocide efiicacy by kilf data
on these planktonic organisms have led to an enormous
wasto of money. Noncorroding systems have been treated,
and blocides have been applied fo problem systems in
totally Ineffective concentralions and dosage strategiss.
Corroslon manitoring must be basad on the detection of
sassile corrosion bacteria {pradominately SRB), and the
only valid criterfon of blocide efficacy must be the controf of
killing of these sesslle bacteria within their struclured
sessife blofilm communities.

Introduction

BEFORE THE REALIZATION THAT THE MAJORITY of bacteria In
aquatic systems actually live in hick siims-enclosed bioflims on
available submerged surfaces, students of bacterial corroston spec-
utated that products of basterial metabolism exerted corrosive effects
on metals without the necessity of sustained bacterial contact with

- these surfaces. Now that modem methods allow the detatled study of

bacterla actually growing on surfaces, the development of adherent
blofilms can be followed (Figure 1), and transmission electron
microscopy (TEM) can be ussd 1o study the community structure
within these blofilms (Figure 2}, In which well-developed microcolo-
nies of different bacterial types are observed [Figures 3(a) through
(c}). This new perception allows the visualization of a colonized metal
surface with adherent microcolonles of different bacterial types
}qxl_a_poseq against ll}is surface within a complex adherent biofilm.

*Prasenlad during CORROSION/AY, Paper No. 54, NACE, San
Franclsco, CA, 1987,
*Dept. of Blology, University of Calgary, 2500 University Dr. N.W,,
Calgary, Alla, Canada T2N 1N4.
*‘Long Beach State University, L.ong Beach, CA,
***Caproce Corroslon Prevention Lid., 5104 - 82 Ave., Edmonton,
Alla, Canada T6B OE6.

J. W. Costerton,” G. G. Geesey,™ and P. A. Jones™*

FIGURE 1 — Scanning electron microscopy (SEM) of the
surface of stainless stea! colonized by a single bacterial
specles In a laboratory experiment. The bacterla form
thick bioflims on the metal surtace and produce an
amorphous potysaccharide matrix {lower right) that bur-
les and protects the adheront caeils.

Bacterial corrosion occurs only within the biofiim

. The malrix, which encloses the cells of each of these microce-
lontes within the biofilm and mediates their adhesion to the melal
surfaca and to the rest of the biclilm, is typically a highly hydrated
anionic polysaccharide polymer contalning large amounts of various
uronic acids.? Geesey and colfeagues have shown that the deposi-
tion of two different anionic polysaccharide polymers on adjacent
areas of a meta! surface is sufficient 1o cause corrosion, even in the
absence of bacleria.? Little and colleagues have measured aclual
corrosion potentials betwsen adjacent areas of a metal surface
colonized by different types of bacteria.* Bacterial biofilms develop in
all aquatic systems,® and tha innar areas of biofilms (efght fo ten cells
thick} became anaarobic, even In agrebic systems [Figure 3(A)). As
anasrobiasis is eslablished in the inner reaches of a lhickening
biofilm, anaerobic bacteria, such as sullate-reducing bacteria {SRB},
find themselvas in a very favorable environment, and their replication
gradually produces microcolontes of sister cells nex! to the metat
surface [Figure 3{B)}.

It is known Ihat local pH dilferences of 1.5 pH unils can be
sustained between the centers of agjacent baclerial microcolonies,
and data from Geesey, et al. and Little, et al, allow the speculation
that focal corrosion potentials develop befween adjacent microcollo-
nles, based on differences in the charge and metal-binding capacity
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FIGURE 2 — TEM of part of the bacterlal blofilm on a
colonlzed surface. Bacterla of the same type form micro-
colonles {e.g., (A) and (B)], and physiochemlcal differ-
ences batween adjacent microcolonles can produce a
lecal corroslon potential,

of thalr microcolonial matrix polymers [Figure 3(C)}. Some micioco-
lenles do not remain monaspecific but develop into conseriia In which
the primary colonizer aliracts a secondary colonizer by its metabolic
products, and this metabolic consorium often functions 1o pump
substeate molacules and/or prolons away from the colonized metal
surface,

The end result of these natural acological processes within the
adheren! baclerial biofilm Is to produce a wide variety of foct on the
melal surface Ihat are ditferent from neighboring focl in important
physiochemical parameters {Figure 3(C)), and comosion proceeds by
conventional corrosion cell processes. This concept of bacterial
corrosion explains the focal nature of this process (Figure 4) in which
deep pits develop. These pils are filled with bacterial cells and the
dehydration condensed residue of their polysaccharide malrices.
Additionally, the requirement for a highly organized bacterial com-
munity wilhin the adherent biolilm on metal surfaces may explain the
sffectiveness of pigging and other mechanlcal scraping procedures
in corrosion pravention.

Our sludies of biofilms in natural aqualic systems Indicate that
10 to 14 days are usurally required 1o reach climax populations and
fully developed community struclures, and a profound mechanleal
disturbance of the communily al frequent inlervals would surely
relard the initiation of complete focal effecls such as bacterial
corioslon, This concept of focal bactesial attack on metals is closely
paralleled by new data on similar focal bacterial altack on tooth
enamel® and crystalting celluloss,” in which miicrocolonies of bacteria
wlthin adherent microblal blofiims exert lheir full physical and
chemical effects on local surface areas,

One inescapable corollary of this concept of bacteriaf corrosion
is that corrosion will not oceur, even in the presence of numerous
plankionic SRE, if thege organisms have been unable, for acological
reasons, to set up elfaclive microcolonies on the metal surface. A
second coroliary is that corrosion will continue unaffecied even if
planktonic SRS and even the SRB i the outer fayers of the biofitm
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have been killed by biocides, providad thal corrosive microcolonles
continue to function in the blofilm direclly adjacent lo he melat
sutiace. A third corollary is Ihat a profound mechanical disturbance
of the biofilms will retard baclerial corrosion and enhance lhe
penslration and effecliveness of biocides very significantly,

Costly errors inherent in
planktonic corrosion monitoring

Planktenic and sessiles bacierlat populations exist in all aqualic
systems. Having studied naturat systems for decades,® environmen-
tal microbtologisls have concludad thet the planklonle population, at
any given lime, Is much smaller than the sesslte poputation, and that
it Is never representalive of the types of bacleria present in the
altached sessllo biofifms. The small planklonic population of bacteria
conslitutes the random and highly variable shedding (Figure 5) of the
much larger and more complex sessile population, bul this Is what is
contained In the random liquid grab samples that are routinely taken
from plpes and vesseis 1o delect a bacteria! corrosion problem, For
Ihls reason, the species of cells found in any particular planktonic
pipsling sample may not represent the predominant specles within
ihe sesslle corrosion-causing biofilm (Flgura 8},

Il has been shown that oil pipsellnes whose waler phase
contained as many as 1.4 x 10° SAB/mL had fewer than 10 SAB/em?
In the vigorous biofilm population on the pipe wall [Figure 6{A)}. ® In
other pipelines, sessiie biolilm development was negligible in certain
areas of the pips wall [Figure 6{B)).° Conversely, sessile populations
as high as 9.5 x 10° celisfem?® were recorded where planktonic
samples ylelded smalt numbers of SRB [Figure B{C}} or no SRB at ali
{Figure B{D}].® Because the numbers of corroslon-causing sessile
SRB actuatly on the plpe wall cannot be daduced from plankionic
samples, operators depending on these data have sometimes
underlaken extensive bioclde reatment of systems [n which the pipe
walls were entirely uncolonized by these organisms, and they have
fafled lo treat systems thal were actually undar concerted microblo-
fogical attack. )

Direct detaclicn of sessite SRB populations is mandatory In the
monltoring of melal sysiems for the presence of corroslon-causing
bacteria, and devices have bean developed to facilitate this process,®
The systemallc use of sessile sampling devices allows the operator
lo determine the extent of sessile SRB colonlzation at muitipte polnts
in & particutar system and to bass hls dacision on whether to {reat
with biocldes on this rational database,

A practical sxample of the use of sessile bacteria sampling
devices involved tha installation of 8-In. {200-mmy} pipe spools In the
outlet lines of 12 oil tanks, Each pipe spool contained eight 1o len
Robbins Device studs.'® The spools could be rotated so that the
sluds were placed on the botiom of the line for colonization and then
moved to the top of tha line for convenie:! retroval,

Complex bacterial biofilms developed on the stud surfaces
within six weeks in this system, which contained less than 1% water,
The plankionic SRB populations In samples obtalned from all 12 lines
ranged from 1.6 x 10° 10 1.4 x 108 cells/mL. The sessile bacteria
samplers showed that In three. of the lines, the blofiims that
developsd contained no SRB at all,

Bioclde Ireatmant of these Ihree syslems was suspended, and
downslream sessile bacteria sampllng sites continued 1o exhlbit very
low numbers of SRB. During the following 2.5 y of this study,
intermitient bioclde dosing of the other ning systems was sufficient fo
suppress the development of sessile SAB populations in ali but one
case. In this simple case, bloclds treatments at a concentration
sulficlent to kill the sesslte SRB allevialed the problem. Control was
maintained by Intermittent blocide treaiment.

Thus, the systematic monitoring of sesslie SRB populations in
an oll system allowed Ihe detection and elfective freatment of a

persistent corroslon threat without increasing expendilures on bio-
clde.

Assessment of blocide effectiveness

When plankionic sampling Is used lo detect corrosion-causing
bacteria and to assess their killing by biocides, a very costly seras of
errors Is set In motlon because unprotected planklonic bacteria

Materials Performance

o aral

e i

ariem e




BULK FLUID ' >

) 0 BULK FLUID

e

ey,

R e I

B

BULK FLUID

-ROF

FIGURE 3 — Dlagrammatic representation of active, corroslon-causing bacterial consorila

development on a meltal surface, (A) A thick blotlim develops where individual bacterlal species

grow rapldly to develop microcolonles where conditlons bast sult thelr requfrements. When the

blofilm sitalns sufficlent thicknoss 1o exclude and consume oxygen, an anaeroble zone

dovelops adjacent to the colonlzed metal surface. (B) SRB (black) and other anacrobic species [
develop simple microcolonles {rlght) and complex consortia (feft) wlthin which protons and

matal catlons may bo transported or trapped to produce local chemlcal and physical differonces

at the metal surfaco. {C} An actiral corroslon potential Is established between specliic areas on

the metal sutlace, and metat s moblitzed and deposited as In an elecirochemlcal corroston cel.

As the corroslon pH deepens, the corrosion-causing organisms come to occupy it
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FIGURE 4 — SEM of the surface of a mlld steal stud from
which the biofiim had baen removed by scraping. Note
the well-developed crystal-filled pit that Is characterlsilc
of bacterial corrosion.

FIGURE 5 — Diagrammatic representation of sesslle and
plankionle bacterla In the aguatic system shows bloclde-
sensitive, swimming and floating, plankionic cells and
bloclde-protected sesslle organisms within the extenslve
bacterial support matrix of the bloflim.

{Figure 6(E)) are very easy to kill,*® and posllive planktonic biocide kill
data give the operator the comfortable but illusory idea that bacterial
corrosion Is under control. In praclice, the corrosion of the system by
sessile baclerial consortia continues, and live SRB are usually
delected in the plankionic phase soon after biocide trealment is
suspended, The use of biocides in reaction lo ptanklonic bacterial

data has cost the indusley biflions of doltars in ineffective biocide -

application. Because it is sessile biofim bacteria (predominately
SRB) that actually cause the bacterial corrosion of metals, the
detection of bacterial corcosion problems must be based on sessile
sampling, and the assessment of blocide officacy must also be based
on sesslie sampling to indicate the complete conlral of corrosive
specles within the biofilm.

The experimental use of the Robbins Device™ fo test the
efficacy of oil field blocides against both plankionic and sessile
bacleria revealed that concentrations of thess biocides sufficient to
kit planktonic organisms had litlle effect on sessile bacteria {Figure
8(E)). The biocides were chosen al random, were used as supplied
to the oil field operatien, and were used in the concentrations listed
by Smith,'® Colonized studs and flowlng water were removed four
and elght hours alter dosing wilh the bioclde, and It was obvious that
the pfanktenic bacteria had been controlled effeclively by all biocides
at all concentrations used, bul that the sesslle bacteria were largely
unaffected by these anlibacterial agents.

While Smith records the comparative effecls of commercial
blocides on aerobes {aerobic plate count) and SRB,'° the same
relative sensitivities were observed for anaerobes (anaerabic plate
count}, and the total number of bacteria (live or dead) was deter-
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FIGURE & ~ Dlagrammatlc representation of plankionic
and sesslle bacterla (SRB are black) In a varlety of
difterent pipellne systems. (A) SRB are present in the
planktonlc population, but the bioflim that has formed
contalns none of these organisms, (B) SAB are present In
the planktenic population, but hloflim formation 1s inter-
mitient, and there are no sessiie SRB. (C) and (D) SRB are
present In the sesslie biofilm popuiation, but depending
on the pattern of their release, they may (C} or may not (D)
be present In the pfanktonlc phase, (E) Treatmen with an
Ineffective concentration of blocide kills the planktonic
bacteria bul leaves sesslle SAB allve, so that corroslon
continues, This situatlon would be detected by sampling
the bioflim probe but not by a planktonic sample. (F)
Treatment with an effective concentration of bloclde for a
sultable contact time kills both the planktonic and sesslle
bacteria, and thls complete afficacy Is detected by sam-
pling tha blofllm probe,

mined by direct epifluorescence counling. The apparent comparative
efficacy of specific blocides varied in dilferent systems, but the
differential sensitivity of the planktonic and sessile populalions was
always observed, and the sessile bacteria were always much more
resistant.

Percelving that a truly successful blocide must penetrate the
blofilm and Kill the innermost sessile bacterial {Figure 6(F)}, a careful
and exhaustive sludy was undertaken using oil field-produced water
and a large battory of Robbins Devices.® The ol fleld-produced water

. was obtalned from a constant source and was changed daily as the

Robbins Davices'® were being colonized. All delerminations of
asrobic bacteria {by plaling) and SRB {by the most probable number

- . method) were conducted in triplicate, and the colonizalion of a control

system was monilored by analyzing studs at frequent intervals.

The data obtained in this study cleardy Indicated that high
blocide concentrations and extended contact times can produce
complete killing of both anagrobes and SRB in thess treated
systems. Thus, it is concluded that the blocide efiicacy in systems
subject o bacterial corrosion can be established only when the actual
corrosion-causing bacteria within the sessile biofiim population have
baen shown 1o be killed. If the control of these prolecled sesslie
populations is incomplete, the sessile consortia quickly recover, and
live planklonic bacteria quickly reappear when ireatment is
suspended.’®

Essentially, Ihe bacteria within sesslle blolilims grow slowly
bacause of substrate limitations and thelr extensive production of
extracellutar polysaccharides and because the complex consorifa of
physiologically associated specles thal aclually cause baclerial
corroslon are similarly slow to develop.!! For these reasons, the
comptete killing of sessite SRB populations initiates a cycle of dead
blofiim sloughing, recolonization, biofilm development, and consor-
tium developmeni, so it may take weeks or months lo reestablish
effective corrosive bacterial consonla ®
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Siocide development

" There Is now ovewhelming evidence from medical,**
pnvirenmental,™ and industrial'® miceobiology that plankionic bac-
terla difier profoundly from sessile bacterta in their susceptibility 1o
dntibacterlal agents. It 1s falr to say that most commercial biccides
wore developad and tested for their ability o kil planktonic bacteria
i the laboratory and the field. Some biocldes were lested against
gassilo bacterla early In helr development (notably, the isothiaza-
fones), and recent careful tests of fhase compaunds for the ability lo
penetrate biofilm and baclarla! debris gnd actually kil sessile bacteria
Indlcate that they are cost effective In the systems tested.? It Is
anticipated that a new generation of penetraling blocides will ba
developed, based on thelr demonstrated ability to kill sesslts blofilm
bacteria in heavily fouled systems, and these new compounds wilt be
very effacliva In corroslon conirol.

Summary

Modern research In the baclerial corrosion field has produced
unequivocal evidence that this process is a function of organisms
growing in blofilms adherent to the metal surface. Much remains to be
discovered concerning the precise molacular mechanisms of this
focused cormosion process, but it s concluded that immediate
Juxtaposition of SRB and other corroslon-causing organisms to the
metal surface is a prerequisite of bacterial corrosion.

Planktonlc sampling is Inherently misleading In the delection of
bacterial corroslon bscalise the presence of SRB In planktonic
samples does not reflect the presence of a consortium of SRB in the
sesslie biofifm, and the absence of SR8 in planktonic samples does
not refiect the actual absence of these organisms in the adherent
biofitm, However, planktonic dala are most misleading when they are
used to claim the efficacy of a parlicutar biocide treatment, and
operators must begln to draw the correct concluslon from these data;
ke., SRB in the plankionic phase al the time of sampling have been
killed.

Sessile bacterial sampling detacts SRB within the biofilm on the
melal surface and Identilies real corrosion problems, and sessile
bacterla kill data raflect the control of the bacleria actually corroding
the metal surface. The use of medsrm methods and equipment lo

obtain accurate sessile bacleriat samples will facilitate the detection
of aclual bacterfat corroslon problems, tha development of effeclive
biofilm-penetrating biocides, and the effective use of these agents
and of mechanlcal lachniques lo conleol this costly and uhiguitous
nalural process.
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