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Foreword 

The symposium on Microbiologically Influenced Corrosion Testing was presented at 
Miami, Florida on 16-17 Nov. 1992. ASTM Committee G-1 on Corrosion of Metals spon- 
sored the symposium. Jeffery R. Kearns, Allegheny Ludlum Corporation, and Brenda J. 
Little, Naval Research Laboratory, served as co-chairs for the symposium and were co- 
editors of the resulting publication. 
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Overview 

ASTM Committee G-1 on Corrosion of Metals began the development of standards on 
Microbiologically Influenced Corrosion (MIC) Testing in 1991. There were several chal- 
lenges. The first was to organize an interdisciplinary task group with expertise in the use of 
electrochemical, metallurgical, surface analytical, microbiological, and biotechnological 
techniques. This was a particularly difficult problem because of limited communication 
between the different disciplines. Microbiologists had the skills necessary to manipulate and 
characterize microbial behavior and, consequently, their contributions tended to dominate 
the field. In addition, many practicing corrosion engineers were skeptical of claims made 
about the unique characteristics of MIC, since most of the observed corrosion could be 
accounted for by traditional concepts of localized and underdeposit corrosion. 

The second challenge in developing standardized MIC tests was that much of the infor- 
mation on the performance and testing of materials in microbiologically active environments 
consisted of anecdotal evidence and descriptive case histories. There was virtually no con- 
sensus on how to conduct corrosion tests in microbiologically active environments or how 
to interpret test results. Exaggerated claims about the possible corrosive effects of microbial 
activity alarmed many people, but the lack of reliable, quantitative test data prevented the 
inclusion of microbiological factors in engineering designs. Although significant progress 
was made in solving industrial problems related to MIC and in developing analytical tools 
for studying biofilms, important issues related to materials testing, such as reproducibility 
and bias, were all but ignored. Field test results were considered to be site specific and the 
population dynamics of microbial consortia in natural waters were considered to be too 
complex to reproduce in the laboratory. Few considered the essential question of "What 
factor actually accelerates corrosion in a microbiologically active system?" 

Faced with this situation, people with important materials selection decisions to make 
devised testing strategies based on the assumption that the factors that caused MIC are 
essentially the same chemical and physical factors that are well known to cause severe pitting 
and crevice corrosion in tests that do not intentionally involve microbes (abiotic tests). The 
controversy over a representative test and how to conduct it has persisted for over a decade. 

MIC demands attention primarily because of the growing number of rather spectacular 
failures associated with the presence and activity of microbes in environments that would 
otherwise have been considered to be rather benign. All over the world, process and natural 
waters are becoming more corrosive for several reasons. Traditional methods of mitigation 
through cleaning and water treatment are becoming less effective because of high mainte- 
nance costs and more restrictive legislation on the chemical contents of process water ef- 
fluents. Industrial waters are recycled more often, which tends to concentrate corrosive 
elements. MIC has resulted in premature failures of system components, increased downtime 
of equipment for repairs and maintenance, and increased operating costs associated with 
mitigation measures. MIC has forced premature replacement of tanks, heat exchangers, and 
piping systems with a severe detrimental effect on plant production. Cases of MIC have 
been reported in nuclear and fossil-fueled power plants, oil production, chemical processing 
industries, pulp and paper, transportation, and water distribution networks. If materials 
change-out and up-grade options are to be used for new and existing plants and vessels, 
reliable accelerated test methods have to be developed. MIC testing should be regarded as 
an essential part of the mitigation and control of corrosion in natural waters. 

 



As a first step toward developing consensus on technical issues and toward creating a 
multidisciplinary task group that would develop standards on MIC within the ASTM G-1 
Committee, a symposium on MIC Testing was organized. The participants in the symposium 
were from Argentina, Canada, England, France, Germany, Italy, Japan, New Zealand, and 
the United States and represented the multiple disciplines and industries engaged in MIC 
testing. 

This ASTM Special Technical Publication (STP) resulted from the First International 
Symposium on Microbiologically Influenced Corrosion (MIC) Testing held in Miami during 
November of 1992. The STP consists of a Keynote Address and twenty-one papers arranged 
in six topical sessions: Electrochemical Methods, On-Line Monitoring Methods, Surface 
Analysis Techniques, SRB Characterization, Non-Metallic Materials, and Service Water 
Systems. The reader is advised that several papers deserve to be under two or more of these 
headings. Two papers are reviews of the state-of-the-art on electrochemical and surface 
analytical techniques for the study of MIC, and a third review addresses the effects of marine 
biofilms on corrosion of stainless steels. 

The Keynote Address describes the evolution of the study of MIC from phenomenological 
case histories toward a mature multidisciplinary science. The most advanced technologies 
for determining cellular constituents within biofilms and for identifying and measuring MIC 
are described. Emphasis is given to recent developments in image analysis systems, electron, 
atomic and laser microscopy that have made it possible to image biological materials in 
hydrated states. New insights into complex interactions between biofilms and metal surfaces 
have lead to important findings, such as the absence of a correlation between the numbers 
and types of microbial cells and the occurrence of localized corrosion. 

Electrochemical Methods 

The development of an accelerated test for assessing the susceptibility of materials to MIC 
is very difficult because the usual methods of accelerating corrosion, such as increasing the 
temperature and concentration of aggressive chemical species, can alter the microbiological 
activity in the system, and hence bias test results. New methods of acceleration and detection 
are proposed. 

Three types of electrochemical techniques are recommended since they do not perturb 
the microbiologically active system during the measurement: electrochemical noise mea- 
surement (ENM), electrochemical impedance spectroscopy (EIS), and zero resistance am- 
metery (ZRA). Measurements made in the field were combined with laboratory studies. 
For example, ENM was used to detect and monitor the ingress of oxygen into a biofouled 
test vessel at an Ontario Hydro nuclear power plant. Laboratory studies were conducted 
when it was necessary to explore specific issues or when more control of key test variables, 
such as temperature and oxygen content, were required. Successes in producing MIC in the 
laboratory and in identifying the crucial factors that accelerate corrosion are described. 
Inorganic analogs for simulating these factors in laboratory tests are also proposed. 

The advantage of field tests over laboratory tests in microbiologically active systems is 
that the data generated are more directly applicable to the system of interest. However, 
field testing has three main limitations: (1) corrosion can take a long time to occur since no 
critical factor is accelerated, (2) natural fluctuations in the environment can mask significant 
changes in localized corrosion behavior, and (3) individual parameters are difficult to dis- 
criminate. A combination of failure analyses, laboratory studies, and field simulations is 
recommended to determine the mechanism of corrosion. 

A biofilm limits oxygen diffusion to the surface of a metal or alloy and affects the pH at 
the biofilm/alloy interface. In addition, the biofilm may also contain electrically conductive 

 



(or semiconductive) phases, such as pyrroles. Factors such as these can catalyze oxidation- 
reduction reactions and thereby accelerate localized corrosion. The pH at the biofilm/alloy 
interface was measured by two different techniques. In one case, a sophisticated micro- 
electrode apparatus was used to achieve outstanding spatial resolution, and in the other 
case various alloys in the form of wire mesh electrodes are monitored while cathodically 
polarized in natural and artificial seawater. 

On-Line Monitoring Methods 

Four different experiences with on-line monitoring methods for MIC and biofouling in 
industrial cooling water systems, service water systems, and secondary oil recovery water 
injection systems are documented in this section. Conventional monitoring methods tend 
to be too slow or are of insufficient sensitivity to permit reliable process control and water 
treatment in microbiologically active systems. This limitation means that mitigation activities 
are often costly, both environmentally and in terms of the direct costs of the anti-microbial 
chemicals. The papers in this section present proven alternatives to conventional methods 
of monitoring. The papers describe monitoring systems for heat exchangers and water 
distribution pipelines where the objective is to maintain heat transfer efficiency or flow. 
This is done by controlling the formation of biological deposits, while not compromising 
the effectiveness of corrosion inhibitors or promoting scale formation. The capabilities and 
test parameters for the on-line monitoring systems were developed in the laboratory and 
the effectiveness of the system was demonstrated at sites such as the Amoco Chemical 
Company Chocolate Bayou petrochemical plant and the Tennessee Valley Authority Browns 
Ferry nuclear plant. Electrochemical monitoring methods were the primary tool used in 
three of the four papers. However, as described in the second paper of this section, it was 
necessary to monitor water microbiology and chemistry at Husky Oil Operations Limited's 
Wainwright waterflood operation in order to improve the water treatment practice. 

Surface Analysis Techniques 

Surface analytical techniques provide powerful tools for understanding MIC. X-ray Pho- 
toelectron Spectroscopy (XPS) was shown to provide detailed information about the oxi- 
dation and reduction of metals as transformed by microbial metabolism. More specifically, 
XPS was used to determine quantitative chemical information on the interaction of Desul- 
fovibrio sp. with the corrosion products from stainless steels (Fe, Cr, Ni and Mo ions) under 
anoxic conditions. Microbial sulfate reduction produced multiple reduced sulfur species 
(SO~-, elemental S and $2-), as well as reduced molybdate and ferric ions. 

The utilization of conventional surface analytical techniques in failure analysis and lab- 
oratory studies is reviewed in the second paper of the section. Surface analysis techniques 
were utilized for elucidating the processes involved with MIC and for establishing causal 
relationships between microbial activity and corrosion. 

SRB Characterization 

The traditional microbiological methods as well as the latest genetic techniques for the 
characterization of SRB (Sulfate-Reducing Bacteria) are described in two of the three papers 
in this section. A thermodynamic analysis of SRB behavior is presented in the first paper. 
Efforts to characterize SRB contribute to the identification of "fingerprints" for the presence 
and activity of SRB that can be unequivocally linked to corrosion. 

 



For many years all SRB were cultured, on standard media using lactate as the electron 
donor and carbon source. Two modern alternatives are presented: Sulfur Isotope Fraction- 
ation is presented as a definitive tool for identifying MIC by SRB, and, the molecular 
biological technique of reverse sample genome probing (RSGP) is demonstrated to be of 
practical industrial value in solving a biofouling/MIC problem in the heavy oil operations 
of the Wainwright and Wildmere fields in Alberta, Canada. 

Non-Metallic Materials 

Although the majority of work on MIC is concerned with metals and alloys, in this section, 
three novel papers on the MIC of polymers, concrete, and natural sandstone are presented. 
A unique test system developed in Germany is to simulate the combined effects of atmo- 
spheric gaseous pollutants (SO2 and NOx) and nitrifying bacteria (biogenic nitric acid) on 
natural sandstone and calcium alginate mortars. This system revealed that gaseous pollutants 
(SO2) remove microbiologically produced nitrite and nitrate which effectively reduces the 
rate of corrosion. It is rather ironic that the reduction of sulfur dioxide in the atmosphere 
increases the risk of damage to historical buildings by biogenic nitric acid corrosion. 

From historical buildings to ships: a US Navy field test program evaluated the seawater 
corrosion resistance of several conductive caulks and sealants that are used to protect ship 
antenna arrays. Environmental scanning electron microscopy was used as a non-destructive 
means of observing the activity of biofilms on the caulks. A nickel-based conductive caulk 
with a corrosion inhibitor resisted degradation well in all of the field and accelerated lab- 
oratory tests over a period of 15 months. Consequently, this material was recommended 
for this application. 

Results from chemical tests can be misleading when it comes to predicting the behavior 
of materials in natural environments because the influence of bacteria on the corrosion 
process is not well represented. For example, calcium aluminate cement has performed well 
in sewage systems for many years, although the results of conventional chemical tests indicate 
that it was inadequate for this application. To obtain more reliable test results, a simulation 
chamber for biogenic sulfuric acid corrosion was created at the University of Hamburg. By 
optimizing the growth conditions for microbes in the simulation chamber, the aggressive 
conditions in the Hamburg sewer system were created within a year. The city of Hamburg 
now requires this test to qualify new materials for the sewage system. 

Service Water Systems 

Nearly 60 years ago, Wolzogen and Van der Vlugt considered the influence of SRB on 
corrosion of cast iron pipe in soil. The second paper of this section reconsidered this topic 
with one of the newest electrochemical monitoring techniques--Electrochemical Impedance 
Spectroscopy (EIS). The strong correlation between EIS data and weight loss data rec- 
ommend this method for accelerated testing and monitoring. 

Effective measures for mitigating MIC often have to be developed, substantiated and 
introduced into practice to protect existing installations even though the mechanism for MIC 
is not known. Two examples of such cases are presented in regard to the potable water 
distribution systems in several European hospitals. First, the corrosion was confirmed to be 
MIC by the presence of solid corrosion products mixed with a gelatinous film consisting of 
polysaccharides, polysilicates, lactate and pyruvate. Then the factors related to operating 
conditions were discriminated from those related to piping system design. This was done 
by means of test rigs installed at various locations within a hospital. A combination of ultra- 

 



violet radiation and bicarbonate additions mitigated the corrosion of the copper piping in 
cold water supply, while maintaining the water above 55~ solved the corrosion problem in 
hot water supply. The likelihood of MIC increased drastically after an induction period. 
Consequently, accelerated, short term tests were devised to simulate the induction period. 
In order to further accelerate the processes that lead to corrosion and overcome seasonal 
changes in microbial activity, the test rigs were inoculated with bacteria from corroding 
sites. 

Laboratory tests for service water systems are often criticized for not being representative 
of actual field situations because pure strains of bacteria are grown on enriched media then 
exposed to alloys under stagnant flow conditions. These limitations are addressed in an 
accelerated test system built at the Center for Environmental Biotechnology which simulates 
the ecological, physiological and nutritional requirements for the various species of bacteria 
found in the sediments, slime, tubercles, and corrosion products at an operating plant. Test 
solutions were prepared to simulate field conditions with nutritional supplements to stimulate 
the growth of microbes. Electrochemical techniques were used to monitor corrosion of mild 
steel without perturbing the biofilm. The system provided a means to simulate and accelerate 
MIC of mild steel. 

Summary 
The combined offerings of the contributors to this STP will provide the reader with a 

review of the state-of-the-art of MIC testing in the early 1990s. Many industrial needs in 
the area of MIC testing are identified in these papers along with latest laboratory and field 
testing techniques. Strategies to monitor and control corrosion and biofouling in water 
distribution systems, underground pipelines, buildings, and marine vessels are discussed. 
From this a consensus emerges on how to evaluate and reliably simulate microbiological 
factors in real systems and laboratory tests. It is hoped that some of the proposed test 
methods and guidelines presented in this STP will gain wider acceptance and eventually 
lead to the development of new ASTM standards. 

Jeffery R. Kearns 

Allegheny Ludlum Corporation, Backenridge, PA; 
symposium co-chair and co-editor. 

Brenda J. Little 

Naval Research Laboratory, Stennis Space Center, MS; 
symposium co-chair and co-editor. 

 



Keynote Address 
Brenda J. Little ~ and Patricia A.  Wagner I 

Advances in MIC Testing 

REFERENCE: Little, B. and Wagner, R, "Advances in MIC Testing," Microbiological In- 
fluenced Corrosion Testing, ASTM STP 1232, Jeffery R. Kearns and Brenda J. Little, Eds., 
American Society for Testing and Materials, Philadelphia, 1994, pp. 1-11. 

ABSTRACT: The study of microbiologically influenced corrosion (MIC) has progressed from 
phenomenological case histories to a mature interdisciplinary science including electrochemical, 
metallurgical, surface analytical, microbiological, biotechnological, and biophysical techniques. 
With microelectrodes and gene probes it is now possible to measure interfacial dissolved 
oxygen, dissolved sulfide and pH, and to determine microbial species responsible for localized 
chemistry. Biofilms can be tailored to contain consortia of specific microorganisms and nat- 
urally-occurring biofiims can be dissected into cellular and extraceUular constituents. Scanning 
vibrating electrodes can be used to map the distribution of anodic electrochemical activity. 
Electrochemical impedance spectroscopy and electrochemical noise analysis techniques have 
been developed to non-destructively evaluate localized corrosion due to MIC. The development 
of environmental scanning electron, atomic force, and laser confocal microscopy makes it 
possible to image cells on surfaces and to accurately determine the spatial relationship between 
microorganisms and localized phenomena. Transport of nutrients through biofilms can be 
modeled using techniques including optical density measurements to precisely locate the water/ 
biofilm interface and nuclear magnetic resonance imaging to visualize flow characteristics near 
surfaces colonized with microorganisms. The ways in which new techniques can be used to 
understand fundamental mechanisms and to discriminate MIC will be discussed in this paper. 

KEYWORDS: microbiologically influenced corrosion (MIC), culture techniques, electro- 
chemistry, surface analyses 

Introduction 

Corrosion associated with microorganisms has been recognized for over 50 years, yet the 
study of MIC is a relatively new, multidisciplinary field. In 1985 an International Conference 
on Biologically Influenced Corrosion was sponsored by the National Association of Cor- 
rosion Engineers (NACE).  Of the thirty-six papers in the proceedings volume, roughly half 
the papers are descriptive case studies and ten titles contain the words sulfate-reducing 
bacteria (SRB) [I]. In 1985 many of the techniques for evaluating MIC depended on char- 
acterizing shape, color, and smell of surface deposits in addition to the presence of specific 
types of bacteria, usually SRB. In contrast, today there is general recognition that SRB 
contribute and control many cases of MIC, but that it is the total community of bacteria 
within the biofilm that is responsible for MIC and there is no correlation between numbers 
and types of cells and localized corrosion [2]. Electrochemical, surface analytical, and mi- 
crobiological techniques are now routinely combined to elucidate the complexities of mi- 
crobial interactions with metal substrata. 

Research chemist and oceanographer, respectively, Naval Research Laboratory, Stennis Space 
Center, MS 39529-5004. 
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2 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

Techniques for Determining Cellular Constituents Within Biofilms 

Culture Techniques 

For many years, the standard for evaluating MIC has been the enumeration of SRB either 
in bulk liquids or in surface deposits using a liquid or solid [3] medium with sodium lactate 
as the carbon source [4,5]. When SRB are present in the sample, sulfate is reduced to sulfide 
which reacts with iron in solution to produce black ferrous sulfide. Blackening of the medium 
over a 28-day period signals the presence of SRB. Usually, 1 mL samples are injected by 
syringe into media bottles for 10-fold dilutions. It is assumed that only a single living 
bacterium is required to blacken a bottle. The simplest interpretation of test results is to 
consider that if one bottle is blackened, the sample contained at least 1 organism, if two 
bottles are blackened, the sample contained 10 organisms; three bottles, 100 organisms and 
so on. Agar slants can be inoculated by dipping a pipe cleaner into a liquid sample and 
inserting it into a single vial of solid or semi-solid agar. Mineral oil and a CO_,-generating 
tablet are usually added to exclude oxygen, and the vial is capped, incubated for 5 days, 
and checked daily for blackening. 

The distinct advantage of culturing techniques is that they are extremely sensitive. Low 
numbers of SRB grow to easily detectable higher numbers in the proper culture medium. 
However, growth media tend to be strain-specific. For example, lactate-based media sustain 
the growth of lactate oxidizers but not acetate-oxidizing bacteria. Incubating at one tem- 
perature is further selective. Culturing methods using agar media cannot distinguish between 
a single SRB cell and a clump of SRB cells [3]. The present trend in culture techniques is 
to attempt to culture several physiological groups including aerobic, heterotrophic bacteria: 
facultative anaerobic bacteria; and acid-producing bacteria in addition to sulfate-reducing 
bacteria [6]. A complex SRB medium containing multiple carbon sources that can be de- 
graded to both acetate and lactate has been developed and compared to five other com- 
mercially available media using natural and produced waters and surface deposits [7]. 

Biochemical Assays 

Biochemical assays have been developed for the detection of specific microorganisms 
associated with MIC. Unlike culturing techniques, biochemical assays for detecting and 
quantifying bacteria do not require growth of the bacteria. Instead, biochemical assays 
measure constitutive properties including adenosine triphosphate (ATP) [8], phospholipid 
fatty acids (PLFA) [2], cell-bound antibodies [9,10], and DNA [11]. Adenosine-5'-phos- 
phosulfate (APS) reductase [3], hydrogenase [12], and radiorespirometric measurements 
have been used to estimate SRB populations and activity [13,14]. 

ATP assays estimate the total number of viable organisms by measuring the amount of 
adenosine triphosphate in a sample. ATP is a compound found in all living matter, The 
procedure requires that a water sample be filtered to remove solids and salts which may 
interfere with the test. The filtered sample is added to a reagent that releases cell ATP. An 
enzyme then reacts with the ATP to produce a photochemical reaction. Emitted light is 
measured with a photometer and the number of bacterial cells is estimated from the total 
light emitted. 

Biofilm community structure can be analyzed using cluster analysis of the PLFA profiles 
[2]. PLFA profiles for natural biofilms have been shown to be more complex than profiles 
for laboratory biofilms. None of the laboratory profiles clustered closely with profiles from 
natural biofilms. In addition, the PLFA profiles for attached bacteria clustered separately 
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from profiles of the same bacteria in the bulk phase, suggesting that either the community 
or the physiology of attached bacteria differ from that of bulk phase bacteria. 

Immunofluorescence techniques have been developed for the identification of specific 
bacteria in biofilms [15,16]. Epifluorescence cell surface antibody (ECSA) methods for 
detecting SRB are based on the use and subsequent detection of specific antibodies, produced 
in rabbits, that react with SRB cells [9,10]. A secondary antibody, produced in goats, is 
then reacted with the primary rabbit antibodies bound to SRB cells. In some cases, goat 
antibodies are linked to a fluorochrome which enables bacterial cells marked with the 
secondary antibody to be viewed with an epifluorescence microscope. In other cases, goat 
antibodies are conjugated with an enzyme (alkaline phosphatase) that can then be reacted 
with a colorless substrate to produce a visible color proportional to the quantity of SRB 
present. The detection limits for the field test are 10 000 SRB/mm 2 filter area. The color 
reagent used for the field tests is unstable at room temperature and tends to bind nonspe- 
cifically with antibodies adsorbed directly at active sites on the filter, creating a false positive 
that may interfere with the detection of SRB at levels below 10 000 cells/ram-'. Antigenic 
structures of marine and terrestrial strains are distinctly different and therefore antibodies 
to either strain did not react with the other. Furthermore, SRB antibodies did not react 
with non-SRB bacteria. The developers report a poor response of rabbit antibodies devel- 
oped from pure SRB cultures to mixed populations [10]. Rabbit SRB antibodies generated 
from fresh SRB strains from Prudhoe Bay, Alaska, as well as terrestrial and marine locations, 
were found to react better with SRB from natural sources. It is possible to differentiate 
individual species within a biofilm by reacting them with monoclonal antibodies specific to 
outer cell membrane antigens. Hogan [11] described a non-isotopic semi-quantitative pro- 
cedure for the detection of Desulfobacterium and Desulfotomaculum using DNA probes 
labeled with an acridinium ester that is sensitive to 104 organisms per mL. 

Direct molecular characterization of natural microbial populations can be accomplished 
with sequence analysis of 5S rRNAs [17,18]. More recently, fluorescent dye-labeled oli- 
gonucleotide probes have been used for microscopic identification of single cells and char- 
acterization of mixed populations. Polymerase chain reaction amplification, comparative 
sequencing and whole cell hybridization have been combined to selectively identify and 
visualize SRB both in established and developing multispecies biofilms [19]. 

APS reductase is an intercellular enzyme found in all SRB. Briefly, cells are washed to 
remove interfacing chemicals, including hydrogen sulfide, and lysed to release APS reduc- 
tase. The lysed sample is washed, added to an antibody reagent and exposed to a color- 
developing solution. In the presence of APS reductase a blue color appears within 10 min. 
The degree of color is proportional to the amount of enzyme and roughly to the number 
of cells from which the enzyme was extracted. Similarly, a procedure has been developed 
to quantify hydrogenase from hydrogenase-positive SRB requiring cells to be concentrated 
by filtration from water samples [12]. Solids, including corrosion product and sludge, can 
be used without pretreatment. The sample is exposed to an enzyme extracting solution for 
15 min and placed in an anaerobic chamber from which oxygen is removed by hydrogen. 
The enzyme reacts with excess hydrogen and simultaneously reduces an indicator dye in 
solution. The activity of the hydrogenase is established by the development of a blue color 
in less than 4 h. The intensity of the blue color is proportional to the rate of hydrogen 
uptake by the enzyme. The technique does not attempt to estimate specific numbers of 
SRB. 

Roszak and Colwell [20] reviewed techniques commonly used to detect microbial activities 
in natural environments, including transformations of radiolabelled metabolic precursors. 
Phelps et al. [21] and Mittelman et al. [22] used uptake or transformation of ~C-labelled 
metabolic precursors to examine activities of sessile bacteria in natural environments and 
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in laboratory models. Phelps et al. [21] used a variety of "C-labelled compounds to quantify 
catabolic and anabolic bacterial activities associated with corrosion tubercles in steel natural 
gas transmission pipelines. They demonstrated that organic acid was produced from H, and 
CO2 in natural gas by acetogenic bacteria, and that acidification could lead to enhanced 
corrosion of the steel. Mittelman et al. [22] used measurement of lipid biosynthesis from 
~C-acetate, in conjunction with measurements of microbioal biomass and extracellular poly- 
mer, to study effects of differential fluid shear on physiology and metabolism of Alteromonas 
(formerly Pseudomonas) atlantica. Increasing shear force increased the rate of total lipid 
biosynthesis, but decreased per cell biosynthesis. Increasing fluid shear also increased cellular 
biomass and greatly increased the ratio of extracellular polymer to cellular protein. 

Techniques for analyzing microbial metabolic activity at localized sites are also being 
developed. Franklin et al. [23] incubated microbial biofilms with ~C-metabolic precursors 
and autoradiographed the biofilms to locate biosynthetic activity on corroding metal surfaces. 
The uptake of the labelled compounds was related to localized electrochemical activities 
associated with corrosion reactions. 

A major breakthrough in determining bacterial activity within biofilms has been the use 
of "reporter" genes that can signal the induction of specific metabolic pathways. King et 
al. [24] engineered the incorporation of a promotorless cassette of lux genes into specific 
operons of Pseudomonas so that these operons induce bioluminescence during the degra- 
dation of naphthalene. Mittelman et al, 2 used the bioluminescent reporter gene to provide 
a quantitative measure of attachment of microorganisms onto metal and glass surfaces in a 
laminar flow system. They found that biofilm light production was directly correlated with 
biofilm cell numbers in a range of 105-107 cells/cm 2. Using reporter genes, Marshall et al. 
[25] demonstrated that bacteria immobilized at surfaces exhibit physiological properties not 
found in the same organisms in the aqueous phase. Some genes are turned on at a solid 
surface despite not being expressed in liquid or on solid media. It is also likely that other 
genes are turned off at surfaces. They identified acid- and alkali-inducible genes in E. coll. 
Marshall et al. [25] further demonstrated gene transfers within biofilms even in the absence 
of imposed selection pressure. 

Rosser and Hamilton [13], with subsequent modifications [14], developed a test tube 
technique for a 35S sulfate radiorespirometric assay to measure SRB metabolic activity on 
the surface of metal coupons after exposure to corrosive environments. The coupon is placed 
into anaerobic filtered sterile seawater containing 35S-sulfate. Oxygen-free zinc acetate is 
immediately injected onto an enclosed filter paper wick and the entire system is incubated. 
Oxygen-free hydrochloric acid is then injected past the wick into the solution. Volatile acid 
sulfides, including any H235S formed, are trapped during an equilibration period. The wick 
is removed from the tube and the radioactivity measured using a liquid scintillation counter, 
after which the sulfate reduction rate is calculated. This technique has been used for both 
bulk and coupon samples. 

Techniques for Identification and Measurement of MIC 

Electrochemical Techniques 

Mansfeld and Little [26] recently reviewed electrochemical techniques applied to MIC 
studies and no attempt will be made to discuss all the innovations in electrochemical tech- 
niques. Three nondestructive electrochemical techniques, the scanning vibrating electrode 
technique (SVET), electrochemical impedance spectroscopy (EIS), and electrochemical 

2 M. W. Mittelman, J. M. H. King, G. S. Sayler, and D. C. White, unpublished data, University of 
Tennessee, Knoxville, TN, 1992. 
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noise analysis (ENA) are currently being used to provide unique insights into mechanisms 
for MIC. 

SVET is used to determine the magnitude and sign of current densities over freely cor- 
roding metals in solution [27]. Franklin et al. [28] used SVET to show a spatial relationship 
between localized corrosion and bacterial cells on carbon steel surfaces. Pit propagation 
depended on the presence of bacteria. The authors proposed that biofilms inhibited migration 
of aggressive ions from pits or migration of inhibiting ions from the bulk solution into pits. 

EIS techniques record impedance data as a function of the frequency of an applied signal 
at a fixed potential [29]. A large frequency range (65 kHz to 1 mHz) must be investigated 
to obtain a complete impedance spectrum. Dowling et al. [30] and Franklin et al. [31] 
demonstrated that the small signals required for EIS do not adversely affect the number, 
viability, and activity of microorganisms within a biofilm. 

EIS data may be used to determine polarization resistance, the inverse of corrosion rate. 
Sophisticated models have been developed for localized corrosion [32,33] that provide ad- 
ditional information from EIS data. Several reports have been published in which EIS has 
been used to study the role of SRB in corrosion of buried pipes [34-36] and reinforced 
concrete [37-39]. The formation of biofilms and calcareous deposits on three stainless steels 
and titanium during exposure to natural seawater was followed using EIS and surface analysis 
[40,41]. Ferrante and Feron [42] used EIS data to conclude that the material composition 
of steels was more important for MIC resistance than bacterial population, incubation time, 
sulfide content, and other products of bacterial growth. Jones et al. [43] used EIS to de- 
termine the effects of several mixed microbiological communities on the protective properties 
of epoxy coatings on steel. A damage function was defined which allowed qualitative as- 
sessment of coating deterioration due to MIC. 

ENA follows fluctuations of potential or current as a function of time or experimental 
conditions. Analysis of the structure of the electrochemical noise using the frequency de- 
pendence of the power spectral density can provide information concerning the nature of 
corrosion processes and magnitude of corrosion rate. King et al. [36] interpreted noise 
measurements for steel pipes in environments containing SRB as being indicative of film 
formation and breakdown. Iverson [44,45] used ENA to monitor corrosion of mild steel in 
a trypticase seawater culture of a marine SRB and concluded that breakdown of the iron 
sulfide film was accompanied by the generation of potential electrochemical noise. 

Surface Analytical Techniques 

Nivens et al. [46] demonstrated that attenuated total reflectance infrared spectroscopy 
(ATR-FF/IR) can be used to detect changes in sessile microbial biomass. The ATR-FT/IR 
studies showed that changes in the physiological properties of attached bacteria were induced 
by changes in the bulk phase. They demonstrated that the number of attached Caulobacter 
sp. was directly correlated with the intensity of the infrared amide II asymmetrical stretch 
band at 1543 cm -~, corresponding to bacterial protein, The technique was sensitive to 106 
bacteria/cm 2, and changes in the physiological status of the attached bacteria could be 
measured. For example, production of the intracellular storage lipid, poly-B hydroxyalka- 
noate, and production of extracellular polymer, were monitored by absorbance at 1730 cm- 
( C ~ O  stretch) and 1084 cm-I ( C - - O  stretch), respectively. 

Geesey and Bremer [47] used ATR-FT/IR to evaluate non-destructively, in real time, 
interactions of bacteria with thin films of copper deposited on germanium. Changes in the 
thickness of the copper films were measured as increased intensity of the infrared water 
absorption band at 1640 cm 1. The authors compared copper loss in the presence of bacteria 
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isolated from corroded copper samples and were able to observe differences between two 
cultures. Using this technique, Jolley et al. [48] observed copper oxidation by three polymers, 
including bacterial exopolymer. 

Nivens et al. [46] investigated the use of the quartz crystal microbalance (QCM), a very 
sensitive mass-sensing device, for detecting attached microbial films. The QCM was more 
sensitive to changes in biomass than ATR-FT/IR,  with a detection limit of 104 bacteria/cm 2 
and a linear range of at least two orders of magnitude. An interesting aspect of both ATR- 
FT/IR and the QCM is that substrata of both techniques can be used for electrochemical 
analyses so that corrosion information can be obtained while changes in microbial biofilms 
are monitored. 

It is now generally recognized that biofilms alter biofilm/metal interracial chemistries. 
Direct chemical measurements are restricted by biofilm thickness and the heterogeneous 
anisotropic nature of biofilms [49]. Ion-selective and gas sensing microprobes with tip di- 
ameters less than 10 I~m have been developed for direct biofilm measurements. Lewandowski 
[49] measured dissolved oxygen profiles in a continuous flow, open channel reactor with a 
mixed biofilm on a metal surface. Van Houdt et al. [50] developed a rugged iridium oxide 
pH microelectrode with a 3 to 5 Ixm tip diameter to measure a pH profile across a mixed 
population biofilm on a polycarbonate disc. 

An in-situ microtechnique has been developed for evaluating parameters of diffusion- 
controlled reactions in biofilms [51]. A microprobe 15 p.m in diameter was used to simul- 
taneously measure dissolved oxygen and optical density at different depths in a submerged 
biofilm. The diffusion coefficient for dissolved oxygen, the dissolved oxygen flux, and the 
half velocity coefficient were then calculated. 

Nuclear magnetic resonance imaging (NMRI), a non-invasive method, uses radiofrequency 
magnetic fields in the presence of a strong magnetic field to provide information about the 
concentration and physical state of specific atomic nuclei. Lewandowski et al. [52] dem- 
onstrated the use of NMRI to show distribution of water, flow velocities, and biomass in a 
biofilm/polycarbonate reactor system. 

Recent developments in image analysis systems and electron, atomic and laser micros- 
copies make it possible to image biological materials in the hydrated state. Muellar et al. 
[53] were able to determine rate coefficients for early bacterial colonization on copper, 
silicon, stainless steel and glass using a chemostat, a flow cell, and a microscope equipped 
with an image analysis system. Substrata were monitored using reflective light from a mi- 
croscope equipped with a Nomarski lens and video camera recorder. Transmitted light was 
used for transparent surfaces. They demonstrated that surface roughness and surface free 
energy correlated positively with biological and abiological sorption processes. 

Little et al. [54] used environmental scanning electron microscopy/energy-dispersive X- 
ray analysis (ESEM/EDS) to study biofilms on stainless steel surfaces, observing a gelatinous 
layer in which microalgae were embedded. Extracellular polymeric acidic polysaccharides 
bind and precipitate heavy metals. ESEM/EDS spectra indicated local concentrations of 
A1, Ni, and Ti. Images of the same specimens made using traditional scanning electron 
microscopy (SEM) demonstrated a loss of cellular and extracellular material. Dehydration 
of the biofilm with solvents, required for SEM, either extracted bound metals from the 
biofilm by ion exchange/solvent extraction or removed the metals with the extracellular 
polymeric material. 

Laser confocal microscopy permits one to create three-dimensional images, see surface 
contour in minute detail, and accurately measure critical dimensions by mechanically scan- 
ning the object with laser light [55]. A sharply focused image of a single horizontal plane 
within a specimen is formed while light from out of focus areas is repressed from view. The 
process is repeated again and again at precise intervals on horizontal planes and the visual 
data from all images compiled to create a single, multidimensional view of the subject. 
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Geesey 3 used laser confocal microscopy to produce three-dimensional images of bacteria 
within scratches, milling lines and grain boundaries. 

The atomic force microscope (AFM) is related to the scanning tunneling microscope 
(STM). The STM uses an atomically sharp conductive tip held angstroms from the surface 
to profile surface features with angstrom resolution. When the tip is electrically biased with 
respect to the sample, a current will fl0w between the surface atom closest to the tip and 
the nearest tip atom by the quantum mechanical process of electron tunneling. While the 
STM requires the sample to be electrically conductive or coated with a conductive material, 
the AFM can be used to image non-conducting surfaces and does not rely on tunneling 
current. AFM provides exceptional detail and allows viewing of specimens in the hydrated 
state. AFM uses an extremely sharp scanning probe mounted on a flexible cantilever to 
record x,y,z coordinates of a sample in fractions of a nanometer. Photodiode electrical 
outputs mimic sample topography and serve as the basis for the resulting image. AFM 
images of copper exposed to a bacterial culture medium for 7 days showed biofilms distrib- 
uted heterogeneously across the surface with regard to both cell numbers and depth [56]. 
Bacterial cells were associated with pits on the surface of the copper coupons. 

Conversion of metals to sulfides by SRB has been studied since the late 1800s [57]. Baas- 
Becking and Moore identified mackinawite, gregrite and smythite as indicators for SRB 
corrosion of ferrous metals in anaerobic environments [58]. McNeil et al. analyzed sulfide 
mineral deposits on copper alloys colonized by SRB in an attempt to identify specific 
mineralogies that were indicative of SRB activity [59]. They concluded that the formation 
of non-adherent layers of chalcocite (Cu_,S) and the presence of hexagonal chalcocite were 
indicators of SRB-induced corrosion of copper. The compounds were not observed abiot- 
ically and their presence in near-surface environments could not be explained thermody- 
namically. 

Sulfur isotope fractionation was demonstrated by Little et al. in sulfide corrosion deposits 
resulting from the activities of SRB within biofilms on copper surfaces [60]. 32S accumulated 
in sulfide-rich corrosion products, and 34S was concentrated in the residual sulfate in the 
culture medium. Accumulation of the lighter isotope was related to surface derivatization 
or corrosion as measured by weight loss. Use of this and the preceeding mineralogical 
technique to identify SRB-related corrosion requires sophisticated laboratory procedures. 

Conclusions 

The combined testing approaches of microbiology, electrochemistry, and surface chemistry 
have been reviewed to provide insight into complex interactions between biofilms and metal 
surfaces. Multimedia microbiological cultures, biochemical assays and genetic probes are 
being used to demonstrate the presence of specific types of bacteria. ESEM, AFM and laser 
confocal microscopy have demonstrated the spatial relationship between bacteria and lo- 
calized corrosion on hydrated surfaces. Dissolved oxygen, dissolved sulfides, pH and optical 
density profiles through biofilms have been made with microprobes. Electrochemical testing, 
including EIS, SVET and ENA, has been used to demonstrate MIC for many alloys in a 
large number of environments. 
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DISCUSSION 

Tom Jack ~ (written discussion)--I was interested by one subject that you did not mention 
but which is probably going to be very important: kinetics of transport phenomena in 
biofilms. Could you comment on the state of the art? 

B. Little and P. Wagner (authors' closure)--Techniques for determining biofilm reaction 
kinetics and the related diffusion coefficients depend on two types of testing: (1) chemical 
analyses of bulk water and (2) measurements inside the biofilm using microsensors. Le- 
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wandowski et al. developed a microtechnique that allows evaluation of diffusion-controlled 
reactions within biofilms. They presented an algorithm and instrumentation for measuring 
respiration reaction kinetics in biofilms and simultaneously measured dissolved oxygen and 
optical density through a biofilm. The biofilm diffusion coefficient for dissolved oxygen, the 
dissolved oxygen flux through the biofilm surface and the half velocity coefficient were 
calculated. The procedure is general and can be used for organic compounds or dissolved 
gases for which a concentration profile across a biofilm can be measured. See "Reaction 
Kinetics in Biofilms" by Z. Lewandowski, G. Walser and W. Characklis in Biotechnology 
and Bioengineering, Vol. 38, 1991, pp. 877-882. 
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ABSTRACT: The problem associated with the development of an accelerated test for assessing 
the susceptibility of materials to microbiologically influenced corrosion (MIC) is an uncom- 
monly difficult one. The usual methods of accelerating corrosion such as increasing the tem- 
perature and concentration of aggressive species cannot be used. Both these factors have to 
be maintained within relatively tight limits, otherwise unacceptable changes in the biology of 
the system will result. Conventional, anodic polarization techniques can produce misleading 
information because the very high fields produced at the metal surface during polarization are 
incompatible with the maintenance of viable microorganisms. Other methods of acceleration 
and detection must therefore be sought. 

A combination of failure analyses, laboratory studies, and field simulations has been useful 
to determine the mechanism of corrosion of Ontario Hydro's freshwater cooled heat exchangers 
(HXs) and to identify the most detrimental operating conditions. During field simulations of 
the worst conditions, electrochemical noise monitoring has identified a reproducible response 
that could be an MIC signature. This signature may be used to verify the relevance of proposed 
accelerated MIC tests to field operation. 

This paper describes the methods and results of field experiments using electrochemical 
noise monitoring and their implications for accelerated MIC testing. 

KEYWORDS: electrochemical noise, sulphate-reducing bacteria, hypochlorination, stagna- 
tion, hydrogen sulphide oxidation 

The advantage of using field "test rigs" over experimentat ion in the laboratory is a better  
simulation of the system under  study. Therefore,  the data generated are more directly 
applicable to that system. This is particularly true when complex biological factors are part 
of the operating environment .  However,  field testing in isolation has three main limitations: 

(1) The degradation processes occur at the same rate as they do in the system under  
study, that is, there is no acceleration of the processes of the degradation. Therefore,  
obtaining predictive information is impossible unless testing is commenced prior to 
commissioning of the system. 
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(2) Unavoidable natural fluctuations in the environment can lead to confounded results. 
This is often the case when testing is influenced by seasonal changes. 

(3) Complex environments and operating conditions can make it difficult to obtain mech- 
anistic information by isolating the effects of individual parameters. 

In order to overcome these deficiencies, Ontario Hydro and Atomic Energy of Canada 
(AEC) employed a combination of failure analyses, field testing, and laboratory tests to 
determine the degradation mechanism of the stainless-steel and nickel-alloy tubing and piping 
employed in some of Ontario Hydro's CANDU reactors. Moderator heat exchangers (HXs) 
shutdown coolers and fuel bay HXs are the systems most prone to localized corrosion. 
Electrochemical noise monitoring was used in field testing to help verify a proposed deg- 
radation mechanism. In the process, the most detrimental operating condition was identified. 
In addition, an electrochemical response was recorded that may be useful as an MIC signature 
and as the basis of an accelerated laboratory test. 

Systems Under Study 

Ontario Hydro's CANDU reactors employ untreated lake water for cooling its stainless 
steel and nickel alloy HXs. This lake water is conveyed to some O f these HX systems through 
stainless-steel piping. The HXs and piping are prone to underdeposit corrosion. Failure 
analysis, field simulations, and laboratory studies have indicated that microorganisms play 
a role in the degradation processes [1]. Aerobic slime-forming bacteria (for example, pseu- 
domonas) are first to colonize the surface of the tubes. They secrete an extra-cellular 
polymeric substance that leads to the stabilization of sediments on the tube surface. By 
excluding oxygen beneath the fouled layer, aerobic bacteria provide anoxic habitats for 
anaerobic bacteria such as methanogenic and sulphate-reducing bacteria (SRB). Methan- 
ogenic bacteria produce CO2 as a metabolic product that drives calcite deposition. SRB 
generate a local aggressive environment by metabolizing sulphate to sulphide [2]. The re- 
suiting fouled layer concentrates potentially aggressive species such as chloride and sulphide 
that lead to occluded regions where local acidification can take place. 

In regions where the fouling has become detached or where high-flow rates have prevented 
biofilm attachment, oxygen in the lake water has access to the tubing. The role of oxygen 
is thought to be threefold. First, oxygen acts to increase the corrosion potential of the tubing 
provided activating species such as chloride and thiosulphate, or both, are present. Second, 
reduction of oxygen is the cathodic reaction that drives metal dissolution within the pits. 
Finally, it is believed that oxygen reacts with sulphide to produce thiosulphate, which can 
be a very aggressive pit activator for these materials. 

Field Monitoring Technique 

Technique Description 
The electrochemical-noise technique was employed to monitor electrochemical-corrosion 

transients during this study. Electrochemical noise is the generic term used to describe the 
low-amplitude, low-frequency random fluctuations of current and potential observed in many 
electrochemical corrosion processes; the current and potential are related to anodic metal 
dissolution and cathodic processes, or both. Mechanistic information can be obtained by 
analyses of the individual transients making up the noise signal [3]. The detailed nature of 
the transient is the result of specific events associated with corrosion. 

The electrochemical noise technique employed during this study uses a three-electrode 
configuration comprised of nominally-identical electrodes, one of which is a pseudo-refer- 
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ence. With this arrangement, the potential and coupling current fluctuate to the positive 
and negative of a mean value due to net polarity of the electrodes switching from being 
anodic to cathodic. 

Sample Description 

The electrode configuration was comprised of three 25-mm diameter AIS! Type 304L 
stainless steel discs embedded in epoxy resin. Electrical leads were connected to each disc 
so that pairs of electrodes could be coupled. One of the electrodes was a common electrode; 
the potential and current between it and the other two electrodes were measured with the 
CAPCIS-MARCH digital electrochemical noise interrogation system. The surface finish of 
the samples was No. 20 grit, this is similar to that which might be present on an as-received 
pipe or HX tube. 

Equipment Settings and Outputs 

The electrochemical equipment was programmed to interrogate the test electrodes at 4s 
intervals during the monitoring period. Each data file was comprised of 1024 points and 
took 4096 s to acquire. This was found to be the minimum time necessary to characterize 
the electrochemical noise signatures produced by the environmental changes imposed on 
the system during the study. The equipment was initially allowed to settle for 30 rain before 
monitoring. 

The following information was obtained from each data set: 

(1) corrosion potential (pseudo-reference), 
(2) electrochemical potential noise (EPN), 
(3) RMS coupling current, and 
(4) electrochemical current noise (ECN). 

Specific features of interest in the time domain plot can be extracted for local statistical 
analyses. 

Testing consisted of exposing samples to: (a) untreated lake Erie water and (b) water that 
had been continuously treated with 0.5 ppm residual chlorine. The water used for these 
experiments was drawn directly from the lake. Poly-vinyl chloride spool pieces (test vessels) 
(see Fig. 1), were used to contain the test samples. The test coupons were inserted in the 
spool pieces in July 1991 and exposed to water flowing at a rate of 0.7 m/s-t. Both samples 
were exposed initially to untreated water for a period of two weeks. Slight crevice attack 
and pitting was evident on the surface of both samples at the end of this initial flowing 
untreated water phase of the experiment. Sodium hypochlorite was then added to one of 
the spool pieces. A thick layer of fouling comprised of lake sediment and organic material, 
including microorganisms, quickly became established on the surface of the sample exposed 
to untreated water. The sample subjected to hypochlorination treatment remained free of 
fouling throughout the exposure. After a stagnation period of 30 days, electrochemical data 
was obtained from both the untreated and sterile samples. This was started prior to allowing 
naturally-oxygenated lake water to enter the spool piece to obtain baseline data for the 
stagnant conditions. During this pre-exposure period, aliquotes of water were removed from 
each spool piece for SRB examination. 

The stagnant water contained in the spool piece was at a temperature of 16~ After the 
stagnant baseline signal acquisition period, oxygenated lake water at 2~ was then allowed 
to make contact with the samples by opening the inlet valve; the outlet remained closed. 
The inlet valve was opened approximately 10 rain into the monitoring period. 
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FIG . 2— Electrochemical results data fo r  the untreated sample. The arrow indicates when the inlet 
valve was opened.

O pening the inlet valve represents the worst case condition; oxygen enters the cell by 
diffusion. Flow is undesirable because it leads to the rapid rem oval of m etabolites that are 
thought to have a m ajor role in accelerated corrosion.

Analysis o f  Water Samples
W ater sam ples were cultured in Postgate C medium . Serial dilution was used to establish 

the num ber of bacteria present.

Results

Untreated Sample
Figure 2 displays the results o f the monitoring period for stagnant conditions followed by 

exposure to  oxygenated lake water. The initial part of the plot. Region [I], represents the 
stagnant condition.

Figure 3 is a subset of Fig. 2 and is the first 10 min of the time dom ain plot (that is, 
Region [I]). The m ean values for this part of the plot are given in Table 1. All electrochemical 
outputs are low.

BRENNENSTUHL AND GENDRON ON FIELD TESTS AND ELECTROCHEMICAL NOISE 19 
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FIG. 3--Detail of the electrochemical noise prior to opening the inlet valve (Region [1] and Fig. 2). 

When the inlet valve was opened, an increase in potential immediately occurred. The 
potential reached a maximum, decayed slightly then increased again, reached another max- 
imum and then decayed sharply. This reduction in potential was followed by a period of 
relative stability. However, during this period of "stability" the potential displayed high- 
frequency fluctuations that appear to decrease in frequency with time. The current noise 
plot contrasts with the potential noise output. Initially, a decrease in current was observed; 
this was followed by a rapid recovery. A slight increase then occurred followed by a decay 
to a value similar to that observed before the valve was opened. Approximately 12 min 

TABLE 1--Summary of electrochemical outputs for untreated (Regions [1-1H]) and the samples. 

Untreated 

Region [I] Region [II] Region [III] Sterile 

Potentiat/mV - 14.3 
EPN/mV 0.0038 
Coupling Current / nA 1.1 
ECN/nA 0.12 

- 12.21 - 12.21 0.02 
1.45 0.23 0.005 

55.3 50.0 20.07 
2.6 59.4 0.7 
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after the inlet valve was opened, a sharp increase in the current occurred. This increase 
coincided with the second drop in potential. The current then reached a relatively high 
value, and, like the potential signal, exhibited large fluctuations in the current noise. Figure 
4 shows detail of the transition region (Region [II] on Fig. 2). Table 1 gives the summary 
statistics for Region [II]. 

Figure 5 illustrates the electrochemical noise outputs for Region [III] in Fig. 2. The arrow 
on the potential plot shows an area where propagation appears to have occurred before 
repassivation. Summary statistics for this part of the plot are given in Table 1. 

Both potential and current gradually decay with time. It took approximately 2 h to reach 
a level slightly above that observed before the inlet valve was opened. 

The results of the SRB analysis of water removed from the spool piece indicated 10 ~ cell/ 
mL. A strong smell of hydrogen sulphide was also noted during the removal of a sample 
from the spool piece. 

Sterile Sample 

A time domain plot for the sterile sample can be seen in Fig. 6. As was the case with the 
untreated lake water sample, the inlet valve was opened 10 min into the monitoring cycle. 
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FIG. 5--Region [I11], showing detail of the metastable events in Fig. 2. 

No readily discernible perturbation of the potential or current signal was evident when this 
was done. However, on close inspection it might be argued that the potential decreased 
when the valve was opened. The signal drift prior to valve opening makes it difficult to 
make a definitive statement regarding this. After approximately 30 min, one high amplitude 
noise transient occurred on both the potential noise and current noise plots. Table 1 gives 
the summary statistics for this plot. 

SRB analysis of water removed from the sterile spool piece revealed 10 ~ cells/mL. 
Both of these experiments have been repeated several times and each time a similar 

response has been observed. Further, the transients observed for the sample exposed to 
untreated lake water also occur after shorter times of stagnation, but the magnitude of 
change was not as great. 

D i s c u s s i o n  

Important Factors 

The largest increase in electrochemical activity was observed when oxygen was allowed 
to enter the system after a period of stagnation. Attack, which was inferred by an increase 
in coupling current, was greatest when the flow rate was zero, that is, when oxygen was 
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FIG. 6--Electrochemical noise data for the "sterile" sample. The arrow indicates when the inlet valve 
was opened. 

allowed to diffuse into the stagnant water. This condition might occur in an operating plant 
when equipment valves are opened but before water-pump activation is initiated. 

Untreated Water Exposure 

Initially, potential appears to be very sensitive to oxygen ingress, and potential increases 
almost immediately. This was taken to infer that oxygen was leading to passive film thickening 
and repair, or both. 

The coupling current and ECN observations contrasted with the potential and EPN results. 
Apart from a very short initial transient, very little activity was observed until approximately 
12 rain into the oxygenated-water exposure. Clearly, the changes in the environment, which 
lead to an increase in ECN, are relatively sluggish. 

Based on the water chemistry, which has a low C1- ion concentration relative to other 
anions, it is likely that microorganisms have an indirect role in corrosion. The $203 z- mech- 
anism proposed by Newman et al. and Roberge [4-6], is likely to be applicable in this 
specific case. This mechanism involves the oxidation of biogenic H2S to $203 z-. Thiosulphate 
is a source of sulphur. Sulphur inhibits repassivation by absorbing on the metal surface. The 
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relatively slow rate of oxidation of H2S to $203-'- is a possible explanation for the delay in 
activity when fresh water is allowed to enter the system. 

The activity reported here is associated with testing during the winter months and was 
relatively short lived; both coupling current and electrochemical noise eventually decayed 
to a lower value. This phenomenon might be explained by the following: 

(1) The ions responsible for oxide breakdown (that is, 52032-) become depleted with 
time. If this metastable pitting process is catalyzed by sulphur, a change in the optimum 
SO42-/$2032- ratio of 10 to 30 for pitting would lead to a decrease in corrosion. 

(2) The reduction in temperature of the stagnant water contained in the vessel (at 16~ 
due to contact with the oxygenated lake water at 2~ This would result in a decrease 
in the rates of most processes involved in the localized corrosion process. 

(3) A combination of the above. 

It should be noted that exposure to 12~ lake water led to a large increase in electro- 
chemical noise. This was followed by an increase in coupling current of over two order of 
magnitude, suggesting pit growth. Temperature appears to be an important factor. 

We would like to point out that in our experience with electrochemical noise monitoring 
we have not found signal patterns like those seen during this investigation in any of the 
other systems that we have examined. This leads us to believe that it is possibly unique to 
the indirect MIC mechanism described. 

Sterile Water Exposure 

The virtual absence of activity, as shown by the electrochemical outputs of the sample 
exposed to sterile water, highlights the importance of bacteria and deposits. 

Laboratory Test Design 

The data generated during this investigation suggested that the worst operating condition 
in terms of accelerating corrosion is one that involves shutdown and stagnation followed by 
exposure to nonflowing oxygenated water. Based on comparison between the sterile and 
untreated water results it would appear that bacteria and deposits are essential for accelerated 
attack. When designing a laboratory test, these factors must therefore be taken into account. 
The stagnation period also appears to be important. A stagnation period of 2 to 4 weeks 
results in the greatest extent of activity. Increasing the temperature to a level that leads to 
maximum SRB growth should decrease the stagnation period required for accelerated attack. 
The effect of temperature, however, is better assessed in the laboratory where control is 
easier. 

An accelerated MIC test must include a method for allowing oxygen to enter the system. 
The rate at which oxygen is allowed to enter the system to maximize corrosion has yet to 
be determined. The results of our experiments indicate that the greatest acceleration occurs 
when the supply of oxygen is diffusion-controlled. Flowing oxygenated water most likely 
leads to a more rapid departure from the optimum SO~ 2-/$2032- ratio of 10 to 30. Also, 
high flow rates leads to H2S being purged from the system. 

An accelerated laboratory test may therefore be comprised of a scaled-down field system 
in which parameters such as temperature and the oxygen ingress rate are carefully controlled 
to obtain maximum acceleration. Natural water and deposits should be employed to simulate 

 



BRENNENSTUHL AND GENDRON ON FIELD TESTS AND ELECTROCHEMICAL NOISE 25 

the physical, chemical, and biological conditions at the metal surface in the field. The test 
would involve cycling between stagnant and oxygenated conditions. 

An alternative approach might employ culture medium instead of lake water. Culture- 
medium tests have advantages of a defined chemistry control and higher SRB growth rates. 
Lake water and natural deposits are often quite variable in terms of microorganisms and 
chemistry due to seasonal variations in the natural environment; this may lead to high scatter 
in the test data, However, the disadvantages of culture medium tests are (1) a further 
departure from the natural environment and (2) the introduction of species (constituents of 
the culture medium) that inhibit corrosion. 

Another  possibility is a test that does not employ bacteria. If thiosulphate is the real cause 
of the accelerated attack, and this would have to be verified by chemical analysis during 
testing, a test comprised of exposing the sample to anaerobic containing water with hydrogen 
sulphide added may approximate the crucial accelerating factors present under field con- 
ditions. Start-up would be simulated by allowing oxygen to enter the system. The advantage 
with this type of test is that it would not be necessary to wait for hydrogen sulphide to build- 
up as a result of microbial activity, and the variable concentration of H:S caused by medium 
depletion would be eliminated. 

Ultimately, the selection of conditions will depend on how near the electrochemical-noise 
signature is to those obtained in the natural environment. 

Conclusions 

(1) Field testing using ECN monitoring has been very useful for studying MIC of HX 
tubing in freshwater. Specifically, the preliminary results are: 

(a) the clearly demonstrated importance of bacterial activity on the corrosion of this 
system, 

(b) identification of specific operating conditions most likely to promote corrosion, 
and 

(c) produced reproducible electrochemical response that may be an MIC signature. 

(2) Three accelerated MIC tests have been tentatively proposed, which reproduce the 
worst operating conditions artificially, immediately, and in the absence of other con- 
founding factors. The electrochemical signature from field testing can be used to verify 
the relevance of the accelerated test to the field. 
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DISCUSSION 

R. Walter 1 (written discussion)--Several presenters made comments about the presence 
and absence of bacteria in their studies. Alex Brennenstuhl mentioned that the experiments 
with 0.5 ppm CI were sterile and that they could not culture sulphate-reducing bacteria 
(SRB). What culture medium was used and what was the detection level? I think we all 
need to be very careful in making these types of comments. I 've found bacteria that can 
tolerate levels of chlorine as high as 1 ppm. Also, we all know that under these adverse 
conditions (biocide presence and/or  lack of nutrients), the microorganisms will selectively 
congregate on surfaces, and sampling the bulk water will lead us to conclude that none are 
present. 

A. M. Brennenstuhl and T. S. Gendron (authors' closure)--In our study, we reported 
that low (10-~ cells/liter) were detected when the lake water was treated with hypochlorite 
to a residual level of 0.5 ppm. The culture medium employed was Postage's B. During this 
study, we were not concerned with the effect of sodium chloride on SRB. 

G. Licina 2 (written discussion)--In your test system, a stagnant leg is truly stagnant. 
In service, most applications that are called stagnant actually have some refreshment, trans- 
port of nutrients, and so forth, similar to your test conditions, while the inlet valve is open 
and the outlet valve is closed. How do your test results relate to dead legs, tanks, and so 
forth, in a plant? 

A. M. Brennenstuhl and T. S. Gendron (authors' closure)--Our test system is truly stag- 
nant, the inlet and outlet valves were checked before the experimental runs were started. 
We are aware that eventually the nutrients contained in the test vessel would be consumed 
and SRB activity would diminish. This would limit the quantity of hydrogen sulphide pro- 
duced and available for oxidation on start-up. If the hydrogen sulphide can escape from the 
system, attack will not occur when oxygen is reintroduced into the water. We agree that 
the worst case would be one in which nutrients are continuously available to support SRB 
growth together with sufficient oxygen to promote the processes that lead to corrosion. 
Regarding, dead legs, tanks, and so forth, at present our results only relate to them if they 
are subjected to the sequence of events similar to those employed in our tests. Further work 
aimed at assessing the effects of oxygen concentration, sediment composition, and so forth, 
may yield information that can be used to predict the rate of corrosion in these parts of the 
system. 

A. Stein 3 (written discussion)--(1) The author concludes that $2032- is responsible for 
corrosion. Was the oxyanion of sulfur detected or any other intermediate oxidation states 
of sulfur detected? 

(2) The paper as presented, does not appear to conclusively demonstrate that the fluc- 
tuations in electrochemical noise are due to bacteria. Does the author have data to prove 
the noise is due to bacteria? 

A. M. Brennenstuhl and T. S. Gendron (authors' closure)--(1) Corrosion activated by 
$2032- is based on the work of Newman (Refs 4 and 5) and the composition of deposits and 
corrosion products found on our HXs and pipes. $2032 has not been detected because we 
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have not yet looked for it. Ideally, we would like to have done this; however, it was not 
felt that this was absolutely necessary as there is a vast amount of data in the literature on 
the formation sulphur species in sediments containing SRB. These data suggest that it is 
highly likely that $2032- will be present in our deposits. 

(2) Every series of tests that we have run clearly indicates that when bacteria are present 
there is an increase in noise on start-up. Potential increases almost immediately, and there 
is always a delay before a rise in current is seen. Further, the shape of the time domain 
outputs are almost identical; we have only seen electrochemical outputs like these when 
SRB have been present. In the case of the "sterile" samples, sometimes an increase in 
potential was observed when the inlet valve was opened but the current noise always remains 
virtually unaffected. 
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ABSTRACT: Rapid corrosion influenced by sulfate-reducing bacteria (SRB) of a creviced 
stainless steel (Fe-15Cr-10Ni) has been produced potentiostatically at -250 mV (SCE) using 
specially designed media. SRB-influenced corrosion was also produced using a two-compart- 
ment cell where a small anode was connected through a zero resistance ammeter (ZRA) to a 
large-aerated cathode. By conducting potentiostatic and ZRA-coupling tests in a number of 
media, it was found that the corrosion process was influenced by anionic ratios, that is, the 
ratio of chloride-ion concentration to total-other-anion concentration. 

In addition, studies of a convection-free stainless-steel electrode in a 'Microcell' assembly 
were conducted to investigate the stability of SRB-influenced corrosion in a bulk-aerated 
environment. These results suggest corrosion of stainless steel could occur in an anaerobic, 
convection-free microenvironment with SRB activity, by using oxygen reduction as the cathodic 
reaction elsewhere on the material. 

KEYWORDS: sulfate-reducing bacteria (SRB), corrosion, stainless steel, mechanisms, test 
methods 

Microbiologically influenced corrosion (MIC) failures of stainless steel have been reported 
in the literature and sulfate-reducing bacteria (SRB) have been implicated as either the 
cause or a contributing factor [1-5]. The most surprising failures occur in the lower grades 
of stainless steel in potable waters [1-5]. Laboratory attempts to simulate the rapid SRB- 
influenced corrosion that occurs in the field have either required polarization to unrealistic 
potentials (for example, >1 V versus SCE) [6] or have produced insignificant rates of 
corrosion [7]. These findings suggest that the laboratory tests were less aggressive than 
conditions under which the failures occur in the field. Without having a reliable laboratory 
method for producing SRB-influenced corrosion, the means for optimizing methods of 
detecting and monitoring it do not exist. 

When investigating S RB-influenced corrosion, a number of documented findings regarding 
inorganic corrosion of stainless steel should be considered. Sulfur species, such as H2S, 
produced by SRB, are known to activate corrosion of stainless steel. However, in order to 
activate significant rates of corrosion in an anaerobic environment, the corrosion has to be 
initiated at a relatively oxidizing potential and there has to be a cathodic reaction capable 
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of sustaining rapid corrosion. Consideration also needs to be given to the growth-medium 
composition. The medium contains anions regarded as inhibitors of stainless steel corrosion, 
for example, SO~ 2-, PO43- . Literature suggests the concentration of these inhibiting anions 
relative to aggressive anions such as CI- will be important. These matters are discussed in 
more detail under subheadings below. 

Corrosion of Stainless Steels in Inorganic Sulfurous Environments 

Under inorganic near-neutral conditions, sulfide and other sulfur species are known to 
decrease both the pitting potential and repassivation potential of stainless steels [8]. These 
effects are believed to be due to the stabilizing effect that sulfur compounds have on the 
initiation and propagation of corrosion. Once a sulfur species is included in an actively- 
corroding site, it is believed to be adsorbed in the form of S ~ ,~ [9,10]. This species catalyses 
metal dissolution and hinders repassivation [8,11]. 

In sulfide-free, neutral environments, corrosion of stainless steel could only initiate by 
pitting at quite anodic potentials as no anodic current peak is evident on polarization curves. 
In neutral, anaerobic, sulfide-containing environments (such as SRB environments), how- 
ever, a small anodic peak is evident [12] therefore, corrosion is possible at reducing poten- 
tials. Corrosion proceeding at reducing potentials in an anaerobic environment would have 
to be sustained using water reduction as the cathodic reaction, as no other reducible species 
are present. Water reduction could not sustain high rates of corrosion at neutral pH, there- 
fore, corrosion rates would be expected to be insignificant. Furthermore, corrosion at re- 
ducing potentials in a neutral, anaerobic, sulfide-containing environment would not be 
localized. 

Further evidence that supports the contention that rapid corrosion could not proceed in 
an anaerobic environment, is that all reported instances of inorganic stainless steel corrosion 
due to sulfur species occur at potentials more anodic than those that would prevail in an 
anaerobic SRB culture [8,13-20]. For example, Newman, et al. [8] conducted potentio- 
dynamic scans of 304 stainless steel in 0.25 M NaCI solutions containing H_,S, KSCN, and 
Na2S203 solutions (10-3--10 -~ M) and found that the pitting potentials were all above - 2 5 0  
mV versus SCE. 

Obtaining SRB-influenced corrosion under oxidizing conditions poses some practical dif- 
ficulties as SRB require anaerobic conditions for growth. It would require a locally anaerobic 
environment and a remote cathodic reaction. Alternatively, oxidizing conditions outside the 
site of microbial growth could permit formation of species such as polysulfides (or S%~) and 
thiosulfate through oxidation of the H,S. Like H2S. these oxidized sulfur compounds are 
also indicated in the literature as causing corrosion of stainless steel [8,13-20]. 

Thiosulfate is one of the most corrosive sulfur species. It has a remarkable ability to 
catalyze pitting of Type 304 stainless steel in dilute solutions such as white water in newsprint 
paper machines [13-17]. Pitting occurs even in the absence of chloride, provided the ratio 
[SO42 ]/[$2032 ] is in a certain range (about 10 to 30). Pitting has been obtained at thiosulfate 
concentrations as low as 1 ppm (10 -5 M). As shown by Newman, et al., air-oxidized H,S 
solutions could be an indirect mechanism of SRB pitting of stainless steels [17]. The ag- 
gressiveness of thiosulfate compared to sulfide arises, because like CI and SO4-'-, thiosulfate 
is attracted into the pit nuclei by electromigration. Sulfide, on the other hand, is uncharged 
at the acidic pH values near pits. 

Polysulfides (H_,Sx) may be formed through air-oxidation of sulfide or through reaction 
of H_~S with elemental sulfur [19,21]. These or similar compounds at txM-concentration levels 
are believed to provide the cathodic reaction of stainless steel corrosion in sour gas envi- 
ronments, where pitting typically occurs at -300  to -350  mV versus SCE [19,20]. In this 
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environment, NaC1 concentrations and temperatures are high (up to 20% and 200~ re- 
spectively), CO2 is present at many atmospheres pressure, and the pH may be as low as 3. 
As no free oxygen is present and hydrogen evolution is not thermodynamically possible at 
the pitting potential experienced in the sour-gas environment, it would appear that poly- 
sulfide (or S~ reduction is a feasible cathodic reaction. 

Anionic Effects 
Inorganic experiments have shown that some anions inhibit corrosion of stainless steels 

while others activate it. Chloride ions are aggressive to stainless steels. The pitting potential 
is reduced as the concentration of chloride increases [22]. Notably, a minimum chloride-ion 
concentration exists below which chloride does not cause pitting. Chloride is not the only 
aggressive anion. As discussed earlier, under certain conditions, sulfate can act as the 
'aggressive' anion if thiosulfate is also present [16]. 

The effects of the aggressive anions are reduced by the presence of inhibiting anions, and 
microbial growth media contain several such anions. It has been shown that anions such as 
sulfate [22], hydroxide [22,23], phosphate [24], acetate [24], carbonate [23,24], and nitrate 
[23] inhibit pitting corrosion of stainless steel to varying extents. Many of these compounds 
inhibit corrosion by acting as buffers that restrict the pit solution from going acidic. At  high 
concentrations, thiosulfate also inhibits corrosion through this buffering action, acting by 
disproportionating to the buffering bisulfite ion. 

In this work, rapid SRB-influenced corrosion of a susceptible stainless steel has been 
produced. This required specialized test media and test methods. Guidance provided by the 
literature on inorganic corrosion of stainless steels allowed selection of experimental con- 
ditions. Some of the factors were selected based on the hypothesis that SRB-influenced 
corrosion of stainless steel is an H2S-catalyzed dissolution process driven by remote reduction 
of oxygen or another suitable species. In addition, studies of the stability of the corrosion 
have been investigated using a convection-free Microcell electrode assembly. 

Experimental 
The cell assembly used for the experiments is shown in Fig. 1. Two 1 cm 2 Fe-15Cr-10Ni 

electrodes were exposed in the 2L 'anode'  compartment. The Fe-15Cr-10Ni alloy simulates 
the composition of a chromium-depleted region around a 3-ferrite particle in Type 304 
stainless steel weld metal. The electrodes were abraded to 600 grit and crevices of either 
masking lacquer or multicreviced washers were applied to the exposed surface. One electrode 
was potentiostatically polarized to - 2 5 0  mV (versus SCE) and another was connected 
through a zero resistance ammeter (ZRA) to a large (40 cm 2) Type 304 stainless-steel cathode. 
The cathode was located in a separate 250 mL compartment,  connected to the main body 
of the cell through an agar salt bridge. The 'cathode'  compartment contained aerated 0.1 
M NaC1 and a saturated calomel reference electrode (SCE). Two platinum foil electrodes 
(1 cm 2) were also exposed in the 'anode'  compartment. The tests usually lasted for a week 
following polarization of the electrodes, but in the event of significant corrosion, the test 
was terminated in less than a week. 

The composition of the bacterial growth media used in the 'anode'  compartment,  along 
with descriptive names for each of the media tested, are listed in Table 1. The media differed 
in the sum of concentrations of nutrients and the concentration ratio of the nutrients to 
sodium chloride. Concentration ratios were estimated using conductivity measurements. The 
pH values of the media were adjusted to 7.2 with NaOH. The media contained no ferrous 
ions or reducing agents. Oxygen was removed from the media by purging with nitrogen 
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RE (304 SS) AE (Fe-15Cr.10NI) 

FIG. 1--Outline of the two-compartment experimental cell. 

(>99.95% Nz) for 2 h before inoculating 3 mL of a 3-day-old subculture of Desulfovibrio 
vulgaris. SRB growth was monitored indirectly by measuring the sulfide concentration in 
solution using a potentiometric method [25]. Tests were conducted at 30~ and generally, 
two tests were conducted in each medium. The exceptions were the chloride-rich medium 
and low-chloride medium in which four and one tests were conducted, respectively (see 
Table 2). To ensure that the starting conditions, with respect to sulfide concentration, were 
similar in the corrosion tests conducted, the electrodes were not polarized until the measured 
total H2S concentration was at least 70% of the initial sulfate concentration of the medium. 

Stability studies of propagating SRB-influenced corrosion of Fe-15Cr-10Ni were conducted 
using a specially-designed convection-free electrode assembly and the coupled-electrode 
ZRA technique. The 'Microcell' assembly used is shown in Fig. 2. As for the other ZRA 
tests, polarization of the electrode occurred when the total H2S concentration in the bulk 

TABLE 1--Composition of the SRB-growth media. 

Medium Name 
Composition, 
mmol �9 -3 Chloride Rich Chloride Low Chloride Undiluted Dilute 

(NH4):HPO4 1.1 1,1 1.1 3.8 0.2 
(NH4):SO4 1.2 1.2 1.2 4.2 0.2 
CaSO~ 2.1 2,1 2.1 7.4 0.4 
MgSOs. 7H20 2.3 2.3 2.3 8.1 0.5 
Sodium lactate ~ 1.4 1.4 1.4 65.0 2.8 ~ 

Yeast extract c 290 290 290 1000 57.1 
NaCI 100 20 4 100 20 
Cl-:~(all other anions) 5:1 1:1 1:5 1.7:1 5:1 

" 70% solution (ml). 
h 7% solution (ml). 
' mg �9 dm -3. 
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TABLE 2--Resuhs from ZRA tests. 

CI-:s 
Medium Other Anions) Crevice Corrosion I, tLA E, mV 

Chloride-rich 5 : 1 castellated washer + 40 ---* 80 - 400 
5 : 1 castellated washer + 30 - 370 
5:1 V2 lacquer + 50 ---, 15 -410 
5 : 1 lacquer + 27 - 380 
5 : 1 lacquer + 30 - 350 

Dilute 5 : 1 4-sided lacquer + 30 - 360 
5:1 4-sided lacquer - 0.3 - 114 

Undiluted 1.7:1 4-sided lacquer + 30 ---, 60 - 380 
1.7:1 4-sided lacquer + 6---~ 4 -360, -320 

Chloride 1 : 1 4-sided lacquer + / - 0.2 + 12 
1 : 1 1/2 lacquer - 0.08 - 40 

Low chloride 1:5 V2 lacquer - 0.6 - 127 

was at least 70% of initial sulfate concentrat ion.  In addit ion to SRB being inoculated into 
the bulk medium,  less than 0.1 mL of bacterial subculture was also inoculated into the 
Microcell.  The  bacteria were inoculated by syringe through the m e m b r a n e  covering the 
Microcell. The membrane  was uncharged nylon with a pore  size of 0.45 I~m. The test was 
conducted  in chloride-rich media.  

In the Microcell exper iments ,  corrosion of the Fe-15Cr-10Ni was init iated and al lowed to 
stabilize before the bulk media  was exchanged for f resh-aerated med ium to increase the 
redox potent ial  of the bulk solution. The nutr ient  medium was exchanged six t imes over  a 
six-day period,  On day nine,  the nutr ient  media  was replaced with 0.1 M NaCI solution. 

No effort  was made  in any of these exper iments  to sterilize the med ium,  e lec t rodes ,  or 
equipment ,  as the medium was selective to growth of SRB under  deaera ted  condit ions.  

5 mm 

8 mm 

~ / ~  Porous membrane 

Glass tubing 

~ r Muldng lacquer 

Nichrome wire electrical contact \ --,.-- -.,--- lOmm 

j ,  

FIG. 2- -The  'Microcell' electrode assembly used for studies of  stability o f  stainless steel corrosion in 
a bulk-aerated environment. 
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Results and Discussion 

As test conditions were found to be influential in producing rapid SRB-influenced cor- 
rosion, critical areas of experimental methodology have been discussed. Such a discussion 
should assist other workers in conducting more realistic corrosion tests in the laboratory. 

Test Method Selection 

Tests that involved prolonged exposure of stainless steels to quite oxidizing potentials 
were used in this work because of the stochastic nature of pitting (and crevice) corrosion. 
Of the 1013 atomic sites per square centimeter, initiation may only be possible at a few 
susceptible sites. Initiation of corrosion was also assisted by applying crevices to the electrode 
surfaces. Crevice and pitting corrosion both require local acidification at the site of initiation 
of corrosion through metal cation production and differ only in the distance that metal ions 
must diffuse to mix with the bulk solution. With crevice corrosion, the greater diffusion 
length permits acidification at lower anodic current densities, hence, corrosion can initiate 
at lower potentials [26]. Biofouling reduces convection at surfaces and may represent a 
condition close to that of crevice corrosion [27]. 

Medium Composition 

In order to conduct laboratory studies of SRB-influenced corrosion of stainless steel, 
several requirements including anion concentration ratios were addressed in selecting the 
growth medium. The changes to the traditional media were as follows. 

Inclusion of NaCI--This is necessary to obtain localized corrosion of stainless steel, except 
under extraordinary conditions. 

Removal of Ferrous Ions--Preliminary investigations showed that precipitation of iron 
sulfide on the electrode gave spurious currents when the stainless-steel electrode was an- 
odically polarized. These currents were presumably due to iron-sulfide oxidation. Further- 
more, the removal of ferrous ions permitted build-up of H2S. 

Removal of Reducing Agents--Although not proven , indications were that ascorbic acid 
and sodium thioglycollate interfered with redox potentials, measurements that have proven 
valuable in monitoring SRB growth indirectly. Without the redox poising agents, deaeration 
for 2 h with a reasonable inoculum of growing SRB provided a sufficiently-reducing envi- 
ronment to permit growth. To ensure that yeast extract was not having a similar effect on 
redox potentials, this too was omitted from more recent tests. In the absence of yeast extract, 
SRB growth rates are reduced but nearly all interferences of medium composition on elec- 
trochemical measurements are removed. 

HzS Concentrations in Corrosion Tests 

The amount of total sulfide (that is, H:S plus HS-,  but presented as [H2S]) produced in 
each test depends on the nutrient concentration of the individual medium. The maximum 
concentration of sulfide measured was usually between 70 to 90% of the total initial sulfate 
concentration of the medium (see Fig. 3). However, as is evident in Fig. 3, there was some 
variation in the time taken for the bacteria to produce this maximum concentration. The 
presence of H2S/HS- makes stainless steel susceptible to localized corrosion at lower po- 
tentials and stabilizes corrosion once initiated [8,11]. This is unlike corrosion of iron where 
high HzS/HS- concentrations passivate the material [28,29]. 
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FIG. 3--Total sulfide concentration (as H_,S) measurements versus time. 

14 

Test Methods--Tests Conducted in Chloride-Rich Medium 

In the chloride-rich media, rapid corrosion of the stainless steel was obtained for electrodes 
that were either potentiostatically polarized to -250  mV or were connected to the large 
cathode through the ZRA.  Results from three potentiostatic tests are shown in Fig. 4 and 
an example of the potential/current data for a Z R A  test is shown in Fig. 5. The chloride- 
rich medium had a concentration ratio (that is, [C1 ]:~'[all other anions]) of approximately 
5:1 and the bacteria produced a maximum total sulfide concentration of around 150 ppm. 

As is evident in Fig. 4, it took a period of time (varying between minutes and hours) 
before the corrosion initiated at - 250 mV. Once initiated, however, the corrosion proceeded 
rapidly as it was driven by the potentiostat, The fact that corrosion was produced at - 2 5 0  
mV indicates that the environment was quite corrosive. Corrosion was achieved at potentials 
nearly 1 V less anodic than similar tests of stainless steels by other workers [7]. Initiation 
of corrosion at - 2 5 0  mV suggests that the conditions may have been comparable to the 
inorganic sulfurous environments studied by Newman, et al. [8]. Corrosion occurred in three 
of the four tests conducted. 

In the Z R A  tests, immediate initiation of corrosion occurred when the Fe-15Cr-10Ni 
electrode was coupled to the large aerated Type 304 stainless-steel cathode. The highest 
potential attainable on connecting the electrodes was the open-circuit cathode potential. 
Generally, this was around 0 mV (SCE) following exposure to the NaCI solution for the 
period while the bacteria were growing. Following initiation of localized corrosion (which 
usually occurred at the edge of the crevice), the corrosion potential fell to just above the 
repassivation potential (see later discussion) and the current slowly increased, usually reach- 
ing a steady maximum value around 30 IxA. Some variation in current was evident between 
tests; however, the currents were all sufficient to cause significant corrosion. 

The potentiostatic tests were somewhat artificial in that once corrosion has initiated, the 
potentiostat was driving the corrosion. On the other hand, the Z R A  tests were quite realistic. 
The large-aerated cathode and the deaerated anode could be envisaged as simulating a weld 
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F I G .  4--Results from potentiostatic tests conducted .at -250 mV (SCE) in chloride-rich medium. 
Corrosion was initiated when in excess of 100 ppm H:S had been produced. 
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F I G .  5- -ZRA current and potential data for a test conducted in chloride-rich medium. Corrosion was 
initiated when in excess of 100 ppm H2S had been produced. The step increase in current evident at 
approximately day 1 was probably the result of an increase in temperature. 
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on a Type 304 stainless-steel pipe, where the weld surface was occluded by a biodeposit 
containing SRB, and the rest of the pipe was exposed to aerated solution. 

The corrosion that occurred in the chloride-rich medium was shown to be due to the 
bacterial activity. Control-tests for both the potentiostatic and Z R A  methods in 0.1 M NaCI 
(the same chloride concentration as the test medium but without inhibiting anions and H_,S) 
showed that no corrosion occurred. In the control tests, the current of the electrode at - 250 
mV was 0.01 I~A and the Z R A  coupling current was 0.1 I~A at the end of the week-long 
polarizations. 

Effect of Anionic Ratios 

Inorganic studies have shown that the concentrations of inhibiting and aggressive anions 
affect the corrosion of stainless steels [22-24]. Presumably, the same would apply to MIC. 
For this reason, a selection of media of different [CI ]:~[all other anions] ratios was tested. 

The effect of media composition was evident in the Z R A  tests (see Table 2). In Table 2, 
it is shown that corrosion could not be sustained in media of the same nutrient concentrations 
if the [C1-]:X[all other anions] ratio was reduced below 5:1 (that is, a five-fold excess of 
chloride). When the ratio was reduced to 1:1 and 1:5 in the chloride 3 and low-chloride media, 
respectively, corrosion did not occur. This was despite the presence of over 100 ppm of 
H2S. These results confirm the inhibiting effect of the anions other than chloride in the 
media. 

In the chloride-rich medium, corrosion was repeatedly produced in the Z R A  tests. It 
would be expected that corrosion would also proceed in a medium where the nutrients were 
diluted but the [C1-]:~[all other anions] ratio was 5:1 (as for the chloride-rich medium), 
provided the H2S concentration was sufficient to initiate corrosion. Such tests were conducted 
in what has been called the 'dilute medium, '  and corrosion occurred in one of the two tests 
conducted. The lack of corrosion in one of the tests may have resulted from insufficient 
H2S to produce corrosion consistently. The H_,S concentration only reached a maximum of 
approximately 20 ppm (see Fig. 3). 

Further support for the suggestion that H2S concentration is influential in SRB-influenced 
corrosion of stainless steel (as mentioned at the beginning of the paper) may come from 
Z R A  results of tests conducted in undiluted medium. In this medium, the [CI-]:Y[all other 
anions] ratio was 1.7:1 and around 450 ppm of H~S was produced. Corrosion occurred in 
two of the three tests conducted. Comparison of these data with that from the chloride 
medium, where the H2S concentration was around 150 ppm but no corrosion occurred despite 
a similar anion ratio (1:1), suggests an H2S effect. On the other hand, it may simply have 
been an anion ratio effect. 

The concentrations of the inhibiting anions would be changing during the period of bac- 
terial growth: for example, SO42- would be converted to HzS and HS- .  To reduce this 
problem, corrosion studies were started after the bacteria had consumed at least 70% of 
the initial sulfate concentration. At  this time, the individual anion concentrations would not 
be the same as when the test started; however, the total conductivity did not change markedly 
over the test duration. An improvement to the test methodology may be to conduct similar 
tests in continuous rather than batch bacterial cultures where the anion ratios could be 
maintained at a stable level. Under these circumstances, however, the bulk H2S concentration 
would tend to be lower than in batch cultures. 

3 At the start of one of the tests conducted in chloride-medium, a series of current events <II~A 
suggested initiation of corrosion. However, corrosion could not be sustained and the electrode im- 
mediately repassivated. 
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TABLE 3--Results from the potentiostatic tests at -250 mV. 

CI- :~(AI1 
Medium Other Anions) Crevice Corrosion Ic,~, IxA 

Chloride-rich 5:1 castellated washer + --- 
5: 1 1/2 lacquer + '.. 
5 : 1 1/2 lacquer + ".. 
5:1 4-sided lacquer - <1 

Dilute 5 : 1 4-sided lacquer - 0.07 
5 : 1 4-sided lacquer - 0.08 

Undiluted 1.7:1 1/2 lacquer + ".. 
1.7: 1 4-sided lacquer - 1.3 

Chloride 1 : 1 VE lacquer - 0.07 
1 : 1 4-sided lacquer - 0.01 

Low chloride 1:5 castellated washer - 0.3 

The effect of media composition was quite evident in the ZRA tests conducted (see Table 
2). However, in the potentiostatic tests conducted at - 250  mV, the effect of media com- 
position was not as clear cut and test results were not as reproducible (see Table 3). The 
lack of reproducibility in the potentiostatic tests may reflect the stochastic nature of the 
initiation process. That is, the likelihood of initiating corrosion at - 250 mV (versus SCE) 
in the potentiostatic tests is lower than initiating corrosion in the ZRA tests at around 0 
mV (versus SCE). 

Potential-Time Data 

Typical potential-time data for the Fe-15Cr-10Ni and a platinum electrode in chloride- 
rich medium are shown in Fig. 6. This figure shows that the potential of the stainless steel 
was quite reducing (around -600  mV) and was generally below that of the platinum elec- 
trode. Evidently, the passive-current density of the stainless steel was sufficient to make the 
mixed potential depart from the redox potential. This may be assisted by H2S increasing 
the passive-current density. Examination of an Fe-15Cr-10Ni creviced electrode after ex- 
posure to the culture for 10 days, showed no visible corrosion; an estimated corrosion current 
would be < < 1  ~A �9 cm-L The brief excursion where the stainless-steel potential exceeds 
that of platinum from day 0 to day 0.5 is probably a kinetic effect. Platinum has a more 
catalytic surface than stainless steel, and therefore, would respond faster to changes in redox 
conditions. 

The potential-time data given in Fig. 6 are useful when combined with repassivation 
potentials and redox potentials, to assess the feasibility of cathodic reactions other than 
oxygen evolution, which could sustain rapid SRB-influenced corrosion of stainless steel. The 
repassivation potential determinations are published elsewhere [28-30], but are discussed 
here in support of the comment made at the beginning of the paper that hydrogen evolution 
could not sustain such corrosion. 

Repassivation potentials of corroding electrodes were determined by cathodically scanning 
electrodes corroding at - 250  mV and electrodes used for polarization curves. These values 
were compared with ZRA current/potential data. The values were found to be between 
-420  and -500  mV (SCE) [28-30]. Therefore, from the definition of a repassivation 
potential, corrosion could not proceed at potentials below -500  inV. Hydrogen evolution 
would not proceed until potentials below - 660 mV (SCE) at pH 7 were reached. Therefore, 
hydrogen evolution is not a feasible cathodic reaction. 
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FIG. 6--Typical potential versus time data for an Fe-15Cr-lONi electrode and a platinum electrode. 

The maximum potential attainable by the Fe-15Cro 10Ni stainless steel is the redox potential 
of the medium, in this case around -400  mV. This potential is believed to be induced by 
the presence of polysulfides or S%q) (formed through reaction of sulfide with residual or 
ingressing oxygen). It is above the repassivation potential; hence, theoretically, polysulfide 
or S(~,qb reduction could sustain corrosion. Tests reported elsewhere have shown that once 
corrosion is initiated, polysulfide or S~ reduction can sustain corrosion, at least on this 
material [29]. No analytical tests were conducted to measure the concentration of polysulfides 
or S%q~. 

Novel  Test Electrode 

As hydrogen evolution could not provide conditions sufficient to corrode stainless steel, 
a problem arises; SRB require anaerobic conditions, while the corrosion process requires 
more oxidizing conditions. Under many circumstances, the two situations could not coexist; 
however, because SRB produce sulfide, such a scenario is possible. Sulfide is an oxygen 
scavenger, hence, sulfide generated by the SRB could maintain an anaerobic microenvi- 
ronment, provided growth was sufficient. This is the min imum requirement for stability of 
an anaerobic microenvironment; other organisms or reducing substances can also scavenge 
oxygen. 

Convection-free electrode assemblies, referred to as Microcells, permitted the stability of 
SRB-influenced corrosion to be studied in an oxidizing environment. The Microcell test is 
an extension of the ZRA tests discussed above in that it is a step closer to artificially 
simulating field conditions in the laboratory. 

Initial studies indicate that corrosion in a convection-free environment is stable provided 
nutrients are supplied to the bacteria (see Fig. 7). In this test, corrosion was sustained for 
approximately one week while exposed to aerated nutrients (days 1.8 to 9), but corrosion 
ceased soon after the medium was replaced with NaCI solution (day 10). 
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FIG. 7 - - Z R A  current and potential data from a corroding Fe-15Cr-/ONi 'Microcell' electrode. The x- 
axis markers indicate medium exchanges. Corrosion was initiated when the bacterial culture had produced 
100 ppm H~S. Notably, corrosion ceased soon after changing to NaCl solution. 

Attempts at replacing the two-compartment test cell with a single-compartment test cell 
to conduct the Microcell experiments were unsuccessful. A single compartment test cell 
required that the cathode was placed in aerated bacterial medium; in doing so, the cathode 
adopted a very reducing potential, around - 580 mV (SCE). It seemed that a film of aerobes 
on the Type 304 stainless-steel surface altered its potential to a very reducing value. In this 
state, the cathode could not be used as such nor could it be used for initiation purposes. 
This result demonstrates how efficiently aerobes can provide local anaerobic niches within 
a bulk-aerated environment. This test highlighted the benefit of a two-compartment cell 
where the anode could be separated from the cathode. Keeping the cathode in a separate 
c o m p a r t m e n t  and in an inorganic solution, not only restricted biological interferences but 
also permitted experimentation with different cathodic reactions, for example, polysulfide 
reduction. 

These studies show that the 'Microcell' technique has promise for fundamental investi- 
gations of corrosion influenced by anaerobic bacteria in aerated media. It is also a promising 
tool for water treatment studies in which the effect of various biocidal substances, including 
oxygen, are examined under controlled mass transport conditions. 

C o n c l u s i o n s  

(1) The composition of SRB growth medium used in laboratory studies of stainless-steel 
corrosion is important. Critical factors are: 

(a) the presence of chloride and 
(b) the relative concentration of inhibiting anions to aggressive anions. 

(2) A two-compartment test cell is required for testing SRB-influenced corrosion of stain- 
less steel under artificial growth conditions in the laboratory. One compartment is 
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used for the bacterial culture while the other contains an inorganic solution to eliminate 
biofilms that interfere with the cathodic reaction. 

(3) Rapid SRB-influenced corrosion of a susceptible stainless steel has been achieved 
using specially-designed media, creviced electrodes, and an oxygen-reduction cathode. 

(4) The Z R A  technique provided more consistent results than the potentiostatic tech- 
nique. Using the Z R A  technique, an effect of medium composition was apparent.  
An anion ratio of [CI ]:E[all other anions] of 5:1 consistently produced corrosion in 
these studies. 

(5) Rapid SRB-influenced corrosion of stainless steel could not be sustained by hydrogen 
evolution as the cathodic reaction but may be sustainable by SCJ~aq) reduction. 

(6) Initial studies suggest that SRB-influenced corrosion of stainless steel may involve 
two distinct sites on the material: an anodic site located at the anaerobic, convection- 
free microenvironment of SRB activity and a cathodic site where oxygen reduction 
proceeds. 
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DISCUSSION 

A. Stein ~ (written discussion)--Could you explain the need or significance of the S to the 
existence of corrosion with varying C1-:E (all other anion) ratio. Is H2S required, and if so, 
was H2S present with low CI :Z (all other anion) ratios when no corrosion was observed? 
If HzS was present, was the effect of H2S the same as at higher CI-:E (all other anion) 
ratios? 

B. J. Webster and R. C. Newman (authors' c losure)--The presence of sulfide is not 
necessary to see an effect of anion ratio on corrosion. Leckie and Uhlig found that the ratio 
of aggressive anions to inhibiting anions affected the pitting potential of stainless steel in 
the absence of H2S [22]. Based on the findings of other workers, the presence of H2S would 
probably stabilize metastable pitting, thereby permitting corrosion to occur at lower poten- 
tials [13}. 

In this work, H2S was present in all experiments where the effect of anion ratio was 
investigated. In the Z R A  tests, it was found that the anion ratio affected the corrosion of 
stainless steel. In low CI- :Z (all other anion) ratios, no corrosion was obtained, whereas at 
high CI- :~  (all other anion) ratios corrosion was obtained. For example, in a test conducted 
in low-chloride medium where the CI- :Z (all other anion) ratio was 1:5 and the H2S con- 
centration was around 150 ppm, no corrosion was obtained. Similarly, no corrosion was 
obtained in tests conducted in chloride media where the C1-:E (all other anion) ratio was 
h 1 and around 150 ppm of H2S was present. In contrast, when the CI- :E (all other anion) 
ratio was 5:1 and around 150 ppm of H2S was present, corrosion was consistently obtained. 

Stone & Webster Engineering, 245 Summit Street, Boston, MA 02210. 
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ABSTRACT: Most corrosion reactions in microbiologically influenced corrosion (MIC) are 
of localized nature. It is therefore necessary to develop methods that can provide information 
concerning the corrosion reactions occurring under biofilms. Electrochemical techniques such 
as electrochemical impedance spectroscopy (EIS), electrochemical noise analysis (ENA), and 
measurements of pit propagation rates for thin metal foils have been evaluated as tools for 
the study of localized corrosion in MIC. Initial studies have been carried out in abiotic NaC1 
solutions. Software has been prepared for collection and analysis of electrochemical noise 
data. It has been found that use of potential noise alone can lead to erroneous conclusions 
concerning the occurrence of pitting for AI alloys and the inhibition of corrosion of iron. 
However, current noise seems to be directly related to the extent of pitting. EIS has been 
used to detect the initiation and propagation of localized corrosion and to confirm the con- 
clusions reached for the ENA-data. For iron in NaCI, the noise resistance had similar values 
as the polarization resistance determined by EIS. In thin foil tests, penetration of AI and 
nickel foils has been measured during exposure to 0.5 N NaCI. 

KEYWORDS: impedance spectroscopy, electrochemical noise, pit propagation, iron, alu- 
minum, polarization resistance, localized corrosion 

In evaluating the use of electrochemical monitoring techniques for the detection and 
quantification of microbiologically influenced corrosion (MIC), a few limitations of such 
technique s have to be considered. A weakness of most electrochemical techniques is the 
failure to give quantitative results in cases of localized corrosion. These techniques give 
average readings for the surface of a test electrode and it is not clear whether a measured 
corrosion current corresponds to uniform corrosion of the entire surface or to localized 
corrosion of just a few sites on this surface. In the latter case, corrosion rates will be severely 
underestimated if the measured corrosion loss is not normalized to the area at which localized 
corrosion occurs, a quantity which is usually unknown. This general disadvantage of elec- 
trochemical techniques is especially bothersome in the case of MIC, where most corrosion 
processes are of a localized nature. Recently, techniques such as electrochemical impedance 
spectroscopy (EIS) have been shown to contain information that is specifically related to 
localized corrosion processes [1-3]. However, so far EIS has been used mainly as a laboratory 
technique for mechanistic studies. Another new technique is electrochemical noise analysis 
(ENA), which is considered by some as the ideal tool for the study of localized corrosion. 
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ENA does not require an external signal and is relatively easy to apply. Unfortunately, very 
few studies have demonstrated that localized corrosion can be detected and analyzed quan- 
titatively by ENA for a system, for which no previous information concerning its corrosion 
mechanism is available. 

In a joint project with the Center for Interracial Microbial Process Engineering at Montana 
State University, a number of electrochemical techniques are being evaluated for the study 
of localized corrosion phenomena in MIC. These techniques include EIS, ENA, and the 
thin foil technique for monitoring of pit growth rates. EIS has been used successfully in a 
number of areas of corrosion research such as the evaluation of polymer coatings, inhibitors, 
anodic films, and general studies of the kinetics of corrosion reactions [4]. ENA has been 
used in investigations of various types of corrosion for a variety of materials. Most frequently, 
this technique is applied in studies of localized corrosion phenomena. Different research 
groups have been working in different directions of data analysis; spectral analysis, statistical 
analysis, and theoretical approach. Several models of electrochemical noise generation dur- 
ing corrosion processes have been established [5-9], but most theories lack support from 
experimental investigations. 

For the purpose of applying the electrochemical noise technique to MIC, the present 
investigation is focusing on the spectral analysis of pitting corrosion of an Al-based metal 
matrix composite. A statistical analysis is applied in the study of corrosion inhibition for 
iron with the goal of using this simple approach for corrosion monitoring. Electrochemical 
noise measurements follow either fluctuations of potential, often E ..... or current as a function 
of time or experimental conditions. In this paper, most measurements are conducted with 
electrode couples of the same material thereby eliminating the noise from reference or 
counter electrodes. Many published papers concentrate on potential noise alone [10"--24], 
while only a few investigators studied current noise [25-29]. In the present study, current 
noise as well as potential noise have been evaluated, and the current noise appears to be 
more related to localized corrosion than potential noise. The experimental noise data sets 
have been analyzed by an analysis program based on the maximum entropy method (MEM) 
through which the frequency domain information of noise data can be presented as power 
spectral density (PSD). 

Another concern of this investigation is to detect pit penetration by the thin foil technique 
introduced by Hunkeler and Boehni [30]. A description of the results obtained for AI and 
nickel with a modification of the technique will be given. 

Experimental Approach 
Potential Noise Measurements 

The experimental procedure for potential noise measurements is shown in Fig. 1. Two 
identical samples immersed in the test solution are connected to an HP3457A digital mul- 
timeter that is controlled by an IBM compatible computer. The potential fluctuations be- 
tween the two samples are determined at a constant rate of 2 points per second and stored 
in the computer for further analysis. Pt wires were tested first in 0.5 N NaCI solution as 
background material that does not corrode in this environment. AI 2009/SIC, T8 metal 
matrix composite (MMC) samples containing 20% SiC particles were tested in 0.5 N NaC1 
for up to two weeks. Data obtained in 0.1 M Na2SO4 and deionized water have been reported 
elsewhere [31]. Pure iron foils (99.999%, 0.1-mm thickness) were exposed to 0.5 N NaCI 
open to air or deaerated with N2. Some tests were performed with the addition of 0.01 M 

-~ F. Mansfeld and H. Xiao, in preparation. 
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NaNO2. 2 These tests were carried out for 24 h. At the end of each test series an impedance 
spectrum was recorded. 

Current Noise Measurements 

The experimental arrangement for the recording of current noise is shown in Fig. 2. In 
addition to the equipment used in potential noise measurements (Fig. 1), a Schlumberger 
model 1186 potentiostat is employed as a zero resistance ammeter (ZRA). The current 
fluctuations are sampled at the current output of the potentiostat by the computer-controlled 
multimeter. The sampling rate was 2 points per second and the collected data were stored 
in the computer for further processing. Pt, AI 2009/SIC, and iron were tested as in the 
potential noise measurements. 

Thin Foil Tests 

The experimental arrangement for measuring pit propagation rates is shown in Fig. 3. In 
a newly designed cell, a piece of metal foil with known thickness has one side exposed to 
the solution in the cell, while the other side is covered by a thin filter paper sheet. Next to 
the filter paper two closely spaced detector electrodes are pressed tightly to the filter paper 
by the outer cell wall. A small voltage is applied between the two parallel detector electrodes. 
When the paper is dry, no current flows across the two detector electrodes. However, if a 
pit has penetrated the test sample, the paper will be wetted and a current will be detected. 
Using this technique, the time for the fastest growing pit to penetrate the foil can be recorded 
for foils of different thicknesses and a pit propagation rate law can be determined. In order 
to test the experimental arrangement shown in Fig. 3, A1 and Ni foils with varying thickness 
were exposed to 0.5 N NaCI. In order to reduce the time for foil penetration, the foils were 
polarized by a constant anodic current that exceeded the passivation current. The design 
used in the present study is slightly different from that of Hunkeler and Boehni [30], in 
which a voltage was applied between the test sample and the detector electrode, which may 
polarize the test electrode in an unpredictable and undesirable way. 

In the thin foil tests reported here, only one half of the special test cell was used. For 
other types of investigations, the filter paper and the detector electrodes could be replaced 

FIG. 1--Experimental arrangement for potential noise measurements. 
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FIG. 2--Experimental arrangement for current noise measurements. 

by another half cell, so that both sides of the thin foil would be exposed to different test 
solutions. For example, one solution could contain microorganisms, while the other would 
be an abiotic solution of the same composition similar to the dual-cell approach pioneered 
by Little et al. [32] for MIC applications. In further stages of this project, this PITCELL 
will be explored for its application in studies of MIC phenomena. For these tests, a modi- 
fication of the detection system will be necessary. 

FIG. 3--Experimental arrangement for pit foil measurements. 
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Electrochemical Impedance Spectroscopy (EIS) 

For a comparison and as conformation of the results obtained with the techniques described 
above, electrochemical impedance spectroscopy (EIS) measurements have been conducted. 
A significant amount of information has been collected previously with EIS in this laboratory 
for localized corrosion of AI alloys and models for the analysis of EIS-data have been 
prepared [33]. For the experiments with iron, the polarization resistance R e has been de- 
termined [4]. EIS data have been collected for the two electrode systems as a function of 
exposure time immediately after each measurement of electrochemical noise data. 

Data Analysis and Experimental Results 

Spectral Analysis of Electrochemical Noise Data 

For the analysis of electrochemical noise data, the fluctuations of potential or current are 
often difficult to interpret and are probably less meaningful than the frequency response 
behavior. The power spectral density (PSD) is defined as the average power of a signal in 
a certain frequency range [34]. A typical PSD plot of electrochemical noise data is given in 
Fig. 4, where the three most important parameters are the low-frequency limit Po, the roll- 
off frequency f, and the slope Sp. The correlation of these parameters with the mechanism 
of the corrosion process is still uncertain. However, it can be expected that higher values 
of Po correspond to larger fluctuations of the measured signal and therefore to higher intensity 
of localized attack and that f, and Sp are related to the type of corrosion of a given material 
(for example, uniform versus localized). Searson and Dawson [10], who determined potential 
noise, observed a slope of - 2 0  dB/decade for pitting attack and - 4 0  dB/decade for uniform 
corrosion. 

In order to obtain the frequency domain information, the time series of noise data has 
to be transformed by certain functions. A computer program using the maximum entropy 
method (MEM) has been developed by the authors to obtain the PSD of the noise data 
collected in the present study. The MEM estimation of PSD is described by Eqs 1 and 2 
[35,3@ In Eq 1, ~ is the autocorrelation function of the times series, ak is the MEM 
coefficient array, M is called the order or the number of poles of the estimation approxi- 
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mation, and z refers to the Z-plane. Once the MEM coefficient, a~, is obtained by Eq 2, 
the PSD can be calculated through Eq 1 

M 

PSD(f )  = a,, = ~, dO S 

1 ~ I-' + a~zk j= -M 
k=l 

i (IDI t~ 0 ... qbM_ 2 �9 a, = 

d;-, |  | a " 

(1) 

(2) 

Compared to the FFT method, the MEM estimation has the advantage of sharper spectral 
features. Reducing M within certain accuracy limits can increase the calculation speed and 
smooth the spectra. 

Statistical Analysis 

For all tests carried out with iron in NaCl, the mean value and the standard deviation (rms) 
of the potential and current noise were calculated. From these data the noise resistance 
R,, = dV/dl ,  where dV is the rms of the corrosion potential fluctuation and dl  is the rms 
of the current fluctuations [37], was calculated as a function of exposure time. Experimental 
values of R,, for carbon steel in NaCI have recently been reported by Lumsden et al. [38], 
who tried to correlate R,, with R,, as determined from EIS. The exact relationship between 
R, and Rp has not been established so far. Finally, the pit index P1, which has been defined 
as the ratio of the rms current noise and the mean coupling current [39], has been calculated. 

Potential and Current PSD Data for Pt and Al 2009/SIC 

Both potential noise and current noise data have been analyzed by the MEM program. 
Figure 5 shows the potential fluctuation-time records for Pt and AI 2009/SIC in 0.5 N NaCI 
measured during the first day of exposure and Fig. 6 shows the corresponding PSD plots. 
It is interesting that the potential noise for Pt, which does not corrode in this solution, is 
at the same level as that for A1 2009/SIC, which pitted severely in the first day of immersion. 
In Fig. 6, very similar Po-values are observed for both systems. This very reproducible result 
gave the motivation for studying the current noise of these materials. Figure 7 shows the 
current fluctuation-time records for Pt and AI 2009/SIC in 0.5 N NaCI solution during the 
first day of immersion, while Fig. 8 shows the corresponding PSD plots. On the scale used 
in Fig. 7, the current fluctuations for Pt cannot be detected. The current noise PSD for Pt 
(Fig. 8) is at the same level as the background noise from the potentiostat. However, the 
current noise PSD for A1 2009/SIC is much higher at all frequencies and shows the typical 
shape observed in our studies for pitting of Al-based materials. This phenomenon indicates 
that localized corrosion is not the only cause of the observed potential fluctuations. The 
large potential fluctuations for Pt are likely due to fluctuations of the 02 mass transport 
process in the stagnant solution that lead to large changes of the open-circuit potential of 
the passive Pt surface. This process does not involve corrosion reactions and the corre- 
sponding current fluctuations are very small. On the other hand, the A1 2009/SIC MMC 
experiences passive film breakdown processes as pits initiate during the first day of immersion 
and the current fluctuations are very large. Apparently,  the current fluctuations are more 
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indicative of pit initiation and propagation than the potential fluctuations, and therefore 
more applicable to the study of MIC phenomena. Recording of potential noise alone could 
lead to erroneous conclusions concerning the type and extent of corrosion. 

To illustrate the noise behavior of AI 2009/SIC in 0.5 N NaCI as a function of immersion 
time, Fig. 9 gives the potential fluctuation PSD curves for two weeks of immersion. No 
distinguishable features as a function of immersion time can be determined from these curves. 
However, in Fig. 10, which presents the current fluctuation PSD curves for the same ex- 
perimental conditions, the curve obtained during the first day of immersion is much higher 
than those for the remainder of the exposure period that are almost identical (except for 
the 7th day for which an obvious artifact was found). All curves have a similar roll-off 
frequency f, and similar linear slope Sp (except for the 7th day). The three parameters 
considered characteristic for both the potential and current PSD curves are tabulated in 
Table 1 as a function of exposure time. A comparison of the Po-values in Table 1 shows 
that P,, does not change with exposure time for the potential noise data, but decreases 
significantly after the first day for the current noise data. The average value of f, is about 
0.5 mHz for the current noise and 0.9 mHz for the potential noise without significant changes 
with exposure time. The slope Sp does not seem to depend on exposure time either, but is 
significantly larger for the potential noise than for the current noise. The slopes observed 
for the potential noise data in Table 1 are close to that suggested to be indicative of pitting 
corrosion by Searson and Dawson [10]. 

EIS Data for AI 2009/SIC 

For AI alloys, previous results obtained with EIS in this laboratory have shown that pits 
initiate within the first day of exposure to 0.5 N NaCI and propagate according to a time 

exposure days 

20 , ~ ~ l s t  ~2nd --3th ->~4th -~-7th {~14th 

~ o  

121 
O3 
13_ -20 - 

-40 
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F r e q u e n c y  (Hz) 

FIG. 9 - - P S D  plots Jot potential ,fltwtuations for A 12009/SIL" as a timctiop~ ~)t exposure time to 0.5 N 
NaCI. 
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NaCI. 

law that can be expressed as [40] 

r = at" (3) 

where r is the pit propagation rate, a is an experimental parameter, which depends on the 
metal/solution system, and b is an experimental parameter indicative of the mechanism of 
pit propagation. Figure 11 shows the impedance spectra for A1 2009/SIC in 0.5N NaCI 
solution as a function of immersion time. All curves show the typical pitting behavior 
described by the model discussed elsewhere [1-3,40].  The total capacitance observed in the 
frequency region between 5 and 500 Hz (Fig. 11) shows an increase from the first to the 
second day, indicating a large increase of the pitted area during this time. The polarization 
resistance of the pits that can be extracted from the spectra shown in Fig. 11 follows the 
time-dependence given in Eq 3. 

TABLE 1 - - P S D  parameters for  A l  2009/SIC in 0.5N NaCl. 

Days 

1st 2nd 3rd 4th 7th" 14th 

Current 

Potential 

Po (dB/~zz) 22.5 2.4 4.3 3.3 11.4 4.0 
f, (mHz) 0.7 0.5 0.5 0.6 0.3 0.5 

S~,(dB/dec) -13.1 -12.1 -12.4 -12.2 -14.1 -12.3 

P,, (dB/~zz) 22.0 26.1 22.7 20.0 21.0 20.0 
f, (mHz) 1.2 0.7 0.7 0.7 1.0 1.2 

Sp (dB/dec) -21.8 -22.7 -20.4 -19.1 -21,6 -22.6 

" Some artifacts were observed in the 7th day current fluctuation data. 
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FIG. 1 i--Impedance spectra for A12009/SIC as a function of exposure time to 0.5 N NaCI. 

E N A  for  Iron in NaCl  

The mean values of Ecor, for iron exposed to NaCl, which was open to air, deaerated or 
open to air with an addition of 0.01 M NaNO2, are shown in Fig. 12, while Fig. 13 presents 
the mean values of the coupling current. These data were determined over a 24 h period. 
Potential values were measured versus a SCE reference electrode. At the beginning of each 
hour, potential noise was recorded first followed by current noise. Both potential and current 
were recorded at a sampling rate of 2 points/s and sampled for 500 s. The mean coupling 
current was very small for the deaerated and the inhibited solution, while both positive and 
negative peaks occurred in the aerated solution. The data shown in Fig. 13 are very different 
from those reported by Lumsden et al. [38] in which a very large dc current of 700 to 750 
IxA occurred, indicating large differences in the corrosion kinetics of the two steel samples. 

Figures 14 and 15 show the rms values of potential and current, respectively. The largest 
rms potential values are observed for the inhibited solution where iron is in the passive state 
(Fig. 12) and the fluctuations of Ecorr are larger similar to the results described above for Pt 
(Fig. 5). The rms current values are the lowest and show the least variations with time for 
the deaerated solution (Fig. 15). The noise resistance R,, which is derived from the data in 
Figs. 14 and 15, is shown in Fig. 16 for the three solutions. The highest values (10 to 100 
kohm) are observed for the inhibited solution. For the deaerated solution, a very stable 
time behavior is observed with R, slowly increasing from about 1 to about 10 kohm after 
24 h. The sample exposed to NaCl/air has the lowest R, values with the largest fluctuations. 
Table 2 gives a comparison of the R, and R e values determined at the end of the test. Fairly 
good agreement between these two parameters is observed. Lumsden et al. reported much 
larger values of R, than R e for carbon steel in NaC1 [38]. 

The pit index PI, which has been proposed as a tool for determining the type of corrosion 
[39], does not give meaningful information for the system iron/NaC1 studied here. Very 

 



MANSFELD AND XlAO ON DETECTION OF LOCALIZED CORROSION PHENOMENA 53 

W 
0 

v 

t~ 

-100 + Mean Ecorr(air) -100 

v 
- -300 

- .400 

- -500 

-600 

-700 

+ '~1  I I I I I I ] k I I i I I I [ I I I i I [ -800 

6 12 18 24 

Exposure  Time (hours) 

FIG. 12--Time dependence of  the mean E,~, for iron in three solutions. 

-200 

-300 

-400 

-500 

-600 

-700 

-80C 
0 

30 Mean Current(air) 130  
-J- Mean Current(N2) / 
-~ Mort Current(NaNO2) ~ 20 

ZU 

10 

0 

o 
0 
�9 -10 

~ -20 

2o A !1o 

-20 

-30 I I I -30 
0 6 12 18 24 

Exposure  Time (hours) 

FIG. 13--Time dependence o f  the mean coupling current for iron in three solutions. 

 



54 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

E v 

t -  

O n 
t,,# 

100 

10 

1 

0.1 

0.01 - 
0 

-15 RMS Potential(air} 

RMS Poterllial(N2) 

41- RMS Potet~tial(Nt=NO2] 

', I } 

6 12 18 

Exposure Time (hours) 

FIG. 14--Rrns potential rah,,es for  iron1 in three sohaions. 

100 

10 

0.1 

3.01 
24 

< 

O 
O3 

100 

10 

0.1 

0.01 
0 

i RM$ Oummt(nir) 

"~- RMS Current(N2) 

O RM$ Currlmt(NaNO2) 

6 12 18 

Exposure Time (hours) 

FIG. 15- -Rms  cr vaJues./or iron i ,  three sohltions. 

100 

10 

0.1 

0.01 
24 

 



MANSFELD AND XIAO ON DETECTION OF LOCALIZED CORROSION PHENOMENA 55 

1 0 0 0 0  ~ ,o~,, ,,,.<,i,I 

~lr Noise Re$.(N2) 

Noise Res,(NaNO2) 

1 0 0 0  '- 

E 
t -  
O v 

v 

0) 
o 
t,.- 
t~  

~  

n.-  

ffl 
o 

z 

10000 

1000 

100  - 

10 

0.1 

0.01 I i t 0.01 
0 6 12  18 2 4  

E x p o s u r e  T i m e  (hours)  

FIG. 16--Noise resistance R,, .[or iron in three solutions. 

100 

0.1 

similar values of PI are observed in Fig. 17 for the three solutions of different corrosivity. 
For the inhibited solution, PI exceeds 1.0 several times in the first 6 h, which in the proposed 
approach [39], indicates initiation of pits. During the same time, the PI for NaC1/air is quite 
low. For NaC1/N2 the PI is between 0.1 and 1 (Fig. 17), which supposedly indicates the 
occurrence of localized corrosion. However, localized corrosion was not observed in the 
deaerated and the inhibited solution. 

Thin Foil Test Results 

Figure 18 shows the detector current pattern for a pure AI foil (0.0254 mm) in 0.5 N 
NaCI for 20 ixA/cm 2 applied anodic current density. Penetration of the foil was detected 
after exposure for 25 min which leads to a very high penetration rate of about 1 i~m/min. 
By visual examination, two pits were found to have penetrated the foil. Figure 19 shows 
the detector current pattern for a Ni foil (0.124 mm) in 0.5 N NaC1 for an anodic polarization 

TABLE 2--Comparison of R, and Rp .for three different test 
environments." 

Environment Open to Air Deaerated(N_,) Inhibitor(NaNO_,) 

R,,(K{~) ~ 1 ~ 10 ~50 
R~,(KI~) 1.6 15.9 22.1 

" The exposed area of each sample is about 5 cm=. 
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FIG. 17--Pit index Pl  for iron in three solutions. 
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FIG. 18--Detector current, time trace for AI foil exposed to 0.5 N NaCI at applied anodic current. 
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FIG. 19--Detector current, time trace for Ni foil exposed to 0.5 N NaCl at applied anodic current, 

current density of 200 I~A/cm 2. It is interesting that after the first penetration a second 
current burst can be seen. By microscopic observation, one pit was found on the surface. 
The pit shape from both sides of the foil is shown schematically in Fig. 20. Apparently, the 
growing pit produced undercutting of the exposed surface and the knife-like feature on the 
backside may be the cause of the second current burst triggered by an additional flux of 
electrolyte. 

FIG. 20--Appearance of Ni foil after pitting test (schematic). 
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Conclusions 

Electrochemical impedance spectroscopy (EIS) and electrochemical noise analysis (ENA) 
have been evaluated for their usefulness in studies of localized corrosion phenomena. An 
Al-based metal matrix composite has been used as a model system because of its known 
susceptibility to localized corrosion. Iron in NaC1 solutions of different corrosivity has been 
used to evaluate concepts that have been proposed for corrosion monitoring purposes. A 
thin foil technique has also been evaluated because of its promise as a tool for detection of 
pit penetration during the early stages of the corrosion process. 

Emphasis has been placed on the evaluation of ENA.  which is a relatively new technique 
with the advantage that no external signal has to be applied in order to determine the 
corrosion characteristics of a system. For this reason. ENA is very promising as a tool not 
only for laboratory studies, but perhaps even more for field studies and corrosion monitoring. 
The effort in the initial phases of this project has concentrated on the development of 
software for the recording and analysis of electrochemical noise data. The maximum entropy 
method (MEM) has been chosen for data analysis and the results of this analysis have been 
displayed as power spectral density plots. An important result of the initial studies is the 
realization that potential noise can be misleading for systems in which mass transport plays 
an important role such as Pt in aerated, neutral NaC1. Since the open circuit potential of 
Pt in this environment is poorly biased, small fluctuations of the transport of O~ to the 
surface can lead to large fluctuations of E ..... that could be mistakenly identified as being 
due to localized corrosion. On the other hand. current fluctuations seem to be mainly due 
to localized corrosion effects. While the PSD plots give a convenient overview of the fre- 
quency dependence of the electrochemical noise, the correlation of the characteristic pa- 
rameters P,,, f,. and S r with the extent of corrosion and the type of corrosion is not clear 
at present. Therefore. these parameters have been used in this study for a qualitative 
description of the noise characteristics of different materials and exposure to different so- 
lutions. 

For iron in 0.5 N NaCI, the mean and the rms values of E ..... and the coupling current 
between two electrodes of the same materials have been determined on an hourly basis for 
24 h. From these data. the noise resistance R,, has been determined as a function of exposure 
time. This approach is promising for corrosion monitoring in studies of MIC since the 
experiment is easy to carry out and the equipment is inexpensive. Fairly good agreement 
between the polarization resistance R,, and R,, has been observed. However. the Pit Index 
(PI), which has been proposed as a tool for determining the type of corrosion, gave misleading 
results. 

EIS, which is a more mature technique, has been used mainly to determine the extent of 
pitting of the Al-based MMC at certain time intervals, for establishment of a pit growth law 
according to Eq 3 and for comparison with the noise data. For iron in NaCI. R,, has been 
obtained for comparison with R,,. 

A new experimental design has been completed for the thin foil technique that eliminates 
potential problems with previous detection systems for the penetration of the metal foil. 
This technique will be used at a later stage to determine pit growth rates with a nonelec- 
trochemical technique by measuring the time for foil penetration as a function of foil thick- 
ness. The application of this technique lies in monitoring of MIC similar to the "'pitting 
fuse" described by Kendig et al. [41]. A metal foil can be exposed as part of the system to 
be monitored and an alarm can be triggered when this foil has been penetrated by the fastest 
growing pit. The foil thickness can be adjusted, considering Eq 3 to cause such an alarm in 
a reasonable exposure time. 

An important part of this project is the transfer of the software and hardware to the 
Center for Interfacial Microbial Process Engineering at Montana State University. where 
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the use of the candidate electrochemical  techniques for the study of localized corrosion 
phenomena  in MIC will be further evaluated. In initial studies, e lectrochemical  noise data 
have been collected during aeration and deaerat ion for steel in the presence of sulfate 
reducing bacter ia?  
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ABSTRACT: The distribution of pH near a metal surface indicates the positions of anodic 
(low pH) and cathodic sites (high pH). A microsensor, small enough that the pH sensing tip 
is confined to the diffusion layer, can be used to monitor pH near metal surfaces. This paper 
describes the mapping of pH near water-immersed mild steel surfaces using miniaturized 
iridium~iridium oxide pH microelectrodes in conjunction with a computer controlled micro- 
positioner and data acquisition system. Two systems were analyzed: (1) a bare mild steel 
coupon exposed to artificial sea water, and (2) a mild steel coupon, first partially covered with 
the biopolymer, calcium alginate, and then exposed to artificial seawater. After g h exposure 
to seawater both coupons exhibited localized corrosion. On the coupon partially covered with 
calcium alginate gel, corrosion was limited to the area covered by biopolymer. On the bare 
coupon, corrosion was widespread, pH mapping of the coupons showed that low pH regions 
were identified with the corroded areas, and high pH regions with the uncorroded areas. These 
observations demonstrate that, in the abiotic environment, anodic sites on a mild steel surface 
can be fixed by partially covering the metal with biopolymer. 

KEYWORDS: microelectrode, pH, iridium oxide, mapping, corrosion, mild steel, alginate, 
biopolymer, microbiologicaUy influenced corrosion (MIC) 

Microorganisms growing on water immersed metal surfaces form biofilms that are held 
together by extracellular polymeric substances (EPS). This type of microbial colonization 
is frequently associated with microbially influenced corrosion (MIC). The mechanisms re- 
lating microbial colonization and corrosion are not welt understood, MIC costs the U.S. 
economy billions of dollars each year. 

MIC is a function of a variety of environmental factors such as: metal alloy composition 
(for example, mild steel versus stainless steel), biofilm properties (for example, aerobic 
versus anaerobic organisms), and fluid characteristics (temperature, hydrodynamics, chem- 
ical composition) [1,2]. Corrosion mechanisms can be analyzed in terms of the anodic and 
cathodic processes that are occurring [3]. 

The rate limiting step of corrosion can be either oxidation of the metal or reduction of 
oxygen. Bare mild steel corrodes in dilute saline solutions showing no pronounced polari- 
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zation; passivation rarely takes place and corrosion rates normally increase as corrosion 
potentials increase [4]. In this case, reduction of oxygen is normally the rate-limiting step 
due to diffusional or mixed diffusion/reaction control [5]. 

Biofilms have been implicated in both inhibition and promotion of corrosion of mild steel. 
Hernandez-Duque et al. [6] reported a drop in the corrosion rate of mild steel in the presence 
of a uniform layer of biofilm. This drop was attributed to respiration of the biofilm that 
resulted in a decline in oxygen concentration at the metal surface and associated decrease 
in rate of cathodic reduction oxygen. Smith et al. [7] reported the agar coated steel (artificial 
biofilm) also produced a very high polarization resistance and low corrosion rate. The last 
result suggests that biofilm metabolic activity may not be necessary for inhibition of corrosion 
by biopolymers. 

Many researchers, on the other hand, have reported that biofilms promote MIC on mild 
steel surfaces [8]. Iverson [9] proposed that the natural patchiness of biofilms results in 
differential aeration cells at the metal surface; areas with more biofilm exhibit low oxygen 
concentrations and become anodic, while those with less biofilm are exposed to higher 
oxygen concentrations and become cathodic. This patchiness can also cause concentration 
gradients of other electrochemically active species within the biofilm [10]. Heterogeneities 
in biofilm structure and composition may be the key factor in determining whether biofilms 
enhance or inhibit corrosion rates. Consequently, MIC may not depend entirely on meta- 
bolically active biofilms. 

This paper describes localized corrosion of mild steel in aerobic seawater. The role of 
biofilms in this process is under investigation. From the cited literature it is not clear if 
patchiness of biofilms alone promotes MIC to the extent observed, or whether some meta- 
bolic activity is necessary. Our study addresses the hypothesis that metabolic activity of 
biofilms is not always necessary in promoting MIC. This hypothesis was verified by forming 
an artificial patchy biofilm by partially coating a bare mild steel surface with the biopolymer, 
calcium alginate, and observing the location and extent of corrosion. If a differential aeration 
cell formed, localized corrosion would occur under the alginate and oxygen reduction would 
occur on the adjacent bare surface. A map of pH in the vicinity of the alginate spot should 
show a decrease in pH above the anodic site (the alginate spot) and an increase in pH above 
the cathodic site (bare surface). 

Experimental Approach 
Overview 

A polished mild steel coupon was partially covered with calcium alginate biopolymer gel 
and immersed in artificial seawater. An iridium/iridium oxide pH microelectrode was used 
to map pH above the immersed coupon: results were compared to similar measurements 
over a bare polished control coupon. 

Electrode Construction and Calibration 

Briefly, an iridium wire is tapered electrochemically and covered with glass (Fig. 1). Excess 
glass is ground off to expose the tip of the iridium wire. The wire is then recessed a few 
micrometers into the glass to provide a protected area for the active iridium oxide. The 
iridium oxide layer is formed by potential cycling. This technique alternatively applies 
oxidation and reduction potentials to the exposed metal tip, oxidation being the slightly 
dominant process. The electrode tip is finally cleaned, aged in water, and calibrated. Details 
for electrode construction are given in the paper by VanHoudt et al. [11]. 

 



LEWANDOWSKI ET AL. ON SPATIAL DISTRIBUTION OF pH 63 

FIG. 1--Tip of an iridium oxide pH microelectrode. 

Aging the Electrode--The pH-sensitive oxide is composed of hydrous and anhydrous iri- 
dium oxides. The degree of hydration changes with time causing a drift in calibration [12]. 
Furthermore, there is little consistency in the measured slope (mV/pH) for electrodes 
prepared using a single process. For electrochemically prepared electrodes, Kinoshita et al. 
[13] report 69.7 mV/pH-unit and Hitchman and Ramanathan [14] report 81.9 mV/pH-unit 
at 25~ Our measurements indicated an initial slope of 77.3 mV/pH-unit that decreased 
after one week to 65.8 mV/pH-unit. Because the greatest change in oxide hydration occurs 
during the first 12 hours of equilibration [12], electrodes were aged in distilled water for 12 
hours followed by aging in air for 2 hours. Data collected four times during the course of 
one week are shown in Fig. 2. Electrodes were stored in air. 
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FIG. 2--The effect of aging on pH response of an iridium~iridium oxide microelectrode. 

 



64 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

Calibration--Experimentation has shown that the internal impedance of iridium/iridium 
oxide microelectrodes can be as much as 10 ~~ II. An electrometer with a minimum input 
impedance of 10 ~2 II is used to measure the microelectrode potential relative to a reference 
electrode. This high impedance ensures that the meter does not load the electrode. A meter 
with an input impedance comparable to, or less than, 10 "~ II would produce inaccurate results 
by acting as a voltage divider. A low impedance volt meter can also damage the sensor by 
allowing current to flow through it. As a final caveat, the sensor should never be short- 
circuited to the reference electrode while both are in solution, since the voltage difference 
would cause current to flow and damage the electrode. 

A World Precision Instruments model FD 223 electrometer (impedance = 1015 fl) was 
used to measure pH from 1 to 12. The reference was Ag/AgCI with an internal fill solution 
of Ag § saturated 3M KCI. The Nernstian slope was 77.3 mV/pH-unit and E ~ was 751 mV. 
Slopes of 70 to 80 mV/pH unit were typical of freshly prepared electrodes. As noted above, 
slopes usually settled to ~65 mV/pH-unit after several calibrations and uses, or both, as 
reported above. Response was immediate for most pH buffers. 

Although Midgley [15] reported that the iridium/iridium oxide pH electrode was not 
sensitive to Fe 2+ and Fe 3+ ions, we found that the presence of Fe 2+ did influence the response 
of the electrode. Increasing the ferrous ion concentration led to underestimating the acidic 
nature of the media by, at most, one pH unit. Valid qualitative conclusions can be drawn 
in spite of this interference. 

Surface Mapping pH Near the Metal Surface 

An iridium/iridium oxide pH microelectrode was used to map pH over metal coupon 
surfaces. The coupons were mounted in the bottom of a rectangular polycarbonate vessel 
located on an XY-axis positioning table. The pH microelectrode was mounted on the shaft 
of a stationary Z-axis positioner above the coupon. The polycarbonate vessel was filled with 
artificial sea water (Instant Ocean~ Aquarium Systems, Mentor, OH), and guided under 
computer control in a plane perpendicular to the stationary pH probe. Measurements taken 
at 100 Ixm intervals in two dimensions were used to construct an evenly spaced grid of pH 
data. The experimental apparatus is shown schematically in Fig. 3. All corrosion and surface 
mapping took place at room temperature. 

XYZ micropositioner--The micropositioning system was manufactured by Micro Kinetics 
(Laguna Hills, CA). The XY table consisted of an X-Y stage with 4 in. travel driven by 
two encoder motors with gear heads. The Z-positioner consisted of a Drivemaster ~ (Mi- 
crokinetics) positioner with a gear ratio of 1670:1 and a maximum travel of 1 in. The XYZ- 
positioning system had a resolution of 0.1 Ixm. A three axis motor controller, connected to 
a personal computer through an RS232 serial interface, provided control of the positioning 
motors. Custom software integrated the motion of the positioner with collection of data. 
The large matrix of pH versus X and Y coordinates was plotted in three dimensions using 
Graph Tools ~ (3D Vision Corp. Torrance, CA) software. 

Polycarbonate reaction vessel--Mild steel coupons (diameter = 1.6 cm) were embedded 
in threaded PVC plugs using epoxy cement. A reaction vessel was made of 1.27-cm-thick 
polycarbonate. The vessel was 5-cm square and 2-cm deep with a raised bottom into which 
the coupons were mounted (Fig. 3). 

Coupon preparation--The coupons, which had been previously mounted in PVC plugs, 
were cleaned and brought to near-mirror smoothness by polishing with graded silicon carbide 
sand papers down to a 1200 grit coarseness. They were then rinsed with distilled water and 
air dried. 
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FIG. 3--Experimental apparatus. 

Control coupon--Localized corrosion was induced on a clean bare mild steel coupon 
surface by masking all but a portion of it (0.04 cm 2) with water proof tape and immersing 
it in artificial seawater (Instant Ocean) for approximately 8 h at room temperature. This 
procedure created intense localized corrosion in the exposed region. The tape was removed 
just before scanning. 

Corrosion of a coupon coated with a spot of calcium alginate gel--Another clean, bare, 
mild, steel coupon was also masked with waterproof vinyl tape except for a 0.04 cm 2 area 
in the middle of the coupon. The exposed area was sprayed with 0.4% sodium alginate 
using an artists air brush. The coupon was then submerged in 1M CaCI2 for 45 to 60 min 
to complete cross-linking of the biopolymer gel. The estimated thickness of the coating was 
40 Dxm. Finally, the tape was removed and the coupon placed in artificial sea water for 8 h. 

Scanning procedure--The procedure for scanning was the same for both the control coupon 
and for the alginate coated coupon. The vessel holding the corroded coupon and the pH 
microelectrode (tip diameter = 50 Ixm) was positioned on the 3-D table for the scan. The 
electrode, as viewed through a binocular microscope, was moved to within approximately 
50 txm of the metal surface using the 3-D positioner and held at that height (stationary 
z-axis) for the entire scan. There was no visible agitation of the solution in the reactor during 
scanning. The pH microelectrode was referenced to a silver/silver chloride electrode. The 
potential proportional to pH was measured with a Keithley Model 617 programmable elec- 
trometer that has an analog output proportional to the input from the electrode. This output 
was connected to a Keithley/Metrabyte model DAS-8 data acquisition board mounted in a 
Zenith 486DX PC. A map consisted of a matrix of data points, 40 rows by 40 columns, 
scanned one row at a time. Each row was scanned from the same direction to eliminate 
hysteresis in mechanical positioning. The mapped region covered the entire exposed portions 
of the coupons. 
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Results and Discussion 

Each coupon exhibited visually distinct regions after 8 h exposure to seawater. The control 
coupon displayed a reddish-orange deposit over its entire 0.04 cm-" exposed surface, indicating 
significant corrosion. The coated region of the alginate-coated coupon also displayed a 
reddish-orange deposit indicative of corrosion, while the region outside of the coating ap- 
peared uncorroded. 

Figure 4 shows a map of experimental pH data for the control coupon. The data is displayed 
in two formats; first, as a 3-D plot, and second, as a contour plot projected below the 3-D 
representation. The dip in pH matches the visible corrosion spot on the coupon. Figure 5 
shows the map of experimental pH data for the calcium alginate coated coupon and is 
displayed in the same formats. 

The entire exposed region of the control coupon displayed low pH values as well as visible 
corrosion. High pH was observed only at the edge of the exposed region. 

Similar results were obtained for the calcium alginate coated surface. The reddish-orange 
cast, indicative of corrosion, rapidly developed in association with the alginate-coated zone; 
pH was lower above the same region. These observations were consistent with a rapidly 
corroding surface underneath the alginate, and a simultaneous transport of hydrogen ions 
through the alginate gel to the bulk water. Outside of the alginate coated zone, corrosion 
was less and the associated drop in pH was significantly lower. 

The corrosion regions and associated pH differences were not unexpected on metal sur- 
faces with both anodic and cathodic sites. The local interfacial equilibrium chemistry can 
be represented by Eqs 1 through 4. 

F e " ~ F e  2- + 2e 

Fe- -  + 2H20 ~ Fe(OH)2 + 2H- 

2Fe(OH)_, + 1/2 02 ~ Fe_,O3 + 2H_,O 

2e- + H_,O + 1/2 02 --~ 2OH- 

anodic region (1) 

hydrolysis (2) 

further oxidation (3) 

cathodic region (4) 

FIG. 4--3D-map of pH at a fixed height (50 txm) above the surface of a freely-corroding mild steel 
coupon. 
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FIG. 5--3D-map of pH at a ftxed height (50 p.M) above a calcium-alginate spot on a mild steel coupon. 

Comparing the two coupons revealed that corrosion in the uncoated region of the alginate- 
coated coupon was not as intense, nor did it develop as rapidly, as did corrosion on the 
control coupon. Both coupons were exposed to seawater for approximately the same length 
of time. In addition, pH above the control coupon was considerably lower than pH above 
the uncoated region of the alginate-coated coupon. It appears that the alginate coating 
stimulates formation of an anodic region beneath the coating that inhibits corrosion in the 
surrounding area. This preliminary observation is consistent with the concept that a patchy 
biofilm creates an electrochemical environment conducive to corrosion. 

It is possible that the alginate coating on the coupon limits oxygen transport to the metal 
surface and, hence, creates a differential aeration cell [16]. In the bare area, this would 
encourage hydroxide ion generation and cathodic behavior, while in the alginate-coated 
region, anodic behavior and corrosion would result. This appears to be 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: (1) the system was stagnant and there was little or 
no convective mixing, (2) the alginate coating was thin, on the order of 100 ~zm; and (3) 
for small molecules, diffusion coefficients in calcium-alginate gels are nearly the same as in 
water [17]. LaQue [18] demonstrated that very small differences in oxygen mass transport, 
such as those created on rotating disks in aerated water, can produce differential aeration 
cells resulting in pronounced corrosion. Consequently, the very small oxygen gradients 
expected in our system could produce differential aeration cells similar to those seen by 
LaQue. 

Another observation may suggest a second contributing factor. When the coupon is dried, 
the alginate coating can be peeled off the metal surface. And, when this is done, the red- 
orange ferric oxide remains with the alginate, exposing a bare, but somewhat dull, metal 
surface. It appears that the ferric oxide forms in the calcium-alginate gel rather than at the 
metal surface. 

Alginic acid is a naturally occurring linear polymer consisting of manuronic and guluronic 
acid subunits. Each acid contains a carboxylic acid functional group. The affinity of calcium 
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alginate for divalent metal ions is well documented [19-21]. It is possible that in the presence 
of alginate gel, Eqs 2 and 3 can be expanded 

Alg-Ca + Fe2+----~ Alg-Fe + Ca 2+ 

Alg-Fe + 1/4 02 + H20 ~ 1/2 F20 3 + 2H + + Alg 2- 

Alg 2- + Ca 2§ --~ Alg-Ca 

(5) 

(6) 

(7) 

In Eqs 5 through 7, Alg is a binding site for a divalent metal ion in the alginate-gel 
polymer. It is possible that the Alg-complexed ferrous ion could oxidize more rapidly than 
the soluble hydrated ion, which is a catalytic effect. From mass action considerations, the 
decreased ferrous ion concentration could promote corrosion underneath the alginate coat- 
ing. 

These results may have significant implications for the mechanism of microbially influenced 
corrosion (MIC). If biopolymer alone can stimulate corrosion, then merely killing the mi- 
croorganisms that form a biofilm will not stop MIC. In addition, if this is the principal 
mechanism for MIC, then there is little need to search for a mechanism involving viable 
organisms; instead, one should study the role of structural heterogeneity (patchiness) of 
biofilms in MIC. 

Conclusions 

(1) The pH distribution above a corroding mild steel coupon was measured using an 
iridium oxide microelectrode in conjunction with a computer-controlled microposi- 
tioning system. 

(2) Variations in pH were correlated with visible corrosion sites on the coupon. As 
expected, corrosion was associated with anodic regions of tow pH adjacent to cathodic 
regions of high pH. 

(3) Preliminary observations indicated that the presence of a calcium-alginate gel spot on 
the surface of mild steel influenced the corrosion process: (a) the mild steel surface 
under the gel spot corroded faster than the surrounding bare area and (b) the area 
surrounding the gel spot corroded more slowly than the surface of a bare-control 
coupon. 

(4) Accelerated corrosion under the biopolymer gel could be due to either a differential 
aeration cell (crevice corrosion), or complexation of ferrous ion by the alginate gel, 
or some combination of the two processes. 
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ABSTRACT: Measurements have been made of pH values in the layer adjacent to fine- 
meshed screens immersed in artificial and natural seawater. The results obtained on platinum, 
bronze, nickel-based alloys, stainless-steel and carbon-steel screens indicate that acidic envi- 
ronments can be formed beneath the biofilm on even cathodically polarized metallic materials. 
From an examination of data regarding the exposure of different materials in galvanic couples 
to natural and artificial environments, it seems clear that stainless steels exposed to the acid- 
ification of the artificial environment: 

(1) leads to depolarization phenomena of the cathodic processes, with effects qualitatively 
but not quantitatively similar to those observed in natural seawater; and 

(2) enhances the localized corrosion onset probability, though the attack penetration depth 
is lower than values observed in natural seawater. 

The different procedures for obtaining polarization curves in seawater, as well as the signifi- 
cance of the numeric values achieved, are discussed herein. The electrochemical complexity 
of biofilms is emphasized. Some aspects of the biofilms formed on stainless steel exposed to 
seawater are similar to those observed for conductive polymer films, such as polypyrroles. 

KEYWORDS: marine corrosion, biofilm, pH, polypyrrole, stainless steel, electrochemical 
techniques, localized corrosion, microbiologically influenced corrosion (MIC) 

It is well known that one of the greatest limitations in the use of stainless steels in marine 
environments is their susceptibility to localized corrosion. Though studies on passivation 
phenomena date back to the Industrial Revolution [1], the scientific problem of the passive 
film breakdown and subsequent onset of localized corrosion, even in solutions merely con- 
taining sodium chloride, is still widely discussed [2]. In seawater, and, more generally, in 
biologically active environments, the problem is complicated further, compared to sodium- 
chloride solutions, by the presence of biofilms. 

Engineering, chemistry-physics, and biology are interconnected, and among themselves, 
interactive. Different authors, with different cultural backgrounds, give their contribution 
in the solution of these problems, each of them emphasizing one aspect over the other. 

At present, several microbiologically influenced corrosion (MIC) researchers have con- 
sidered the~pH variations that could take place through the biofilms formed at sea on the 
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different materials [3-7]. Such pH variations have been related to hypothetical modifications 
of the oxygen-reduction cathodic process [3] and the different susceptibility to localized 
corrosion exhibited by stainless steels in seawater compared to abiotic sodium-chloride 
solutions. 

Therefore, it seemed to be quite interesting to consider the following aspects: 

�9 methodology of pH measurement near metallic surfaces, 
�9 correlation between cathodic polarization curves and kinetic aspects of cathodic pro- 

cesses, and 
�9 electrochemical characterization of biofilms. 

Moreover, it seemed to be useful to consider localized corrosion susceptibility of stainless 
steels as if it were divided into two distinct phases or periods, one relating to the onset 
probability of localized corrosion and the other pertaining to the penetration rate of the 
corrosive attack. 

pH Values at a Metal/Environment Interface 

Effect of pH on Cathodic Process 

pH changes, as well as any changes in the oxygen content near the metal/environment 
interface, are connected to the system's heterogeneity. However, pH changes cannot affect 
any values regarding homogeneous equilibrium conditions such as the equilibrium voltage 
of the oxygen-reduction cathodic process. This value depends only on the initial and the 
final state of the system under steady-state conditions. In this specific case, the voltage for 
cathodic reduction depends on the oxygen content and on pH value in the bulk solution. 
However, the characteristics of the metal/environment interface can play an essential role 
concerning the kinetic aspects of the various processes and the relation to corrosion. 

No general agreement has been reached yet on the effects of the biofilm on pH variations. 
Certain authors hypothesize the activity of acidification phenomena at the metal/biofilm 
[3-5,7] interface, whereas others [6] hypothesize the predominance of a|kalinization phe- 
nomena. Surface acidification phenomena have been called up to justify the ennoblement 
of corrosion potential for stainless steels exposed to seawater in absence of localized cor- 
rosion [3,5]. 

Depolarization effects of the cathodic-oxygen reduction process observed on stainless 
steels exposed to seawater have been thought to be either favored by surface alkalinization 
by some authors [6] or connected to surface acidification phenomena by other authors [7]. 
As far as the kinetics of the cathodic oxygen-reduction process on stainless steel is concerned, 
some similarities have been observed in the behavior between natural seawater at pH values 
near 8.2 and abiotic artificial seawater at pH near 4. These similarities in cathodic properties 
have been connected to possible variations of electronic properties of the passive film [7- 
9]. 

Certain authors observe acidification phenomena in biotic solutions as a result of biological 
processes [10-11] and even in solutions taken beneath the fouling layer on cathodically 
protected metallic materials exposed to marine environments [12]. 

Other authors tried to measure pH variations, using microelectrodes, near electrically 
polarized metallic surfaces in artificial environments [13-15] or natural seawater [16]. 

If pH measurements are to be made at metal/biofilm interface, the only practical tech- 
niques are those of the potentiometric types. This is because the pH measurements obtained 
by optical, colorimetric techniques, as well as various sampling techniques would not be at 
the metal/biofilm interface [17]. 
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In potentiometric techniques, pH measurement consists of measuring the potential dif- 
ference between an electrode (the potential of which is dependent on the activity of H + 
ions) and a reference electrode (the potential of which is not dependent on the activity of 
H + ions). Any potential changes, even not related to variations in the activity of H + ions 
would be misinterpreted by the measurement system as connected to variations in the activity 
of H + ions. 

Therefore, pH measuring techniques that utilize an H + sensitive electrode macroscopically 
separated from the reference electrode, cannot provide reliable pH measurements in prox- 
imity of surfaces subject to current flows. Such current flows can even be caused by superficial 
inhomogeneities and could give rise to a net balance between cathodic and anodic currents. 
This is the case for many metallic materials exposed to seawater under free corrosion 
conditions, due to the patchy nature of the biofilm [18-19]. 

pH  Measurement 

Therefore, in order to experimentally measure the pH value at the metal/biofilm interface, 
we have used a technique that has been used by other authors [20] to measure pH values 
at cathodes during metallic electrodeposition. 

Several alloys have been used in the form of fine-mesh screens (Fig. 1). These screens 
have the greatest mesh values among those commercially available: 

bronze: 185 mesh, wire diameter 0.05 mm, 
UNS $30400: 185 mesh, wire diameter 0.05 mm, 
carbon steel: 55 mesh, wire diameter 0.11 mm, 
UNS N06600: 350 mesh, wire diameter 0.032 mm, and 
platinum: 85 mesh, wire diameter 0.06 mm, 

For pH measurement, a fiat-bottomed glass electrode and a calomel reference electrode 
have been pressed against the same side of a metallic screen (26 mm in diameter) (Fig. 
2(a)). On the other side, a reference electrode has been positioned to measure the potential 
of the metallic screen. A counter-electrode has been positioned in order to perform cathodic 
or anodic polarizations at the desired value. The system described above is able to measure 
an average pH value within a layer adjacent to the screen comparable in size to that of the 
wire diameter even if the metallic screen is to be electrically polarized [20]. 

FIG. 1--Metallic wire screens used as specimen. 
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FIG. 2--Schematic arrangement of apparatus for pH measurement near a screen electrode. 

When measuring the potential difference between the glass electrode and the calomel 
reference electrode, a normal floating pH-meter is used. The metallic screen is connected 
as the working electrode to a floating ground. Significant deviations of pH value can be 
observed. Any instrument noises or errors have been eliminated using high-impedance 
differential electrometer following the scheme of Fig. 2(b). 

The cell shown in Fig. 2 was positioned vertically inside a 5 L container. The container 
was continuously fed to renew the solution ten times per h. On the feed line, a combined 
glass electrode was positioned for pH control in the solution. The electric continuity of the 
waste-line was interrupted by an adequate dripping system of the solution. 

Results o f  p H  Measurement in Artificial Seawater 

In the tests performed in artificial seawater (ASTM D 1141 Specification for Substitute 
Ocean Water, pH = 8.2) and under free-corrosion conditions, corrosion-resistant materials 
exhibited no significant pH variations in the layer near the metallic screen. 

Again, in artificial seawater, but under cathodic polarization conditions, cathodic polar- 
ization currents tended to decrease in time and to oscillate. The oscillation was more sig- 
nificant at lower polarization potentials, pH-values on the layer adjacent to the electrode 
tended to increase with time by increasing the average value of the cathodic current. The 
typical trends of stainless steel are shown in Fig. 3. The behavior of the other corrosion- 
resistant alloys only slightly differed from that described for stainless steel; see the case of 
platinum reported in Fig. 4. The differences observed could be easily explained by taking 
into account the different cathodic behaviors of the various materials and the different mesh 
sizes that led to different thicknesses for the layer in which the pH was measured [20]. 

Under anodic polarization conditions, the pH value in the layer adjacent to the screen 
tends to decrease in time; the more it decreases, the higher the anodic current density is. 
Particularly notable pH reductions have been observed in artificial seawater on stainless 
steel at the initiation of crevice corrosion (Fig. 5). 

A far different behavior is presented by carbon steel. Under free corrosion condition in 
artificial seawater, the pH value near the screen exhibits an oscillating trend (Fig. 6). Some 
alkalinization phenomena within the layer adjacent to the metallic surface are initially 
present, even under anodic dissolution conditions. Acidification phenomena appear to be- 
come particularly important at the same time of passivation phenomena (Fig. 7). 

For all the materials considered in artificial seawater and in absence of localized corrosion, 
the pH value measured in the layer near metallic screen depended on the metallic material, 
the mesh size, and the log of the current (Fig. 8). 
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FIG. 3--Polarization currents and near-screen-pH versus time curves for UNS $30400 stainless steel 
screens in ASTM D 1141 seawater at different polarization potentials. 

Results o f  p H  Measurement  in Natural  Seawater 

In our tests performed in natural seawater, the involved phenomenology was completely 
different from that described for artificial seawater. Parallel and repeated measurements 
were, at best, only qualitatively reproducible. 

Under free-corrosion conditions, there is a general tendency leading to acidification phe- 
nomena within the layer near the metallic screen. This is the case regardless of the nature 

"l- 
( X  

Pt - ASTM Seawater 

:t .... t .... 
-1 V vs. SCE -0.8 V vs. SCE -0.6 V vs. SCE -0A V vs. SCE -0.2 V vs. SCE 

0 

i i i 

20 o 

time ( rain ) 

FIG. 4--Polarization currents and near-screen pH versus time curves for platinum screen in ASTM 
seawater at different polarization potentials. 
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of the material (Fig. 9) and even under cathodic polarization conditions, according to Ref 
12. Any disturbances in the hydrodynamic regime or in the polarization potential, regardless 
of their sign, seem to give rise to layer-transient acidification with scarcely reproducible 
values. 

Anyway, our results confirm the presence of acidification phenomena not directly con- 
nected to current-flowing phenomena at metal surface in natural seawater. Moreover, such 
resutts suggest that the pH calculation models for the pH at polarized metal surfaces already 
developed [16], could not be applied to natural seawater. 

Cathodic Polarization Curves and Oxygen-Reduction Kinetics on 
Stainless Steels in Seawater 

Techniques for  Recording Polarization Curves 

The recording of polarization curves represents one of the traditional techniques used in 
the electrochemical study of corrosion phenomena. In this technique, the external current 
(Je) flowing between a working electrode (W) and a counterelectrode is equal to the sum 
of the currents pertaining to all anodic and cathodic processes simultaneously operating on 
the working electrode. 

The currents (J) are generally assumed to be proportional to the surface of the electrode 
and the results are expressed in terms of current density (i). Such an assumption is justified 
only in case of homogeneous surfaces and in absence of localized corrosion. 

The current Je depends on the potential of the working electrode (E w) as well as on time, 
J~ = Je(EW,t). 

The potential of the working electrode can be artfully forced to vary in time, following 
any law E w = EW(t), giving rise to potentiodynamic or potentiokinetic techniques. In these 
cases, the current Je is a function of time J~ = J,(EW,t) = J~(E(t),t) although results are 
usually expressed in the form ie = ie(E w) or E w = EW(ie). 
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The potential of the working electrode can be artfully maintained constant and corre- 
sponding to a value E TM = E for a time t = t, giving rise to potentiostatic techniques. The 
curve i,. = i,.(E W) can be constructed point by point, in relation to a given time t = t. 
Assuming that the current value measured at a given potential tends to take constant values 
in time, that is lim,_~ -- (&~/~t)E w = E = 0 then the curve ie = i,.(E w) potentiostatically 
determined can be hypothesized regardless of time, at least for times exceeding a given 
value. 

Under free-corrosion conditions, the sum of the currents relating to anodic processes 
equals that relating to cathodic processes and no external current (J,.) appears. Under con- 
ditions near free-corrosion conditions, external current cannot be considered as represent- 
ative of the kinetics of cathodic or anodic processes, but only of their algebraic sum. 

Effect of the Passivity Current 

As far as stainless steels exposed to seawater and under passivity conditions are concerned, 
the passivity current values observed in a wide range of potential values are normally 
comprised between 0.01 and 1 txA/cm 2. In this case, cathodic polarization curves can be 
representative of the kinetics of cathodic processes, except for an error up to 1 ixA/cm 2 due 
to the uncertainty on passive current density values. 

The evolution of cathodic polarization curves observed by several authors on stainless 
steels exposed to seawater for increasing times, is not necessarily indicative of depolarization 
phenomena with time of cathodic processes. For external current density values lower than 
1 IxA/cm-', it could only reveal some diminution with time of the passive current density. 

Effect of the Passive Film Thickness Modifications 

The thickness of passive films on stainless steels is in the order of 10 A [1-2]. One ,~ per 
cm 2 corresponds to a volume of 10 -8 cm 3. Assuming that the passive film has a density > 1 
g/cm 3 and an equivalent weight < 100, it follows that to 1 A thickness corresponds a 
superficial concentration > 10- "~ geq./cm 2 corresponding to a superficial charge of about 
10 -5 C/cm 2. Any variation < 1 ,~ in the passive film thickness can determine the flow of a 
charge amount exceeding 10 ~A �9 s/cm 2. 

Accepting a 1 ixA/cm 2 error in the current density measurement, what results is an error 
greater than 10 s in the time measurement. This can cause some difficulties in the inter- 
pretation of results obtained on stainless steels or other passivated materials, when using 
quick potential scanning techniques or the measurement of low current densities. 

Figure 10 shows the effect of the presence of different passive films on the stainless steel 
surface on cyclic cathodic polarization curves and Fig. 11 shows the effect of sharp transition 
of cathodic polarization potential value on current. 

Effect of Environmental Pollution 

In natural environments, some dissolved substances in concentrations lower than 0.1 ppm 
can usually be considered as impurities and can be neglected by standard analytical tests. 

Hypothesizing for the impurity an equivalent weight < 100, at a concentration of 0.1 ppm, 
corresponds to a concentration in equivalent > 10 -6 eq./L. If in seawater, the diffusion 
coefficient values for ions are approximately 10 -5 cm 2 s -~ then the impurity maintains 
a diffusion limited current density approximately equal to i~ = zFDc = 1@ �9 10 -s �9 10 -6 
A/cm z = 1 ~.A/cm 2. 
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Such current density can also be pointed out by polarization curves, but it cannot be 
associated with a given electrodic process unless the impurity is known. The values of such 
currents are of the same order of magnitude as the passivity current density values of stainless 
steels exposed to seawater and can therefore greatly affect free-corrosion potential. 

In the event that impurities might deposit on the metallic surface, altering its character- 
istics, electrodic polarization curves can also be influenced. Let us consider the case of 
copper alloys, for which even occasional sulfide contamination leads to the depolarization 
of the anodic dissolution process and, to a greater extent, to the depolarization of the oxygen- 
reduction cathodic process [8,9,21]. Sulfides affect the corrosion behavior of copper alloys, 
though present in concentrations as low as 0.01 ppm [22], which is lower than the sensitivity 
limits of the usual testing procedures. The behavior of sulfides in stainless steels greatly 
differs from that of sulfides with copper alloys. In our tests, the sensitivity to sulfide con- 
tamination for stainless steels was far less than that for copper alloys. The effects of sulfide 
absorption appeared to be equally persistent in time, after such contamination has been 
removed. Whereas, according to Ref 23, the presence of passive films appears to hinder 
this absorption. 

Contrary to the case of copper alloys, the presence of sulfides on stainless steels seems 
to hamper the oxygen-reduction cathodic process, or at least it seems to remove the de- 
polarizing effect, observed after long exposure to seawater (Fig. 12). 

These differences in behavior have been attributed to the different electronic properties 
of passive films [8,9]. The passive films on stainless steels are generally n-type semicon- 
ductors, whereas those present on copper alloys are generally p-type semiconductors. 

Again, as to copper alloys, the effect of sulfide contamination on free-corrosion potentials, 
in even abiotic seawater, appeared more drastic in the case of stainless steels (Fig. 13) due 
to their low passive currents. 
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FIG. 12--Polarization curves in ASTM seawater on UNS $31254 and in natural seawater on fouled 
samples after and before stainless steel surface sulphide contamination. 
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FIG. 13--Transient of free corrosion potentials on stainless steels in acidified ASTM seawater, pH 4.5, 
after sulphide contamination. 

In seawater, hydrogen-sulfide can be created in situ by bacterial sulfate reduction [24], 
but anaerobic activity does not necessarily mean sulfide formation. The hydrogen-sulfide 
formed can be reoxidized or partly adsorbed by the metallic surface. Sulfide adsorption on 
the metallic surface may depend on the stability of the passive state reached by the surface 
upon contact with sulfides. In these cases, corrosion potentials, even in absence of localized 
corrosion, depend on a very complicated galvanic couple situation between different areas. 

Some areas can present aerobic biological activity, others anaerobic biological activity. 
The relative extension of the surfaces and the amount of sulfides adsorbed may vary greatly, 
depending on hydrodynamic conditions, on the type and level of the biological activity, and 
on the passive state reached by the surface. 

It is no wonder that differences in corrosion potential versus time for stainless steels and 
other easily passivated materials exposed to seawater, have been reported by several authors 
[3-91 . 

Polarization Curves in Seawater 

It is well-known that the polarization curves obtained using potentiodynamic techniques 
may differ greatly from those obtained using potentiostatic techniques. This applies to 
stainless steels in seawater. In potentiodynamic tests, the continuous changes in the potential 
value might prevent these tests from reaching equilibrium conditions within passive films 
and steady conditions within biofilms. This causes some hysteresis phenomena to occur, if 
polarization scanning would be cyclically carried out or would be repeated. In potentiostatic 
tests, the polarization curve is traced by different points; to set n points, it is necessary to 
perform n tests that can be either successive or simultaneous. Successive tests are time- 
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consuming and are not suited well for environments such as seawater, the characteristics of 
which vary greatly with time. Simultaneous tests require the use of several potentiostats and 
several measuring cells. 

The use of several potentiostats involves high costs and problems related to grounding, 
whereas the use of several measuring cells imposes problems regarding secondary current 
distributions that may cause interferences between cells. In certain cases, special attention 
[25] has been given to these problems. However, several measuring cells are sometimes 
used or several measurements are made simultaneously in the same cell, without considering 
these problems. When using continuous loops or lines taking and discharging directly into 
the sea, significant errors could be made. 

During potentiostatic tests, any accidental events, such as a power black-out or any failure, 
can disconnect the potentiostats, thus nullifying or interrupting tests performed for long 
times. 

At  sea, on stainless steels cathodically protected at fixed potential and in our tests, the 
hypothetical l im,~ = (~ /~ t )E  w = E = 0 did not take place at least for t < 6 months and 
E > - 1000 mV versus saturated calomel electrode (SCE), in accordance with Ref 12. 

Free-corrosion potentials at sea are usually subject to marked fluctuations in time, both 
in presence and in absence of localized corrosion. The condition E = E, typical of poten- 
tiostatic tests, is an unreal situation from a corrosion point of view. It corresponds to the 
situation of an electrode able to supply or to absorb a current density up to an even infinite 
value, provided that its potential would not be changed. In such a situation, the development 
of the biofilm and the possibility of localized attack could be modified. 

Cathodic Polarization Curves from Galvanic Couple Data 

In the event that the metallic material examined, W, is galvanically coupled with a metal, 
M, through an external electric resistance, R, the potential assumed by W in the couple 
depends on: M, on the relative extension of metallic surfaces, on resistance R, on time, and 
has all typical characteristics of a corrosion potential. The sum of cathodic currents on the 
two metals of the couple must be equal to the sum of anodic currents: 

_ ( jw + j~) = (j,w + jff) from which - ( J f f  + Jff) = (Jff + J,W) = j w = _ j ~  = jwM 

Therefore, the galvanic couple current equals the external current related to W, in corre- 
spondence of the potential assumed by W in the galvanic couple. 

The exposure to the environment of the metallic material examined galvanicalty coupled 
with a metal can be used in the construction of polarization curves under conditions that 
seem to be closer to real corrosion conditions than those normally realized in traditional 
potentiodynamic or potentiostatic methods. The external electric resistance permits the 
current to be easily measured. The potential values observed depend on the processes 
occurring on the surfaces of metal M and W, as well as on electric resistor value R applied. 
By changing metal M and resistor R value, or both, different potential values can be obtained 
for W within all the potential range of practical interest. 

The measurement system is economical and reliable. It requires different metallic ma- 
terials, calibrated electric resistors, reference electrodes, and one electrometer with a data 
logger. No potentiostats are needed. Possible failures or power black-outs do not necessarily 
suspend the test. 

Table 1 reports a series of readings for W/M galvanic couples after 20-day exposures to 
seawater. Figure 14 shows the cathodic polarization curve for the stainless steel, as it can 
be deduced from the galvanic couple data shown in Table 1. Such curves are then compared 
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T A B L E  l--Data of W/M" galvanic coupling after 20 days exposure in seawater. 

12.9.91 
M 
R (f~) 
AV (mV) 
i (mA/cm z) 

12.9.91 
M 
R (f~) 
AV (mV) 
i (mA/cm z) 

CO()I CO(12 CO(13 CO(B C005 CO(16 CO()7 C008 C009 C010 C011  C012 C013 
Mo Cu-Ni Brass Brass Brass Brass Brass Brass Brass Bronze Sn Fe Fe 
10 10 10 100(1 20(X) 3(XX) 40(X) 50(X) 10 O(X) 10 10 10 I(XI 

0.5 11.5 11.7 611.4 109.6 168.4 2(B 264.1 4112.1 0.8 0.9 6.2 54.7 
5 5 7 6 5.5 5.6 5.1 5.3 4 8 9 62 55 

C1114 C015 C016 C017 C018 C019 C020 C021 C022 C023 C024 C025 O126 
Fc Fe Fe Fe Fe Cd Zn Zn Zn Zn Zn Zn Zn 
21X) 30(1 40() 50() IO(X) 10 l0 10() 2011 3(X) 41X) 51X1 IO(X) 
96.8 116.9 136.7 148.2 182.3 7.2 8.1 79.6 158.5  225.8 324.2 336.4 552.4 
48 39 34 30 18 72 81 811 79 75 81 67 55 

" W = UNS $31254 stainless steel (10 cm-" in surface) and M = coupled meta]. 

to  t h e  p o l a r i z a t i o n  c u r v e s  o b t a i n e d  u s i n g  p o t e n t i o d y n a m i c  m e t h o d  (1 V / h  s c a n n i n g  r a t e )  o r  

p o t e n t i o s t a t i c  m e t h o d  on  t he  s a m e  t ype  o f  s tee l .  

p H  Effects on Cathodic Polarization Curves 

C a t h o d i c  p o l a r i z a t i o n  c u r v e s ,  o b t a i n e d  f r o m  g a l v a n i c  c o u p l e  d a t a ,  h a v e  a l r e a d y  b e e n  u s e d  

to p o i n t  o u t  the  e v o l u t i o n  o f  t h e  c a t h o d i c  p r o c e s s  k ine t i c s  on  s t a i n l e s s  s t e e l s  e x p o s e d  for  

d i f f e r e n t  p e r i o d s  o f  t i m e  to  n a t u r a l  s e a w a t e r  (Fig .  15) a n d  to  ar t i f ic ial  A S T M  D 1141 s e a w a t e r  

(Fig.  16) [7]. T h e  r e su l t s  r e p o r t e d  in Fig. 16 s h o w  t ha t  t he  ac id i f i ca t ion  at a m e t a l / e n v i r o n -  
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FIG. 14--Cathodic polarization curves on UNS $31254 stainless steel, after 20 days of exposure in 

natural seawater, obtained by potentiodynamic or poteatiostatic scans or calculated from the gah'anic 
coupling data o1 Table 1. 
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FIG. 15--Cathodic polarization curves on UNS $31254 stainless steel obtained by galvanic coupling 
after different times of exposure in natural seawater. 

ment interface depolarizes cathodic process on stainless steels exposed to artificial ASTM 
D 1141 seawater. 

Such contribution has been attributed to the alteration of the electronic properties of 
passive films on stainless steels, due to a permanence in an acid environment [7]. The 
comparison between Fig, 15 and Fig. 16 points out that acidification alone cannot be sufficient 
to fully explain the depolarization observed in natural seawater. The addition to artificial 
seawater of acids of the same type as those involved in biological cycles (for example, carbon 
dioxide, lactic acid, acetic acid or hydrogen sulfide) did not produce cathodic polarization 
curves quantitatively similar to those observed in natural seawater. 

Electrochemical Characterization of Biofilms Formed on Stainless Steel 
Exposed to Seawater 

Electrochemical Nature o f  Biofilms 

The biofilms formed on the different materials in various environments can be considered 
as an electrolyte that can cause complicated electrochemical reactions. In the case of biofilms 
formed at sea on stainless steels, some authors suggest that, with regard to electrochemical 
impedance spectrum analyses, the behavior of the biofilm can be quite similar to that of a 
layer of seawater [26]. This does not seem to be true when trying to remove the biofilm of 
thick consistency from the surface. 
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FIG. 16--Cathodic polarization curves on UNS $31254 stainless steel obtained by galvanic coupling 
in aerated ASTM seawater at different pH values and after different exposure times. 

Oxygen-reduction processes through the biofilm can even follow other ways than the 
electrodic reduction on a metallic surface. The reduction of molecular oxygen can take place 
at biofilm/sea interface by an enzyme with oxidase activity, whereas the electron transfer 
from the metallic surface to the enzyme can be carried out by means of mediators [27]. 
Such a mechanism, which provides for the diffusion of the oxidase enzyme through the 
biofilm, does not seem to be able to withstand high current densities. 

Electron transfer in organic matrices are demonstrated both as intramolecular phenomena, 
as in the case of polypeptides [28], and as intermolecular phenomena, as in the case of 
proteins [29]. Also, organic polymers with semiconductive properties and high electronic 
conductivity exist and have been widely studied [30]. Electron transfer phenomena could 
occur even within biofilms that would assume semiconductive behaviors. 

Oxygen-reduction processes could be of an electrodic type and take place at the biofilm/ 
seawater interface. Phenomena of mediatorless activation of electron reduction of molecular 
oxygen by enzymes are well-known and can withstand current densities on the order of mA/  
era: [27]. 

Among the various studies on marine fouling of stainless steels, some authors [31] em- 
phasize the presence in the biofilms of an organic material having high electronic density 
in the form of layers or capsules around bacterial colonies. Other authors [32] have suggested 
that the ennoblement of the corrosion potential would be caused not by the metabolism but 
by the metabolite of the sea diatoms included in the thin organic film. Some other authors 
[33] observed the presence, upon cathodic polarization, of an anodic electrodic capacity 
linked to the presence of biofilms. 
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Naturally Occurring Pyrrole Derivatives 

Within marine biology, the importance of the role played by pyrrole derivatives is well- 
known [34]. The heme and most chlorophyll pigments are macrocyclic tetrapyrroles and the 
bile pigments are linear tetrapyrroles. Bile pigments have been isolated: from red and blue- 
green algae, from the pigment of the calcareous skeleton of Helipora coerulea blue coral, 
and from the secretions of gasteropod mollusks type Aplysia limacina and Aplysia californica. 
Tetrahydropyrrole derivatives have been isolated from red algae Digenea simplex and Chon- 
dria armata. A phenylsubstitute bromopyrrole has been isolated from a bacterium Pseu- 
domonas bromoutilis and simple bromopyrroles has been isolated from sponges Agelas 
oroides [34]. 

Polypyrrole Films 

Aqueous solutions containing pyrrole can easily give rise to the formation of ionic polymers 
called polypyrroles, which appear as a black powder or film. Such formations can take place 
by air oxidation, by reaction with hydrogen peroxide, ozone, metallic ions (among which 
Fe 3+ and Cu-~+), or by anodic oxidation [35]. 

Polypyrroles are semiconductors that, dependent on preparation conditions, can present 
electrical conductivities close to that of metals [30]. Polypyrroles can be reduced and reox- 
idized several times, can be used as electrodes for secondary batteries [36], can incorporate 
metal complexes, and present high catalytic activities in the cathodic processes of oxygen 
reduction [37]. 

We do not have available any direct experimental evidence of the presence of polypyrroles 
in biofilms; nevertheless, we are able to obtain polypyrrole films on platinum by anodic 
oxidation, at potentials over 200 mV versus SCE of artificial seawater solutions containing 
pyrrole additions to 0.1 moles/L. The formation of polypyrrole films causes a severe acid- 
ification at anodes and, at current density > 100 ixA/cm z, pH values less than 2 were 
measured. The nucleation of polypyrrole films on stainless steels points out some difficulties 
that have been overcome by performing the nucleation at 600 mV versus SCE. Figure 17 
reports micrographs of polypyrrole films obtained on stainless steels by anodic oxidation in 
artificial seawater with pyrrole addition. Energy dispersion system (EDS) chemical analyses 
carried out on the sample reported in Fig. 17(d) reveals, along with the absence of sodium 
ions, the presence of both chlorine and sulfur. The sulfur is present in a relative molecular 
percentage that decreases from 23% in the layer near the metal to 1i% in the layer towards 
the solution. Therefore, the presence of both chlorides and sulphates as anions in polypyrrole 
films so obtained can be hypothesized, with a greater sulphate/chloride ratio than that 
present in the formation solution. 

The cathodic polarization curves obtained potentiostatically in artificial seawater on stain- 
less-steel samples coated with polypyrrole film (Fig. 18(a)) are similar to those obtained in 
natural seawater on samples of the same steel coated with biofilms (see Fig. 14). The cathodic 
polarization curves obtained through cyclic potentiodynamic method (Fig. 18(b)) point out 
the capability of the polypyrrole film to be reduced and reoxidized. 

A marked anodic capacity, after cathodic reduction, is also exhibited by stainless-steel 
samples, as well as by platinum samples upon exposure to natural seawater and formation 
of biofilm. This capacity, shown in Fig. 19, is greater than that related to passive-film 
modifications (Fig. 11), and cannot be attributed to hydrogen-retention phenomena [33]. 
Hydrogen evolution is not thermodynamically possible under the cathodic reduction con- 
ditions (E = - 6 0 0  mV versus SCE, pH 8.3). 

Therefore, the presence within the biofilms naturally formed on stainless steels at sea, of 
phases having electronic conductivity, and oxidation-reduction capability of the type shown 
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FIG.  1 7 - - S E M  images o f  polypyrrole f ihn obtained on UNS $31254 stainless-steel surfaces by anodic 
polarization at room temperature f rom A S TM seawater with addition o f  pyrrole to O. 1 M solution. (a) 
stainless steel surface after 80 mesh Al_,O, blasting, (b) polypyrrole f ihn tmcleated at 600 m V  versus SCE, 
(c) polypyrrole f i lm growth at 300 m V  versus SCE, and (d) polypyrrole f i lm detached from the surface, 
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FIG.  18--Cathodic polarization curves obtained in A S T M  seawater on bare or on polypyrrole-coated 
UNS $31254 stainless steel. Tests were comtucted in ( a ) potentiostatic mode and ( b ) cyclic potentiodynamic 
mode. 

 



88 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 
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FIG. 19--Polarization currents on different materials exposed to natural seawater for different times 
after a sharp transition of polarization potential from -0 .6  to -0 .3  V versus SCE. 

by polypyrroles cannot be excluded. Biofilms cannot be considered as "'mere" electrolytes, 
from an electrochemical point of view. 

Localized Corrosion 

Stochastic Nature o f  Localized Corrosion 

In the study of localized corrosion on passive materials, much attention has been made 
to the breakdown potential or to other potentials obtained from potentiodynamic tests. Such 
potentials have been used widely in order to predict the susceptibility to localized corrosion 
of a given material in a given environment. 

Today, corrosion researchers believe that localized corrosion is determined by stochastic 
laws at various potentials, rather than deterministic laws [38]. The breakdown potentials or 
other similar electrochemical parameter cannot be univocally determined. Their values are 
statistically distributed in ranges even exceeding some hundred mV in amplitude [39-43]. 
Figure 20 reports the distribution of breakdown potential values for an AISI type 316 (UNS 
$31600) stainless steel in anaerobic marine mud and in flowing seawater [8,9]. 

Localized corrosion can even fail to occur for a length of time. Once initiated, it can 
proceed at high penetration rates or even stop. Instead of speaking about the general term 
of "corrosion rate," it is necessary therefore to distinguish different periods of the corrosion 
process. As far as the onset of localized attack is concerned, there can be the probability 
of corrosion initiation [44] or the sample-survival probability [41,43]. 

As to the localized attack propagation rate, the corrosion rate deduced from polarization 
resistance measurement results, as experimentally verified [45], are quite insignificant. Even 
the current density value assessed with respect to the whole electrodic surface, has no 
significance, since the metal dissolution is localized on a small portion of the total surface. 
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FIG. 20--Breakdown potential distribution for UNS $31600 stainless steel in flowing seawater or in 
anaerobic marine mud with a several hundred ppm sulphide concentration. 

In case of only one attack site, as has occurred in many crevice corrosion experiments, it 
is preferable to speak about total corrosion current [46-48] or to refer to the maximum 
penetration depth and to its statistical distribution [45,49]. Also, the recording of real current 
density distributions on the electrodic surface can be carried out through the Scanning 
Vibrating Electrode Technique (SVET) [18,50]. 

Results o f  Tests on Galvanic Couples o f  Localized Corrosion Onset 

In our experiments, several tests have been conducted by galvanically coupling UNS 
$31600 anodes with UNS $31254 (AVESTA 254 SMO R alloy) cathodes [8,9,51,52]. The 
cathodic behavior of the two stainless steels, in the environments examined, is substantially 
similar, whereas the localized attack onset probability is markedly different for the two 
materials. The decision to adopt two different materials for anode and cathode has been 
made in order to eliminate the frequency of localized attack on the cathode. The tests have 
been performed in biologically active anaerobic marine mud, in unpolluted natural seawater, 
in artificial seawater, in artificial seawater brought to pH 4 using hydrochloric acid or acetic 
acid, in artificial seawater saturated with air and carbon dioxide (50:50) or with air, carbon 
dioxide, and hydrogen sulfide (50:45:5). 

Figure 21 summarizes the results regarding survival probabilities, that is the complement 
to one of localized corrosion onset probabilities, in dependence of the time and the envi- 
ronment type. From Fig. 2i(a), it can be noted that the localized corrosion onset probability 
seems to be negligible for materials completely submerged in anaerobic marine mud. In 
some experiments, marine animals such as cirripeds, patellae, and mussels settled on AISI 
Type 316 sheets exposed to seawater and have been sealed onto metal using epoxy resins. 
Eighteen months later, the surfaces exposed to the degradation products of marine animals 
showed no signs of corrosion, in accordance with Fig. 21(a). 

The localized corrosion onset probability was highest for anodes immersed in mud and 
cathodes immersed in flowing seawater (Fig. 21(b)). Such results support the observation 
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FIG. 21--Survival probability of  samples of  UNS $31600 anodes coupled with UNS $31254 in the 
same or different artificial or natural environments. 

of one of the most frequent corrosion forms for stainless steels in seawater, which is crevice 
attack along the edge of dead animal shells on freely exposed surfaces [53]. The localized 
corrosion onset probability in the case shown in Fig. 21(b) is greater than that regarding 
materials freely immersed in seawater (Fig. 21(c)), thus confirming the tendency of sulfide 
to facilitate localized corrosion onset. The localized corrosion onset probability, in the case 
of material freely immersed in artificial seawater (Fig. 21(d)) was far lower than that of the 
material immersed in natural seawater. 

In the case where artificial seawater is acidified, the cathodic process was depolarized 
(see Fig. 16) and the role of cathodic-current availability in favoring the localized corrosion 
onset is seen by comparing Fig. 21(e) or 21(f)  to Fig. 21(d). These results support the fact 
that the greater the crevice corrosion onset probability, the greater the ratio between the 
unshielded (cathodic) surface and the shielded (anodic) surface [44]. 

While the presence of sulfides on the anodic area seems to facilitate the onset of localized 
corrosion (Fig. 21(b)), the presence of sulfides on the cathodic area may involve the po- 
larization of the oxygen reduction cathodic process. The localized corrosion onset probability 
can be drastically reduced, as in Fig. 21(a) and 21(h). This confirms the importance of 
cathodic processes, besides anodic processes, in influencing localized corrosion onset [52]. 

Results o f  Tests on the Penetration Rate o f  Localized Corrosion 

In crevice corrosion tests of stainless steels with separate anodes and cathodes, like remote 
crevice-assembly testing [47], the corrosion current tends to assume an average value constant 
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in time, This value can be referred to when speaking about the penetration rate of localized 
corrosion. 

The corrosion current in seawater is not proportional to the extension of the cathodic 
surface area (Sc) at least for Sc > Sa, where Sa is the anodic surface area, but it tends to 
be independent of the cathodic surface area in our experiments, and according to Ref 48. 

In our tests, the crevice corrosion currents had an average value that in artificial envi- 
ronments was one order of magnitude lower than that observed in natural environments 
(Fig. 22). Such a difference can be observed even if the replacement of the natural envi- 
ronment by an artificial one is only limited to the anodic or the cathodic side. Similar 
differences persist also in cases where the cathodic surface area is increased (Sc/Sa <- 100) 
or if artificial seawater is acidified (pH >- 4) so as to depolarize the cathodic process. 

All of these events demonstrate that, in relation with stainless steels, any differences in 
the corrosion behavior assumed in natural or in artificial seawater are not limited merely 
to effects on the anodic and cathodic side, or both: such effects are present on both sides, 
where they interact and are enhanced often. 

Polymer films can hinder the diffusion of anodic products and promote the development 
of occluded cells by hampering repassivation [50.54]. If these films have the properties 
described for polypyrroles, they can also supply the high cathodic current densities required 
to promote the localized attack onset [55]. 
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Summary 

Among the major effects of the biofilm on stainless steels' behavior, special consideration 
is given to: 

(1) effects of pH at a metal/environment interface, 
(2) effects of cathodic processes, 
(3) effects of semiconductor presence in biofilms, and 
(4) effects of the stochastic nature of localized corrosion process. 

The methodology for pH measurement near metallic surfaces is shortly discussed. 
In our tests in artificial seawater and in absence of localized corrosion forms, the pH 

value measured in the layer near metallic screen is proportional to the log of the current. 
In natural seawater there is a general tendency leading to acidification within a layer near 

the metallic screen. 
The construction of polarization curves is briefly discussed. 
A methodology for deducing polarization curves from galvanic couple data is herein 

presented. The effect of biofilm on the kinetics of oxygen reduction on stainless steels in 
seawater seems to occur through an action of the biofilm on the passive film. 

pH decrease at a metal/biofilm interface seems to contribute, though not explain fully 
the depolarization observed in natural seawater. 

The electrochemical nature and complexity of biofilm are pointed out, and the presence, 
inside the biofilms, of phases having electrical conductivity and oxidation-reduction capa- 
bility of the type shown by pyrroles is hypothesized. 

The stainless steels localized corrosion susceptibility is presented through the results of 
tests relating to the onset probability of localized corrosion and through the results of tests 
relating to the penetration rate of corrosive attack. 
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DISCUSSION 

T. Jack j (written discuss ion)- - I  was intrigued by your work with the biological pyrrole 
polymers acting as semiconductors. From our work, we believe "+FeS'" matrices act as a 
galvanically coupled pathway for removal and distribution of electrons from corrosion 
through the biofilm. Would you care to speculate on the impact of such a distributed 
semiconductor on the spatial distribution of organisms and processes in biofilm? 

Salvago et al. (authors' c losure) - -The  issue raised by Mr. Tom Jack regards several 
subjects, not only biological corrosion. In our work we have noticed that some aspects of 
the electrochemical behavior of passive and fouled metal surfaces would be easily explained 
assuming the presence inside the biofilm of substances with electrochemical features similar 
to those of the polypyrroles. This presence allows high values of redox potential to be 
reached, even where dissolved molecular oxygen is practically absent: for example, under 
biofilm of high thickness. 

It appears logical, therefore, to think that the presence of polypyrrole can influence the 
distribution of processes and mechanisms inside the biofilms. But this influence could not 
also result solely by the influence of polypyrrole on the electrodic behavior of the surface. 

The ability of polypyrrole to fix some enzymes is well known, as is the use of polypyrrole 
in the field of biological electrodes. In our personal view, we believe that considering the 
ability of polypyrrole to produce filiform structures of high electronic density and a certain 
degree of long range order, the polpyrrole could also interfere directly in the biological 
mechanisms of electrical conduction and information transmission. These aspects of the 
problem appear as fascinating as they are complex. 

NRTC, Calgary, Alberta, Canada. 
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ABSTRACT: Corrosion and fouling impact the operation of cooling water systems in terms 
of reduced heat-transfer capability, increased maintenance cost, loss of plant availability, and 
water contamination. Conventional test methods have focused separately on measurement of 
fouling build-up by electrically-heated or pressure-drop apparatus and corrosion detection by 
electrical resistance or electrochemical methods. A major drawback of conventional fouling 
monitors has been the inability to indicate real-time corrosion activity beneath surface deposits. 
Consequently, it has been necessary to destructively evaluate test heat exchanger tubes and/ 
or rely upon use of corrosion coupons and probes, or both, under nonheat flux conditions. 
A recent test method, focusing on two simultaneous effects, monitors localized corrosion 
(pitting, etc.) promoted beneath a fouled heat exchanger tube. The corrosion tendency of a 
surface under heat flux differs from corresponding surfaces without heat transfer in two re- 
spects. First, higher temperature increases the rate of corrosion reaction kinetics. Secondly, 
scales or biofilms prevent uniform corrosion and promote localized attack, often in the form 
of pitting. Furthermore, the presence of deposits creates a microenvironment at the heat- 
transfer interface that can prevent the ingress of certain species (inhibitors, biocides) and 
increase the concentration of others (acidity, bacteria). Contrary to expectation, the presence 
of scales or biofilms will often exacerbate damage, not prevent it. An overview of the test 
method and recent field results carried out at Amoco Chemical Company's Chocolate Bayou 
Plant are presented and discussed. 

KEYWORDS: fouling, under deposit corrosion, on-line surveillance, electrochemical noise 

Background 

The operation of cooling water systems can be adversely affected by fouling and corrosion 
by reducing heat transfer efficiency, increasing maintenance costs, reducing plant availability, 
and increasing contamination. A major drawback of field monitors has been the inability 
to indicate real-time corrosion activity beneath fouled deposits. In the past it has been 
necessary to destructively evaluate heat exchanger tubes and rely upon use of coupons and 
probes exposed under nonrepresentative conditions, or both. A recent initiative has been 
the development of a combined corrosion and fouling monitoring instrument. This unit is 
capable of providing an indication of corrosion activity under heat transfer conditions at the 
tube wall and has a high potential for use in microbiologically influenced corrosion (MIC) 
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applications. The following sections present an overview of the testing method with examples 
of recent field trial results. 

Instrumentation 

The combined instrument comprises a miniature heat exchanger (incorporating a novel 
corrosion sensor arrangement), an electronic flow and heat control unit, and a data collection 
device that is linked to an electronic storage device. The heat exchanger uses a segmented 
tube (typically carbon steel) that is coated with heat transfer paste and mechanically clamped 
in an electrically heated block. A side stream of cooling water is fed through the exchanger 
and a paddle-wheel flow meter enables the flow to be maintained between 0.30 and 4.6 
ms-L Equating to Reynolds numbers between 10 000 and 100 000, the flow is kept within 
- 0.02 ms -~ of the set value. The other variable that may be set is either heat transfer rate 
or wall temperature. Platinum resistance temperature detectors (RTDs) measure the tem- 
perature of the fluid and the temperature of the block outside the tube. The inside wall 
temperature is calculated from these measurements. If the heat transfer rate is set, then as 
the surface of the tube fouls, the wall temperature will rise to maintain the set heat rate. If 
the wall temperature is set, the heating rate would decrease to maintain the set wall tem- 
perature as the resistance to heat transfer increases. Making allowance for convective and 
conductive resistance, changes in heat transfer resistance from that of the clean-surface 
condition are found analytically. Measured values of variables, scanned every minute, are 
fed to a personal computer for storage. Heat transfer rate can be set between 50 and 1000 
Watts. This equates to a typical skin temperature between 30 and 90~ The heat transfer 
rate is set typically at 200 Watts. 

Electrochemical Techniques 

In conjunction with the fouling tendency, the corrosion information is obtained using four 
electrochemical techniques: zero resistance ammetry (ZRA) ,  electrochemical current noise 
(ECN), electrochemical potential noise (EPN), and linear polarization resistance (LPRM). 

Zero resistance ammetry has been used conventionally to determine the galvanic current 
between two dissimilar electrodes, but may be also used to determine the current between 
two nominally identical electrodes. It has been found that "identical" electrodes normally 
have different balances of anodic and cathodic areas and hence take up slightly different 
potentials. When the electrodes are coupled via with ZRA,  a measurable current will flow. 
The dc value of the current during active corrosion is proportional to the corrosion activity 
in progress on the electrodes [I]. 

Z R A  time records complement the information obtained by EPN and ECN measurements. 
Film breakdown, for example, is characterized by sporadic transients in the current flow. 
These currents are drawn from any available cathodic sites, including those of the second 
electrode, and the current transients are observed via the ZRA.  

The EPN technique measures low-level random fluctuations of the corrosion potential. 
The fluctuations are usually of low amplitude, less than a millivolt, and of low frequency, 
in the range 1 Hz and below [2]. The EPN measurement provides data that can be correlated 
with the mode of corrosion attack, since the random fluctuations recorded are characteristic 
of the corrosion processes. The signatures of pitting corrosion and crevice attack are es- 
pecially clear. For a fixed electrode area, it has been shown that data obtained at the free 
corrosion potential can be related to the degree of localized attack occurring at the time of 
measurement [3]. The electrochemical noise techniques are sensitive to the onset of uniform 
attack (general corrosion), and can characterize propagation of pitting or crevice corrosion. 
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FIG. 1--Schematic of combined corrosion and fouling system set-up. 

The ECN technique is similar to EPN, except that fluctuations in the coupling current 
between the two similar electrodes, typically less than 1 microamp, are recorded and ana- 
lyzed. It is possible to relate current and potential noise to localized attack propensity [4]. 
ECN and EPN are also used to obtain the resistance noise (Rn) value. This value is used 
to estimate corrosion rates from the Stern-Geary approximation [5,6]. Unlike the LPR 
technique, the noise techniques are nonperturbative. No external voltage or current is 
applied. The potential and current measurements made are due to naturally occurring 
spontaneous fluctuations associated with the corrosion processes taking place on the surface 
of the material. 

Linear polarization resistance is adc  method used for measurement of uniform corrosion. 
The technique assesses the electrode potential versus current potential relationship close to 
the corrosion potential. This is achieved by monitoring the external current flow between 
two nominally identical electrodes held at a known potential difference. The difference is 
kept small, typically 10 mV, and the change of potential relative to the change of current, 
gives the polarization resistance, Rp. The corrosion current is then given by the simple 
relationship (again from Stern-Geary) 

i ..... = B / R p  

where B is a polarization constant dependent on the type of metal or alloy used for the 
electrode probe and on the environment. The LPR method is used extensively for prediction 
of general or uniform corrosion rates but has limited value in the presence of scales or 
deposits that can introduce an increased resistance, as can low conductivity electrolytes. 
The technique is also insensitive to localized corrosion. A schematic illustration of the set- 
up used in the field is given in Fig. 1. 

Applications 
Fouling Tendency 

The combined unit gives an indication of the fouling tendency of the cooling water stream. 
Heat flux and flow parameters are usually set to encourage continuous fouling, that is, high- 
temperature flux and low flow. Operation of the monitor in this manner permits fine tuning 
of the water treatment program because the unit is sensitive to changes in chemical treatment 
that affect the fouling rate. System upsets also show up immediately as changes in the fouling 
curve slope. Conditions of operation can also be set to mimic a critical heat exchanger, thus 
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tracking fouling at a key location in the cooling system. Recent field trials have shown that 
the fouling mode of operation of the unit has a major influence on the corrosion activity. 
The rate of corrosion attack is very sensitive to the nature and degree of fouling sustained. 

In the past there has been a tendency to consider that fouled/scaled heat transfer surfaces 
are protected by the presence of the scale itself. This assumption has shown to be misplaced 
by the recent experiences/results from the field studies. Fouling has an immediate and 
significant impact on the surface corrosion condition. Operation of the unit such that it 
mimics critical heat exchanger conditions is therefore imperative in order to obtain a rep- 
resentative indication of corrosion activity in that location. 

Corrosion Information 

The combined unit gives real-time corrosion information on fouled heat transfer surfaces. 
The unit gives a continuous on-line indication of the corrosion rate and the pitting tendency 
on a single graphical output. The data are also stored for more detailed retrospective 
evaluation. 

The unit has demonstrated the capability to monitor changes to pit initiation and prop- 
agation from general corrosion under the influence of heat transfer or changes in the ef- 
fectiveness of the chemical treatment package. A side-by-side comparison of test data with 
results from conventional LPRM probes used under nonheat flux conditions can also be 
obtained. 

Results 

Baseline Tests 

Prior to the field trials, laboratory tests were carried out to ensure that the fouling tendency 
within the combined unit was similar to that of a stand-alone proven fouling monitor [7]. 
Technical descriptions and reported field experiences of the stand-alone fouling monitor 
have been reported elsewhere [8,9]. The results confirmed that the combined unit had fouling 
characteristics that were closely similar to the stand-alone fouling unit (Fig. 2). These results 
confirmed that the modifications to the heater block design (in order to incorporate corrosion 
sensors) did not adversely affect the fouling capability of the combined unit. 

Field Trials 

The unit was used for one year on a cooling water system of a petrochemical plant in 
Texas. This plant uses river water make-up to the cooling towers and has suffered severe 
under-deposit corrosion caused by particulate settlement and oxygen-induced attack. Steps 
have been taken over the years to minimize the corrosion and fouling tendency of the cooling 
water but problems are still evident due to low flow rate and high-temperature conditions 
in the system, or both, When first installed in the field, the unit recorded very little corrosion 
on the heated surface of the clean-exchanger tube, confirming the results obtained with 
conventional instrumentation. However, after only two weeks of monitoring, indications of 
increased corrosion activity were evident. This was attributed to under-deposit attack of the 
fouled exchanger tube. The trend was not detected by an unfouled LPRM sensor probe 
that was also exposed to the flowing stream. 

There were prolonged periods in the early stages of the program when virtually no fouling 
took place. However, when the flow rate was reduced from 1 �9 5 to 1 �9 3 fps, the data 
recorded indicated some increased activity that coincided with the onset of a slight fouling 
curve, as indicated by the heat-transfer-resistance time record (Fig. 3). 
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FIG. 2--Comparison of fouling tendency of combined and stand-alone fouling monitor. 

Figure 4 is typical of the differences between corrosion activity on a heated surface in a 
fouled condition and after cleaning, done midway through the trials. Before cleaning, the 
value of ECN and ZRA were always near full-scale; the trace of EPN showed transients 
typical of pit initiation. After cleaning, EPN became flat and featureless and the ECN and 
ZRA values dropped by two and one orders of magnitude, respectively. By contrast, the 
LPR output indicated a larger active area of apparently increased corrosion activity. Infor- 
mation provided by the noise technique and ZRA,  however, are more representative of 
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FIG. 3--Increased corrosion activity on monitor coinciding with onset o f  a slight fouling curve. 

corrosion because  they reflect increased a t tack occurr ing on  a reduced  area  b e n e a t h  foul ing 
deposits .  

The  c o m b i n e d  mon i t o r  is also sensi t ive to biocide feed. Figure  5 i l lustrates  the  effect of 
ch lor ine  over feed  on the  corrosion behav io r  of the  fouled unit .  Inc reased  corros ion activity 
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FIG. 4--Difference between corrosion activity on a heated surface in a fouled condition and after 
cleaning, done midway through the trials�9 

on this day was attributed to residual chlorine levels that were five times the normal rec- 
ommended working level in this cooling water system. From plant data it was found that 
the overfeed began at approximately 7 a.m. From the time records for the corrosion data. 
this had an immediate and simultaneous effect on all the techniques being used. The re- 
sistance values from linear polarization and electrochemical noise were reduced, indicating 
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FIG. 5--Effect of chlorine overfeed on corrosion behavior of fouled unit. 

increased activity. The increased noise on the potential and current noise signals as well as 
increased ZRA current were further indications of increased activity. The use of such biocides 
to stop the occurrence, growth, or metabolic activities of a variety of microorganisms is a 
well-established practice. The combined unit can evaluate the efficiency of such biocides in 
terms of fouling and corrosion activity�9 It can be used to indicate periods of biocide overfeed 
in cases where such overfeed has a marked effect on the corrosion behavior as typified by 
the chlorine example. 

During the field trial, corrosion rates as high as 100 mpy due to under-deposit corrosion 
were indicated. Confidence in these rates were only obtained once confirmatory metallo- 
graphic examination of the sensors was carried out. Metallography of the fouled sensor 
elements confirmed that the elements had sustained considerable attack similar to that 
experienced in plant heat exchangers where excessive fouling occurs due to slow flow rates 
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and high particulate loading in the cooling water. The depth of pits observed agreed well 
with estimates produced from electrochemical data. 

Conclusions 

1. Electrochemical methods of corrosion appraisal can be applied under heat transfer 
conditions to provide a continuous indication of corrosion status from beneath scale 
or fouling deposits. 

2. A new system combining a proven fouling monitor and modern corrosion appraisal 
methods has been developed and used in the laboratory and in the field. 

3. The system has potential for monitoring MIC. Initial results have shown that it may 
be able to assist in the selection, control, and optimization of chemical and biocide 
treatment packages, thereby reducing heat transfer losses, repair, and maintenance 
expenditure and lost availability. 
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ABSTRACT: This study was carried out in an oilfield waterflood operation in which produced 
brine is reinjected to displace oil from the reservoir. Significant corrosion problems are as- 
sociated with bacterial colonization of the water handling system. Previous work has focused 
on optimizing biocide treatments, but there are limits to what is economically achievable by 
this approach. 

This report describes results of an audit of chemical, biological and corrosion parameters 
measured across the Wainwright waterflood operation over a 30-month period. The intent of 
the audit was to provide a basis for understanding and improving monitoring and control 
practices in such operations. 

Corrosion-monitoring methods generally failed to correlate in a simple way with corrosion 
failures. Failure frequency correlated with several water chemistry parameters. Common treat- 
ment chemicals showed evidence of promoting bacterial growth. Sulfate-reducing bacterial 
numbers were found to be a function of position in the system, population composition and 
water chemistry. 

Based on the insights obtained, a series of runs was carried out in a special test facility to 
assess the effects of trace nitrate, oxygen scavenger, and nutrient addition on the sessile 
bacterial populations present in an operating unit. Results are briefly described. 

KEYWORDS: sulfate-reducing bacteria, corrosion, acid-producing bacteria, biocides, treat- 
ment chemicals, water chemistry, monitoring 

Introduction 

The control of biofilm development and related corrosion problems in oilfield water piping 
systems has been the aim of extensive and expensive effort in the oil industry for many 
years. Despite this effort, state-of-the-art technology provides only a qualified level of risk 
assessment and control. Even under selected biocide treatment using the best products 
available, fouling and microbial growth persist. Indeed, microbial levels below 100 viable 
cells per cm 2 seem unattainable within economic constraints. Furthermore, spontaneous 
shifts in microbial numbers due to variations in other factors rival biocide effects in mag- 
nitude. 

Figure 1 illustrates typical field performance. Biocide A injected at Month 4 gradually 
reduced sessile sulfate-reducing bacterial counts at the waterplant over a nine-month period 
before control was lost. Introduction of another product, Biocide B, showed a rapid kill 
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FIG. 1--Field performance of Biocides A and then B showing level of control attainable and importance 
of other factors influencing sessile bacterial numbers. 

over a four-month response. Both biocides had the same active ingredient, cocodiamine, 
but differed in their formulation, illustrating the importance of other components. More 
importantly, Fig. 1 shows the significant variability of the population even under treatment.  

The implication is that much better understanding of the microbial populations in the 
field and the factors which influence them will be required before a significant improvement 
in practice can be achieved. 

A first attempt to understand the nature of the variability shown in Fig. 1 involved tracking 
changes in the sessile population in a given field unit with variations in water chemistry [1]. 
These results were sufficiently encouraging that a field-wide audit of chemical, corrosion 
and microbial parameters was undertaken over a 30-month period. An attempt was then 
made to discover parameters which were interrelated and to rationalize the correlations 
found. This report summarizes the findings of that effort. 

Based on the hypotheses developed in this process as well as correlations seen in earlier 
work [1], a series of runs was carried out in a special field test facility to assess the effects 
of trace addition of nitrate, an oxygen scavenger, and selected nutrients on the sessile 
population in an operating unit. These results will be briefly presented as part of the con- 
clusions here. 

Fie ld  A u d i t  

The Field 

A database of chemical, corrosion, and microbiological parameters over a 30-month period 
was prepared for the Wainwright waterflood operation run by Husky Oil Operations Ltd. 
This field is on the edge of a major heavy oil area centered about Lloydminster on the 
Alberta,  Saskatchewan border. The field is in unconsolidated sand with a connate sodium 
chloride rich brine at about 600-m depth and roughly room temperature. The field is divided 

 



1 10 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

into a number of more or less self-contained units each of which produces a mixture of oil 
and water, separates the fluids, and reinjects the brine more or less independently of the 
other operating units in the field. 

A schematic of a typical water-handling operation is shown in Fig. 2. A free water knock 
out (FWKO) receives produced fluids from the production wells and separates most of the 
water from them. Water is concentrated in the waterplant (WP) for reinjection. Most cor- 
rosion occurs internally in the water piping system towards the downstream end of the 
system beyond the WP. Consequently, biocide addition is usually done between the FWKO 
and WP. All subsequent data and discussion treat these separately unless otherwise noted. 

Units of interest here are: 1, 5, 6, 12, 13 (location of field test facility), 14, 20, and 28. 
In addition, a truck pit operation collects trucked fluids from various sources in the sur- 
rounding area for processing. The quality of fluids received is variable and can be suspect. 
Most units have source wells to augment water injection but most are of limited capacity. 
Only Unit 14 shows a marked dilution of produced brine with fresh source well water. 
Conductivity falls from 76 to 31 mS/cm in going from the FWKO to the WP. Other units 
show less than a 5% drop in conductivity. 

Parameters 

Sessile bacterial populations were measured on pairs of bull plug coupons in each unit; 
one set in the FWKO and one in the WP. Sulfate-reducing bacteria (SRB) were counted 
by the most probable number (MPN) method using a lactate medium. So-called acid-pro- 
ducing bacteria (APB) were counted using a proprietary medium from Bioindustrial Tech- 
nologies Incorporated, Georgetown, Texas. This medium is based on the fermentation of 
a sugar to give acid and constitutes a useful complementary assay for characterizing other 
organisms in a mixed population with SRB. 

HEAT 

+ 15%H20 

OIL 

85 % of H20 

PRODUCTION WELLS 

CHEMICALS 

INJECTION WELLS 

WORST CORROSION 

FIG. 2--Schematic diagram of Water Handling Facility, Wainwright Oilfield. 
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Other parameters measured included: pH, anions, cations, density, conductivity, oil and 
grease, hardness, dissolved solids, suspended solids, and residuals for scale inhibitor, oxygen 
scavenger, corrosion inhibitor, and oxygen. Corrosion rates were obtained using weight loss 
coupons (1018 carbon steel, United Corrosion, Edmonton) and instantaneous corrosion 
rates and pitting indices using a Petrolite Model M 4100 analyzer. Failure frequency and 
costs were documented by operating personnel, Husky Oil, for all corrosion failures. 

Correlations were attempted between all parameters taken in pairs. Due to the difficulty 
in comparing individual sampling times and locations and in order to make the task practical, 
averaged data were used for each unit over the 30-month period. Plots of parameter pairs 
were developed to see if correlations existed. In most cases, visual inspection was sufficient 
to distinguish correlations from senseless scatter. 

Results 

Produced Water 

Produced water handled in these facilities is a strong sodium chloride brine (47 to 76 mS/ 
cm) of near neutral pH (6.5 to 7.0), rich in suspended solids (57 to 1600 mg/L) as well as 
oil and grease (182 to 10 000 mg/L). Immiscible materials are highest at the FWKO and 
drop markedly downstream of this unit. 

In general, produced water chemistry correlations were straightforward. For example, 
low sulfate levels correlated with high soluble barium indicating barite precipitation was 
controlling available soluble sulfate. Total hardness, density, calcium concentration, and 
conductivity all correlated with each other and inversely with pH. 

Corrosion Measurements 

Seven parameters were used to track corrosion: soluble iron, soluble manganese, weight 
loss from coupons, instantaneous corrosion rate measurements (general corrosion rate and 
pitting index), and failures (cost and frequency). Attempts to correlate these parameters 
over the audit period revealed little consistency. 

The aim of any corrosion control program is to abate failures; yet, the only correlation 
seen between failure data and corrosion-monitoring parameters was a correlation between 
pitting indices from electrochemical methods and failure frequency at FWKOs. All other 
corrosion measurements failed to correlate with either the cost or observed failure frequency. 

A relationship was noted between averaged general corrosion rates measured by weight 
loss coupons and electrochemical methods; however, the electrochemical readings were 
several fold higher (Fig. 3). This correlation all but disappeared when individual data points 
for a given unit were used in place of 30-month averages for the whole field. 

Soluble manganese and iron correlated, with manganese readings at about 3% of the iron 
readings, consistent with the primary source of both ions being the corrosion of steel. The 
concentration of iron fell off in going from FWKO to WP, presumably due to its precipitation 
in the system. Elevated manganese to iron ratios indicate selective precipitation of iron is 
occurring at the WP, probably as iron sulfide [2]. 

Corrosion and Water Chemistry 

Failures correlated with water conductivity and water hardness, consistent with the im- 
portance of electrolyte and scaling in corrosion processes. Suspended solids and oil and 
grease also correlated with system failures presumably through the promotion of fouling, 
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FIG. 3--Correlation of instantaneous corrosion rate measurements and weight loss coupon corrosion 
rates. Each point represents the average of monthly readings over a 30-month period. 

deposits, provision of nutrients, and possible interference with treatment chemical perfor- 
mance. These correlations were pronounced at the FWKO but largely lost for the down- 
stream WP data due to the loss of suspended materials along the water handling system. 
Sulfate levels also correlated with failure frequency in these systems consistent with the role 
of the sulfate-reducing bacteria in sustaining the corrosion process. Failure frequency ex- 
hibited this correlation with sulfate levels despite control by barite precipitation. 

Corrosion and Treatment Chemicals 

Residual sulfite levels from the addition of ammonium bisulfite oxygen scavenger and 
residuals from the addition of a filming amine corrosion inhibitor exhibited an inverse 
correlation with failure costs at the WPs. This is satisfactory from a treatment point of view, 
but the case for sulfite as an oxygen scavenger is compromised by the correlation of residual 
concentrations and corrosion rates for both weight loss coupon and electrochemical data 
(both general corrosion rates and pitting data). 

Microbiology 

Almost all units show an increase in the density of sulfate-reducing bacteria from FWKO 
to WP downstream (Fig. 4). Acid-producing bacteria (APB) show no such spatial distri- 
bution. A surprising and robust correlation, however, was found between the number of 
acid-producing bacteria in a system and the increase in sulfate reducers going from the 
FWKO to WP (Fig. 5). This correlation is sustained even when data for individual units are 
plotted over the 30-month period. While APB have been cited by Pope in studies funded 
by the Gas Research Institute [3], as agents of corrosion, independent of SRB, this is the 
first time a correlation or relationship between these groups of organisms has been seen in 
a field system. It is tempting to suggest that the APB represent organisms capable of breaking 
down complex substrates to feed the SRB and that in these water-handling systems, hydro- 
carbons present in the FWKO are being degraded to support the increase of SRB in the 
downstream elements (WP). 
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FIG. 4--Distribution of viable cell counts for sulfate-reducing bacteria in Unit 1, free water knock 
out, and waterplant over a 30-month period. 

Microbiology and Water Chemistry 

Observation of changes in sessile microbial numbers with spontaneous variations in w a t e r  

chemistry at Unit 13 [1] suggested that sulfate-reducing bacterial populations in the water- 
plant respond positively to chance increases in sulfate concentration but negatively to chance 
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FIG. 5--Correlation between acid-producing bacteria and increase in sulfate-reducing bacteria between 
free water knock out and waterplant. 

 



114 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

5 

~ 3  

UNIT #28 �9 UNIT #1 alJN T #6 
UNIT #5 �9 alINtT d 14 

2.5 3 3.5 4.5 

LOG SRB 

m FWKO �9 WATERPLANT 

�9 J INIT #1 

dJNIT ~ ~5 

5.5 6 6.5 7 

FIG. 6--Correlation of soluble sulfate with density of sulfate-reducing bacteria in biofilms. 

increases in nitrate and magnesium concentrations. Unfortunately, nitrate was not monitored 
in the audit, and a separate investigation had to be carried out in the field test facility as 
briefly described in the next section. 

Audit data did show inverse correlations between APB numbers generally and SRB 
numbers at the WP with magnesium and, more importantly, hardness. It may be that total 
brine strength is the key since there is no obvious reason why magnesium in itself should 
be inhibitory at these concentrations. The general increase in sessile bacterial counts between 
the FWKO and waterplant did show an inverse correlation with conductivity at the waterplant 
consistent with this view. 

Correlation of soluble sulfate with SRB numbers (Fig. 6) indicates that significant sessile 
SRB populations are sustained at 2-mg/L soluble sulfate. Given the total water flow in these 
systems (hundreds of cubic meters/day), adequate sulfate is apparently available from a 
steady-state concentration in this range. 

Higher pH favors both sulfate reducers and the so-called acid-producing bacteria (Fig. 
7). Ability to ferment sugars in the APB assay medium may not indicate acid production 
in a mixed community in the field. 

APB numbers correlated with suspended solids entering the FWKO and inversely with 
residual oxygen. The latter observation is consistent with the use of adventitious oxygen by 
these organisms. 

Microbiology and Treatment Chemicals 

Biocides were being injected into field units during the audit. No comment will be included 
here on their efficacy. Figure 1 illustrates that other parameters act on biofilm populations 
with at least comparable potency. 

Residual sulfite from the ammonium bisulfite oxygen scavenger and residuals from the 
phosphate rich scaling inhibitor used in this field both correlated with the increase in numbers 
of APB and SRB at the WP. 

Microbiology and Corrosion 

Figure 8 shows the correlation of corrosion rate by weight loss coupon with the increase 
in SRB population in going from the FWKO to the WP. A correlation also exists between 
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FIG. 7--Correlation of pH and density of acid-producing bacteria (APB) in waterplant biofilms. 

the SRB in the FWKO and weight loss data. These observations support the use of SRB 
numbers as an index of biocide performance in these field systems. No other correlation 
between corrosion measurements and microbial numbers was found. 

Field Test Facility 

The field test facility is a set of five instrumented side streams located in the Unit 13 
waterplant. Each 1-in. (2.54-cm) line is equipped for independent chemical injection, and 
flow can be controlled separately. Water is pumped through the unit once without recycle. 
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FIG. 8--Correlation between increase in sulfate-reducing bacteria from free water knock out to 
waterplant and corrosion rates by weight loss coupon. 
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To test several ideas emerging from this study, trace levels of nitrate, oxygen scavenger and 
acetate/lactate nutrient were injected into separate lines in this facility and the effect on 
lactate and acetate utilizing SRB as well as APB in the sessile population monitored over 
ten weeks. While details of these experiments will be reported separately, conclusions are 
included in the next section for the sake of completeness. 

Conclusions 

Useful correlations in audit data between corrosion-monitoring measurements are almost 
nonexistent. This means that field corrosion personnel must use a combination of indicators 
interpreted through experience to optimize control programs. Long-term plots of corrosion 
failure frequency and cost remain the final proof of efficacy. 

Electrochemical measurement of corrosion rate gives a general correlation with corrosion 
weight loss data; however, absolute values differ and individual measurements taken locally 
seem unlikely to agree. 

Corrosion failures in these systems do correlate with the conductivity of the water, hard- 
ness, suspended solids, oil and grease, and soluble sulfate. The last correlation is interesting 
since soluble sulfate is limited by barite precipitation to very low levels. The importance of 
sulfate and a correlation between corrosion rates by weight loss coupon and the increase in 
SRB going from the FWKO to the WP suggests that bacterial corrosion is important. 

The addition of corrosion inhibitor correlates with reduced failures and has no relationship 
with measured corrosion rates or with bacterial numbers in the downstream part of the 
systems most prone to corrosion damage. 

Residual sulfite from addition of ammonium bisulfite as an oxygen scavenger correlates 
not only with lower failure costs but also with increased corrosion rates and increased 
bacterial biofilm densities in waterplants. Experimental results from the field test facility 
confirmed an increase in lactate utilizing SRB results from trace sulfite addition. These 
observations make its use suspect. 

Increased bacterial populations in waterplants correlated with excess use of scaling in- 
hibitor, and it seems likely that both scaling inhibitor and oxygen scavenger may be promoting 
bacterial growth by providing necessary nitrogen, sulfite, and phosphorus in opposition to 
the effect of biocide addition. 

In contrast to the positive influence of these treatment chemicals, water conductivity and 
hardness appear to limit bacterial numbers. The pH is a particularly key variable even over 
a range of 0.5 pH units. The correlation of high APB numbers with higher pH indicates 
that these organisms are not controlling the system pH in the field through acid production. 
They are also promoted by suspended solids and oil and grease entering the system. An 
inverse correlation with residual oxygen is consistent with their use of oxygen in breaking 
down complex hydrocarbons as a nutrient source for the community. Consequent production 
of lactate/acetate type organics by the mixed community would then explain the growth of 
SRB numbers through the system from FWKO to WP, being dependent on the APB numbers 
present. This is the first indication of a relationship existing between APB and SRB in a 
field system. Addition of trace levels of acetate and lactate to a slip stream in the field test 
facility in the Unit 13 waterplant confirmed that both lactate and acetate utilizing sulfate- 
reducing bacteria are limited by organic nutrients, 

Sulfate concentration in these high flow water systems is limiting only below 2 mg/L. The 
common idea that systems low in sulfate will not have SRB problems is clearly at variance 
with the data here. It is the total availability of sulfate, not its concentration, that is the key 
to the importance of SRB in a given site. 
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Earlier observation that chance nitrate excursions reduced SRB numbers in the Unit 13 
waterplant [I] was confirmed by the intentional injection of nitrate into the field test facility. 
The addition of low concentrations of nitrate has been observed to inhibit sulfide production 
previously and has even been suggested as a way to control the activity of sulfate-reducing 
bacteria in the reservoir [4,5]. Addition of 100 mg/L of sodium nitrate to a test stream in 
the field test facility did suppress sulfide production. Iron sulfide, a common constituent in 
biofilms from these systems, was not seen on this line after 70 days injection. Nevertheless, 
a very thick biofilm did develop and corrosion rates measured by electrochemical methods 
and weight loss coupons increased markedly. Thus, nitrate does not appear to be a desirable 
inhibitor for field use. 

Extensive studies of this kind provide a context for discussion of measurement and enu- 
meration of bacteria associated with field corrosion and fouling problems. It is clear from 
the insights of this audit that single or even limited data sets based on a few microbial 
samplings can be very misleading, and factors other than biocide treatment can have pro- 
found and competitive impact on microbial numbers. It seems probable that the state of 
the art biocide technology is close to its economic limits of performance and that any advance 
in practice will have to come through a better understanding and manipulation of the factors 
influencing sessile populations in the field. 
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ABSTRACT: The presence of active microorganisms on piping and components in cooling 
water systems can have a profound effect on the corrosion performance of such systems. 
Microbiologically influenced corrosion (MIC) can result in premature failures of critical and 
support systems, increased downtime of equipment for repairs and maintenance, and increased 
operating costs associated with mitigation measures. In some cases, MIC has forced premature 
replacement of tanks, heat exchangers, and piping systems with a severe effect on plant 
availability. 

Monitoring methods that alert plant operators that biofilm formation is occurring on pipe 
work and components permit the operators to initiate mitigation actions before biofouling 
becomes severe or MIC has occurred. The effectiveness of common water treatment chemicals 
is also increased substantially by prompt actions. Unfortunately, most monitoring activities 
rely upon process controls or batch methods that are too slow or of insufficient sensitivity to 
permit reliable control and implementation of mitigation techniques. Those methods are also 
too slow to be utilized for process controls of biocide additions, hence, mitigation activities 
are often excessively costly, both environmentally and in terms of direct costs of antimicrobial 
chemicals. 

An electrochemical probe to permit on-line monitoring of biofilm activity under power plant 
or other industrial exposure conditions is under development. This device, the BIoGEORGE 4 
electrochemical biofilm monitor, permits on-line evaluations of the effects of biofilm formation 
upon the surfaces of passive alloys such as stainless steels exposed to cooling water environ- 
ments. Benchtop experiments have shown that biofilm formation on stainless steel surfaces 
can be detected by an electrochemical indication well in advance of any visual evidence of 
biofilm or corrosion on the electrodes. The probe may be used to provide an early warning 
to plant operators to take appropriate actions such that biofouling and MIC may be avoided. 
The simplicity of the design and operation sequence are such that probes may be installed and 
left to operate unattended for extended periods with only minimal operator interaction. 

The design of the probe, results of benchtop experiments, and a description of its installation 
at the Browns Ferry Nuclear Plant are described. 

KEYWORDS: monitoring, microbiologically influenced corrosion (MIC), electrochemical 
methods 
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Background 

Microbiologically Influenced Corrosion (MIC) is a significant source of degradation in 
nuclear and fossil-fueled power plants, oil production, chemical processing industries, pulp 
and paper, transportation, and water distribution networks. Damage due to MIC results in 
increased downtime of equipment, increased operating costs, and can jeopardize the safe 
operation of plant equipment. Control methods include: mechanical and chemical cleaning, 
water treatment, and thermal treatments. In many cases, system replacement has been 
required. Chemical methods are the most common mitigation approach. Such treatments 
can be expensive in terms of increased operator activity, the costs of the water treatment 
chemicals and the chemical delivery systems, and environmental impact. Simple and reliable 
methods for monitoring biofilm activity that permit an accurate and early indication of 
biofilm formation provide a means to improve MIC control significantly. Monitors can also 
help to optimize water treatment by eliminating costly and environmentally unsound over- 
treatment of waters. On-line methods permit the system operator to take mitigation actions 
before a damaging biofilm becomes established while using the optimum treatment. Over- 
treatment of the water is avoided resulting in lower operating costs. 

On-line biofilm monitors, like all in-plant equipment must be: 

�9 Simple to Use--Installation and routine maintenance of the probe should not impact 
power plant operations. 

�9 Simple to Interpret--Results should be readily interpreted by operations personnel. 
Corrosion specialists should not need to be consulted routinely. Outputs should be 
amendable to automation (alarms, and so forth). 

�9 Rugged---The probes and equipment must be sufficiently rugged that frequent, un- 
scheduled maintenance is avoided. Sensitivity to external noise (for example, welding, 
the plant's turbine-generators) is unacceptable. 

�9 Sensitive---Detectable electrochemical effects should appear on the probe before thick 
biofilms are established on plant components. 

�9 Accurate---A monitoring device must provide reliable detection of biofilm activity with 
a minimum of false calls. 

�9 Economical--Cost for installation, maintenance, and operation must be cost effective, 
as reflected by potential savings realized as a result of the improved monitoring ca- 
pabilities. 

The following sections will discuss the design and performance of the BIoGEORGE 
probe relative to these requirements. 

Approach 

The BIoGEORGE probe monitors changes in electrochemical reactions produced by 
biofilms on stainless steel electrodes. This method was selected in preference to other 
candidate approaches as discussed in Ref 1. The use of electrochemical methods to monitor 
the effects of biofilms on corrosion have been discussed elsewhere [2-5]. 

The BIoGEORGE probe (Fig. 1) consists of two identical electrodes (where each electrode 
is made up of a series of identical stainless steel discs), mounted on a threaded stainless 
steel body, and a simple control and data acquisition system. One set of discs is polarized 
relative to the other for a short time ( -  one hour) each day. Polarity always remains the 
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FIG. 1- -BloGEORGE probe. (�9 Copyright 1993 by NACE International. All rights reserved by 
NACE; reprinted by permission.) 

same. At all other times, the electrodes are connected through a zero resistance ammeter. 
Currents and potentials are monitored continuously. Deposits that produce an increase in 
the current required to achieve the applied potential, such as biofilms, may be detected by 
monitoring the current that flows during the polarization cycle. For example, biofilms that 
catalyze oxygen reduction in aerated environments (Fig. 2) or produce alternative cathodic 
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FIG. 2--Oxygen reduction rates measured on stainless steels exposed to natural seawater. Curve I is 
measured within I to 2 days of immersion; Curve 2 is observed fourteen days later; Curve 3 is observed 
after a long term (from Ref 15). 
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reactions (for example, the result of SRB or acid-producing bacteria) should be readily 
detectable, simply by monitoring changes in the current during the polarization cycle. The 
low level of polarization also simulates conditions conducive to microbial colonization such 
as those resulting from local anodic sites like inclusions or weldments. The "gentle" cathodic 
polarization can also encourage microbial colonization, similar to that observed on cath- 
odically protected structures in biologically active environments [6,7] (Fig. 3). 

The standard probe design uses a threaded pipe plug of nominal 2 in. (50 mm) size. Other 
sizes and configurations can be accommodated, including smaller dimensions, amenable to 
the use of fittings that permit insertion or removal at full temperature and pressure as used 
for the installation in the fire protection system at the Tennessee Valley Authority's Browns 
Ferry Nuclear Plant (Fig. 4). 

Methods 
Laboratory Experiments 

In the initial laboratory studies, probes constructed using Type 304L stainless steel discs 
and PVC probe bodies (as compared to the stainless steel body as shown in Fig. 1) were 
exposed to soil extracts under stagnant, passively aerated conditions. Soils known to be rich 
in biological activity were mixed with deionized water (one volume of soil to ten volumes 
of water). Steels buried in the soil used for Soil Extract 1 had exhibited a history of rapid 
corrosion. The soil itself exhibited a high total organic carbon content and a definite sulfide 
odor. The soil used for the second soil extract experiment was removed from a garden that 
supported a variety of flora and fauna. In both soil extract experiments, half of the soil/ 
water mixture was boiled for ten rain to decrease its microbiological activity. This sample 
was used to provide a "sterile" control. Both probes were exposed in 600 mL beakers that 
were shielded from light to minimize the influences of algae. The test cells were covered 
but not hermetically sealed, thus permitting communication of the environment with ambient 
air. 

A potential of 200 mV was applied between the two stainless steel electrodes for 30 min 
every day. The electrodes were shorted to each other the remaining 231/2 h of the day. 
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FIG. 4--BIoGEORGE probe for installation at Browns Ferry. (�9 Copyright 1993 by NACE Inter- 
national. All rights reserved by NACE; reprinted by permission.) 

Currents were monitored continuously. These currents were plotted to illustrate trends and 
to discern when the local environments on the electrodes had changed significantly, as would 
result from the formation of a biofilm that would influence cathodic or anodic half-reactions. 

Once trends in current had stabilized, the polarization was ceased but measurements of 
current were continued or potentials were measured against a saturated calomel electrode. 

Post-test characterization of probe surfaces consisted of carefully scraping deposits from 
the "positive" and "negative" electrodes using sterile tools. These films and the bulk en- 
vironment were then characterized by serial dilution using MICKITS 5, via Hach Biological 
Activity Reaction Test Kits, 6 and a portable pH sensor. 

Plant Exposures 

The initial plant exposures, done at the Tennessee Valley Authority's Browns Ferry 
Nuclear Plant, required a slightly different design for the probe (Fig. 4). The plant had 

Trade name of Bioindustrial Technologies, Inc., Grafton, NY. 
Trade name of Hach, Inc., Loveland, CO. 
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installed a number of high-pressure access fittings that permitted sensors, coupons, and so 
forth, to be installed or removed with the system at full pressure and temperature. These 
fittings were of a much smaller diameter than that of the standard probe. A smaller diameter 
probe was built, using the Caproco bore seal nut as the probe body, That approach permitted 
the probe to be installed through these fittings. One probe was installed into an 8-in. (200 
mm) carbon steel pipe in the plant's high-pressure fire protection system. The probe was 
exposed to raw water at ambient temperatures that, historically, range from about 1 to 
about 32~ 

As for the laboratory tests, one probe was used as a "sterile" control. The control en- 
vironment was prepared by extracting several liters of water from the fire protection system, 
then boiling it vigorously for ten min. The control probe was exposed to this environment 
in a beaker covered with metal foil. 

Both probes were polarized to 200 mV for 30 min each day, then shorted the remainder 
of the time. Currents were monitored continuously using a Johnson-Yokogawa HR-2400 
hybrid recorder. Plots of current during the polarization (a time approximately ten min into 
the polarization cycle was selected as a representative value) and with the external polari- 
zation off (immediately prior to the start of the polarization cycle) were made to indicate 
trends in these current values. 

Results 

Laboratory Experiments 
Over the first week or two of the initial soil extract experiment, the current required to 

achieve this potential (the "applied current") remained steady at a value of approximately 
0.5 p.A. After about two weeks' exposure, the current began to increase steadily, an effect 
consistent with the formation of a biofilm (Fig. 5, top). No change in current was observed 
for the "sterile" control. 

The biologically active sample produced an interesting and unexpected effect. Shortly 
after the apparent onset of biofilm formation (signaled by the increase in the current required 
to achieve the preset potential of 200 mV), it was found that current flow continued, even 
after the impressed potential was removed (Fig. 5, bottom). That is, the biologically-active 
cell continued to generate currents from 1 to 2 IxA even after the impressed potential was 
removed. The biologically active sample continued to exhibit a potential difference of 40 
to 300 mV and a current of several tenths of a micro-amp between the electrodes for another 
month, although no potential was applied during that time. Generated currents and potentials 
remained zero in the control cell. 

Post-test examination revealed no corrosion or mineral deposits and only minor discol- 
oration of one set of discs. The observed currents were of a magnitude that should have 
produced measurable corrosion. This suggested a second test to delve more deeply into the 
source of the observed currents. 

A second test in the extract of a different soil showed similar behavior to that noted in 
the initial exposure (Fig. 6). Post-exposure characterization of the electrodes from the second 
soil extract experiment showed that material scraped from the "positive" and "negative" 
electrodes exhibited a difference in pH of approximately 1 pH unit. The "positive" electrode 
was the more acidic. Microbiological characterization was done using MICKITS and Bio- 
logical Activity Reaction Tests. These procedures showed that viable acid producing bacteria 
(1000 to 10 000 cells/cm 2 of sample) 7 were present on the "positive" electrode. The soil 
extract itself contained sulfate reducing bacteria, iron oxidizers, and slime formers. 

7 Approximately 1 cm 2 was examined. 
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Plant Exposure 

The probes installed at Browns Ferry were polarized to 200 mV for 30 min each day. 
Figure 7 presents the results of approximately 6Vz months' exposure. The probe was installed 
in October, when the water temperature was fairly low. As would be expected, both the 
applied and generated currents remained low for the first 35 to 40 days' exposure. About 
December 15, after approximately 52 days' exposure, both the applied and generated cur- 
rents for the probe in the fire protection system exhibited a very definite increase. The 
applied current steadily increased from approximately 1 to 17 I~A. The generated current 
(the current that persists even after the electrodes have been shorted to one another) 
exhibited a similar trend beginning at about the same time; increasing from essentially zero 
to nearly 4 I~A. 

Seasonal conductivity and temperature variations that this line experienced had little effect 
on the probe. Increases in flow (for example, hydrant testing during January and February) 
did not corrupt the signal. 

Late in January, the generated current began to decrease, although the applied current 
remained fairly constant at a value of approximately 17 I~A. A definite generated current 
of approximately 0.5 IxA persisted throughout February, March, and much of April, then 
suddenly decreased to zero. 

Throughout the entire exposure, the applied current on the control sample (exposed to 
water from the fire protection system that had been boiled for ten min to kill microbes) 
remained at very low levels and no generated current was observed. The BIoGEORGE 
probe continues to be exposed to the Browns Ferry fire protection system environment. 

Discussion 

Outputs from a BIoGEORGE probe may signal the system operator to take mitigation 
or prevention actions. These actions may include: additions of biocide or increases in dosage 
of biocide additions, verification of the proper operation of biocide addition equipment, or 
initiation of flow on a stagnant loop. Traces from a BIoGEORGE probe may also be used 
to tune biocide treatments such that the minimum addition is made that prevents biofilm 
formation. 
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Biological consortia on metallic surfaces often affect the electrochemical nature of the 
surface. Biological activity can influence the rates and nature of such reactions, particularly, 
the cathodic half-reaction. For example, stainless steels in aerated seawater undergo a noble 
shift in the open circuit potential (OCP) as a result of such effects [8-11]. Similar effects 
have been observed in fresh waters as well [12,13]. Experience with cathodically protected 
structures also suggests that microbiological growth can be stimulated by cathodic protection 
[6, 7]. The two-electrode B I o G E O R G E  probe uses this experience to provide a simple and 
reliable method for encouraging microbiological colonization that should be accelerated 
relative to that of plant structures while providing a means for monitoring that settlement. 
Further, the use of a "gentle," intermittent polarization schedule also provides the oppor- 
tunity to optimize microbial attachment on surfaces and their influences on electrochemical 
processes. These factors make the probe amenable to a variety of environments including 
both flowing and normally stagnant systems. 

Increases in applied current signal the existence of a deposit or a change in the surface 
characteristics of the metal. A film that increases the rate of operative half-reactions (typically 
cathodic half-reactions) or permits more rapid, alternative half-reactions to occur will cause 
the applied current to increase. Most inorganic films would be expected to have only minimal 
effect on the applied current as they typically present an impediment to such reactions. 
Calcareous deposits dramatically reduce the current required to maintain a cathodic pro- 
tection potential. Biofilms, on the other hand, would be expected to cause the reaction rates 
to increase [2,8,10-13]. The existence and nature of surface films may also be monitored 
by measuring their ohmic resistance. This method provides a third, independent method 
for detecting films, both biological and nonbiological. 

The "generated" current (that is, the current that persists even after the applied potential 
is removed) appears to provide a measure of the activity of the biofilm on the metal. The 
laboratory tests and recent data from the plant exposure show that the generated current 
is much more sensitive to operating conditions (for example, temperature) and aging. In 
long exposures, the generated current often decreases to near zero signaling inactivity of 
the film. Future work will be devoted to evaluating this effect. 

Conclusions 

An electrochemical probe has been designed for industrial use. The multiple disc electrodes 
and intermittent cathodic polarization schedule provide an environment that is amenable to 
microbiological colonization. By tracking the current required to achieve the preselected 
potential, biofilm formation can be monitored on line. 

The probe has been tested in the laboratory as well as in a power plant environment. The 
probe requires only minimal attention and interpretation of results and does not require the 
day-to-day involvement of a corrosion specialist. The probe produces consistent and stable 
outputs that do not appear to be affected by the normal dirt, noise, and electromagnetic 
interference inherent in a large power plant. 

In laboratory tests in a passively aerated environment, the probe has provided a definitive 
indication of biological activity on the electrode surfaces. The probe appears to be readily 
amenable to the variable aeobisis of the plant environments. 
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ABSTRACT: This paper describes a practical approach to the assessment of biotic and abiotic 
processes at the metal/solution interface, introducing a nonconventional multipurpose sam- 
piing device that can be used in a conventional side-stream corrosion rack. The complete 
monitoring program for biofilms and corrosion in water-using systems includes parallel field 
and laboratory measurements, in addition to the sampler exposures. This device can simplify 
collection of samples for biofilm and corrosion product analyses, facilitate field and laboratory 
studies for biocide selection, and provide a useful source of samples for assessing corrosion 
and biofouling effects in the system. Two practical cases, involving an industrial cooling water 
system and a secondary oil recovery water injection line, are briefly described to illustrate the 
effectiveness of the monitoring program. 

KEYWORDS: biocorrosion, biofouling, monitoring devices, sampling devices, cooling water, 
injection water 

Introduction 

Corrosion and scaling control monitoring have been the two primary objectives of cooling 
water treatment programs in past years. Since the beginning of the present decade, biofouling 
and biocorrosion are finally getting the attention they deserve. The major concern now is 
to improve methods for maintaining heat transfer efficiency, by control of biological deposits, 
while preserving corrosion inhibition and avoiding scale formation. 

Biocorrosion is rarely linked to a single mechanism or to a single species of microorganisms. 
Biofilms mediate the interaction between metal surfaces and the aqueous environment 
leading to an important modification of the metal/solution interface. Thus, a complemen- 
tation of microbiological, electrochemical and surface analysis techniques is mandatory [1]. 

Microbiological fouling of pipelines and heat exchangers is a multi-step process that 
involves a series of biological and inorganic changes, all of which alter the metal/solution 
interface. To understand this process, a realistic monitoring program is needed to clarify 
the relationships between biotic and abiotic variables, which permit differentiation between 
abiotic corrosion and biological reactions. Although corrosion data obtained from standard 
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test methods like weight loss, electrical resistance or fouling tendency under heat transfer 
conditions are useful, they do not provide complete information needed for the evaluation 
and measurement of biocorrosion. 

This paper describes a practical approach for monitoring the effects of biofilms on the 
corrosion behavior of metal surfaces used in heat exchangers and pipelines. This approach 
uses a new multipurpose sampling device and a complete monitoring program based on field 
and laboratory measurements. Results from two industrial water systems (a cooling tower 
of a nitrochemical plant and an oilfield waterflood system) will be presented to illustrate 
the suggested approach for monitoring biofouling and biocorrosion in industrial waters. 

Present Monitoring Programs for Biofouling and Biocorrosion 

Monitoring programs for biofouling and bJocorrosion have been mainly devoted to as- 
sessments of planktonic populations in water samples and of corrosion by using weight loss 
measurements (corrosion coupons), electrical resistance, or polarization resistance probes. 

The main objections to these types of biological monitoring programs are: the planktonic 
population does not properly reflect the type and number of organisms living in the biofilm 
and causing biodeterioration problems; and, the susceptibility of planktonic microorganisms 
to antimicrobial agents differs markedly from that of sessile microorganisms within the 
biofilm, because of the protective action of the extracellular polymeric substances (EPS). 
Thus, sessile bacteria are rarely affected by levels of biocides that completely kill planktonic 
cells in the same systems [2]. The use of biocides to control corrosion-causing bacteria 
requires killing bacteria in the structured consortia at the bottom of biofilms. This infor- 
mation can only be obtained in well-established biofilms like those developed in the water 
system. 

From the corrosion side, the electrical resistance method is excellent for indicating a 
change in the general corrosion rate. Results are difficult, however, to interpret in the 
presence of localized forms of corrosion such as pitting, the most common form of attack 
found in biocorrosion cases [3]. Corrosion coupons and linear polarization are also most 
useful for systems undergoing uniform corrosion. If biofilms or localized corrosion are 
present, the polarization resistance will reveal that something is happening, but may not 
give an accurate measure of the rate of corrosion, 

Only a different approach with other electrochemical methods or parameters assessing 
localized corrosion damage can provide valuable data for monitoring deleterious effects of 
biocorrosion and biofouling. 

The economic consequences of biofouling are the primary reasons for industrial and 
research interest in the fouling of cooling water systems and pipelines. The deleterious 
effects of biofouling include: (1) energy losses due to increased fluid frictional resistance 
and increased heat transfer resistance: (2) increased capital costs for excess surface area in 
heat exchange equipment to account for fouling heat transfer resistance: (3) increased capital 
costs for replacement of equipment suffering under-deposit corrosion: (4) downtime, re- 
sulting in loss of production, to clean metal surfaces which fouled at an unanticipated rate: 
(5) quality control problems derived from fouling of equipment or fouling of the product 
stream: (6) safety problems resulting from leaks caused by corrosion pits which penetrate 
the wall thickness of heat exchangers and pipelines. 

In the last decade, several fouling monitoring devices that measure the effects of deposits 
on transport processes (that is, heat transfer and fluid frictional resistance) have been 
developed for industrial water systems. Two common fouling monitors are: (1) devices with 
an annular flow passage and heated surface, and (2) devices with flow inside externally 
heated tubes. In the first example, the test section is internally heated and microfouling 

 



130 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

develops in its outer area. The device is placed inside a container tube, forming an annulus 
between both tubes through which flow circulates. The container tube is generally made of 
glass to facilitate observation of the fouling surface. Devices of the second type measure 
thermal transfer degradation coefficient and fluid-frictional resistance. This configuration 
directly reproduces the flow regime in a condenser tube, and a sample of a condenser tube 
can be used as the test section. Even if these monitoring devices supply useful information 
on overall fouling effects, they are not able to: discriminate between inorganic fouling and 
biofilms; provide information on the nature and diversity of microbial components of de- 
posits; or easily sample deposits on the internal surface of the tube. 

Owing to the differences in biofouling and biocorrosion, an effective monitoring program 
must necessarily supply information on water quality, corrosive attack, sessile and planktonic 
bacteria, biofilm characteristics, and chemical composition of inorganic and biological de- 
posits. Sampling devices for monitoring biofilms can be used to assess corrosive attack both 
before and after the removal of biological and inorganic deposits, giving wider and more 
useful information. There are two main types of monitoring devices: (1) directly implanted, 
and (2) side-stream implanted. Metal coupons, generally made from the same structural 
material as the system, present a known surface area, and enable an accurate count of sessile 
bacteria/cm 2 after biofilm detachment. Coupons are mounted in holding assemblies and 
inserted in the pipework of the laboratory or industrial system. 

The main characteristics to be fulfilled by a good sampling device are: (1) to ensure that 
metal coupons experience a flow regime similar to the rest of the pipe surface~ (2) to be 
inexpensive and easily manufactured; (3) to be easily withdrawn from the system; (4) to 
hold several sampling coupons for allowing duplication of tests and a higher diversity of 
assays per sampling device; (5) to be easily fitted in any conventional access to the system 
pipework or laboratory flow loops; and (6) when used in pressurized lines, to have a suitable 
design for being compatible with existing high-pressure fittings, avoiding a partial shut-down 
and depressurization. 

A Practical Approach for Monitoring Biocorrosion and Biofouling in Industrial Waters 

A new multipurpose side-stream sampling device, that can be fitted in any conventional 
corrosion rack, has recently been developed [4]. The sampler, identified as RENAprobe @ 
(Reusable Non-conventional Appliance), consists of a Teflon @ holding rod, alternately 
drilled on opposite faces to hold eight round metal coupons (0.5 cm 2 surface area each) four 
on each face of the holder (Fig. 1). The sampler can be side-stream implanted in a con- 
ventional corrosion rack for corrosion coupons. In this way, eight different samples can be 
collected simultaneously or at different exposure periods. After exposure, the entire assem- 
bly is withdrawn and the coupons removed for biofouling and corrosion assessment according 
to a suitable schedule. A typical scheme would be: (1) sessile bacterial counts; (2) biofilm 
observation by scanning electron microscopy (SEM); (3) surface analysis of corrosion prod- 
ucts and biofilms; (4) optical microscopy and SEM evaluation of metal attack after removal 
of biological and inorganic deposits; and (5) electrochemical corrosion measurements in the 
laboratory or the field to assess localized corrosion. These studies are generally comple- 
mented with field and laboratory measurements such as: (1) water quality control; (2) field 
corrosion monitoring; (3) field redox potential measurements; and (4) other analytical data 
according to particular characteristics of each system (dissolved oxygen, sulfides, etc.). 

For microbiological assessment, after the desired exposure period, the RENAprobe | is 
removed from the system, and transported to the laboratory in a closed, sterile carrier (Fig. 
1), for removal of biological and inorganic deposits by scraping or ultrasonic cleaning. 
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FIG. l--Scherne of the RENAprobe ~ and carrier. 

Observations of biofilms and sessile bacteria with SEM require fixation of samples with 
a glutaraldehyde solution in phosphate buffer, followed by gradual dehydration through a 
series of acetone dilutions, and critical point or freeze drying. SEM observations of the 
corrosion attack do not require fixation, dehydration, and drying, only removal of the 
biofilm. In all cases, non-conductive samples must be coated prior to examination by sput- 
tering a carbon or a palladium/gold coating layer. For energy dispersive X-ray analysis 
(EDXA) or any other surface analysis of biological or inorganic deposits, the use of me- 
tallization should be avoided to eliminate interferences with elementary analysis. In such 
cases, the application of a carbon coating is advisable. 

RENAprobe ~ coupons are generally constructed from the same structural material as 
the system (for example, carbon steel) (Fig. 2). However, a corrosion resistant substrate, 

FIG. 2--Close up of the RENAprobe ~ sampling device (from Ref 5 with permission of NACE, 
Houston, TX). 
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like stainless steel, is preferred for SEM observation of the biofilms and sessile bacteria, to 
avoid the presence of copious corrosion products that impede bacterial visualization. 

Monitoring Biofouling and Biocorrosion in Industrial Waters: Two Case Histories 

Chemical Industry Cooling Water Systems 

Cooling waters of two open recirculating systems were studied [5]. The cooling water of 
both systems was treated using an organic phosphonate (PBTC) and zinc salt blend for 
corrosion control. Selective dispersant agents were also added to avoid scaling. To assess 
biofouling effects, chlorine was used in only one of the cooling systems (System 1), whereas 
no biocide was added to the water of the other circuit (System 2) during a testing period 
of 15 days. 

Conventional weight loss method and linear polarization measurements were used to 
assess corrosion inhibition efficiency. Water chemical analyses and standard plate counts 
for planktonic bacteria were also performed as routine measurements in the plant. Electro- 
chemical techniques conducted in the laboratory complemented field evaluations. For bio- 
fouling and biocorrosion monitoring, RENAprobe | samplers were placed in one of the 
sampling sites of the side-stream corrosion rack of the cooling water system. After an 
exposure period of 5 days, the holder was removed and the biocoupons withdrawn imme- 
diately for culturing or for SEM observations. 

Results of bacterial enumeration for System 2 showed hazardous levels of contamination 
with aerobic and anaerobic bacteria. Conversely, sessile bacteria counts for cooling water 
of System 1 were considerably lower (Table 1). These results were in close agreement with 
SEM observations of the biofilm. A comparison between carbon steel coupons from both 
systems revealed that, whereas metal attack was inhibited in the cooling water of System 
1, steel coupons of System 2 presented copious corrosion products, even for the shortest 
exposure periods assayed. Pitting attack under these deposits was markedly different in size 
and shape from that observed in the biologically controlled cooling water. 

Considering that the composition of the cooling water of both systems was similar and 
the operational conditions (corrosion and scale inhibition treatments) were equal, the bi- 
ological source of the metal attack was evident. 

Experimental evidence drawn from this case history shows that the adverse effects gen- 
erated by biofouling can defeat the protective action of a conventional corrosion control 
water treatment, facilitating the initiation of localized attack. 

Oilfield Water Injection Systems 

Several factors affect biocorrosion and biofouling in secondary oil recovery operations: 
(1) velocity, temperature, oxygen level and redox potential of the injection water; (2) 

TABLE l--Chemical industry cooling water system: sessile and planktonic bacteria enumeration and 
identification after 5 days exposure. 

System 1 System 2 
Microbiological No Microbiological 

Control Control 

Tests No. 1 2 3 4 Units 
Total aerobic bacteria 1.0 • 10" 3.9 • 10 3 2.0 x 10 5 1.0 • 10 7 
Total anaerobic bacteria <10" 1.0 x 10 L 1.0 • 10 3 2.0 x 10 ~ CFU/cm 2 
Iron related bacteria <10 ~ 8.6 x 10 3 3.3 x I(P 3.3 x 10 ~ 

" CFU = Colony forming units--Measurement basis = CFU/cm:. 
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chemical composition, pH, amount of organic matter and depth of pumping of the injection 
water; and (3) effectiveness of the biocide to gain access to the sessile bacteria within the 
biofilms. On this basis, a complete monitoring program for biofouling and biocorrosion 
using two types of sampling devices and several field and laboratory measurements, was 
scheduled [6]. The goals of the program were to perform a quick evaluation of the bacte- 
riological status of the system, and to implement an effective biocide treatment for sessile 
bacteria. The limited information available before implementing the program was restricted 
to sporadic planktonic counts for aerobic bacteria and sulfate reducing bacteria (SRB), 
analytical data on water quality, and corrosion assessment based on weight loss measure- 
ments of metal coupons. 

The simplified scheme for microbiological assessment was limited to the evaluation of 
SRB sessile population at three different locations (Fig. 3): (1) at Station I, between the 
coalescer tank and the depurator-separator system: (2) at Station II, between the filtered 
water storage tank and the injection pumps: and (3) at a point, under pressure, of 
the injection line, after the injection pumps. In Stations I and II, side-stream implanted 
RENAprobes |  were used, whereas a directly implanted Bioprobe | sampler was installed 
in the pressurized injection water line. Samples from Station I were used to observe biofilms 
and corrosion attack on metal samples exposed to injection water without biocide treatment. 
Station II and the sampling point in the pressurized line were used to assess the effects of 
the biocide to mitigate biodeterioration. 

After each exposure period (1 and 5 days), the coupon holder was withdrawn and the 
coupons removed for examination. Coupon distribution for analysis (per R E N A p r o b e ~ )  
was as follows: one stainless steel coupon for biofilm observations by SEM: two carbon steel 
coupons for sessile SRB counts (in duplicate): two carbon steel coupons for biofilms/passive 
layers observations by SEM: one carbon steel coupon for EDXA of biological and inorganic 
deposits: and one carbon steel coupon for corrosion potential versus time measurements at 
the laboratory. In each case, two identical samplers were installed per station to allow for 
duplication. 

For sessile SRB counts, the entire sampler holder was taken to the laboratory within a 
period of 12 h, in a closed receptacle filled with system water (Fig. 1). Biofilms were detached 
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FIG. 3--Phmt scheme of the water injection systems. Location q( sampling stations 1 and 11 can be 
seen in the figure. 
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TABLE 2--Chemical analysis of injection water. 

Units 

pH 6.7 
Total Alkalinity 117.0 ppm CaCO3 
Total Hardness 3190.0 ppm CaCO3 
Calcium Hardness 2900.0 ppm CaCO3 
Magnesium Hardness 300.0 ppm CaCO3 
Chlorides 15300.0 ppm CI- 
Silica 100.0 ppm SiO_~ 
Sulphates 451.0 ppm SO4 = 
Total Iron 0.9 ppm Fe 
Total Diss. Solids 30300.0 ppm 
Dissolved Oxygen" 50.0 ppb 
H_,S" 0.4 ppm S- 

" Average values at Station I. 

by scraping with a sterile scalpel blade and poured into 10 mL of sterile injection water. 
Enumeration of viable SRB bacteria was made by serial dilution in liquid Postgate C medium 
with a saline content similar to the injection water (Table 2), according to the standard 
extinction dilution method. Dilutions were incubated for 2 weeks within the temperature 
range of the injection water (65 to 75~ Readings of viable counts were made after 12 h 
of inoculation, and continued on a daily basis for 290 h (Table 3). 

Corrosion was measured in the field by means of corrosion coupons located at both 
stations, by linear polarization measurements made in the field, and potentiodynamic po- 
larization and corrosion potential versus time runs made in the laboratory. In addition to 
SEM observations of biofilms and EDXA analysis of corrosion products and biological 
deposits, water analysis included total iron, sulfates, total dissolved solids (TDS), dissolved 
oxygen, hydrogen sulfide and other physical and chemical determinations. 

Macroscopic observations of samples made immediately after the removal of the samplers 
from Station I revealed black adherent deposits. Metal coupons from Station II (after biocide 
addition) had few surface deposits after 1 day of exposure. After 5 days of exposure, the 
deposits could not be detected. SEM observations confirmed the macroscopic differences 
observed in samples from both stations. Carbon steel samples were layered with copious 
corrosion products that hindered observation of sessile bacteria. Conversely, in samples 
exposed to injection water in the station without biocide treatment, stainless steel coupons 
exhibited copious biofilms of sessile rod-shaped and filamentous bacteria embedded in their 
mucilage. Biocide effects were observed in samples of Station II and after the battery of 
injection pumps. The stainless steel coupons exposed for 1 and 5 days to injection water 
had no sessile bacteria and the amount of deposits was negligible. 

Metal attack observed after removal of deposits from the metal surfaces confirmed the 
marked differences found in samples of both stations. Carbon steel coupons, exposed for 

TABLE 3--Oilfield water injection system: results of sessile SRB monitoring from the waterflood 
injection line (Standard Extinction Dilution Method in Postgate C saline liquid medium)." 

Station I, Station II, 
Exposure of coupons, days Reading time, h CFU/cm -~ CFU/cm-" 

1 290 10 ~ 10 ~ 
5 290 10 ~ 10" 

" Results are the average values of triplicate runs. 
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FIG. 4 - - S E M  micrograph o f  the corrosive attack on a carbon steel surface after a 5 day exposure to 
injection water at the Station 1. Deposits were previously removed by mechanical cleaning (Magnification 
x 1500). 

only 1 day to injection water without biocide, presented localized attack and selective 
dissolution at the grain boundaries (Fig. 4). Conversely, after biocide injection, carbon steel 
samples presented scarce areas of micropitting and intergranular attack was absent (Fig. 5). 

Corrosion experiments performed in the laboratory confirmed SEM observations and field 
measurements. Potentiodynamic polarization experiments revealed the absence of passive 

FIG. 5 - - S E M  micrograph of  the corrosive attack on a carbon steel surface after a 5 day exposure to 
injection water at the Station 11. Deposits were previously removed by mechanical cleaning (Magnification 
x 350). 
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TABLE 4--Percentage elementary analysis (EDAX) of 
deposits. ~ 

Element Station I Station II 

Iron 80.606 69.735 
Cromium 0.242 0.631 
Manganese 0.750 1.276 
Sulphur 4.794 0.697 
Chlorine 7.693 5.908 
Calcium 1.156 1.144 
Sodium 2.991 0.551 
Silicon 0.929 18.900 
Aluminum 0.526 0.800 

~ Carbon steel coupons exposed to injection water for l day. 

behavior for carbon steel in injection water as well as an active dissolution of metal surfaces. 
After  48 h of immersion, co0rosion potential remained stable at active potentials, ranging 
from -0 .600  to -0 .700  V (versus standard calomel electrode (SCE)), confirming polari- 
zation results. 

The results of this monitoring program suggest that the severe degree of attack of carbon 
steel coupons, with its localized morphology can not be attributed only to the corrosivity 
of injection water, characterized by the uniform dissolution observed in all samples. Lab- 
oratory experiments and EDXA analysis of biological and inorganic deposits (Table 4) 
support this conclusion. 

The partial reduction of SRB viable counts, and the decrease in the intensity of the 
corrosive attack after biocide addition, suggest that preliminary biocide treatment assayed 
in the system was insufficient to achieve microbiological control (Table 3). However,  an 
appropriate optimization of the biocide treatment, in conjunction with an improvement in 
some operational procedures, will achieve an adequate and effective control of the bacte- 
riological status of the system. 

Conclusions 

Biofouling and biocorrosion can overcome the inhibitory effects achieved by a conven- 
tional corrosion and scale control program, leading to an enhanced localized attack in short 
periods of exposure of metal samples. Good performance alloys like some high quality 
stainless steels can be affected by deleterious effects derived from biofilms/corrosion prod- 
ucts interactions that condition the corrosion behavior of structural metals and alloys. Thus, 
an appropriate monitoring program for biofouling and biocorrosion will be mandatory to 
implement an effective water treatment strategy. An updated program of this kind will 
necessarily cover microbiological, electrochemical and surface analysis measurements to 
guarantee a proper assessment of all the biodeterioration causes. 

The sampling device presented in this paper, together with different field and laboratory 
evaluations included in the monitoring programs previously described, represent a significant 
improvement in industrial water treatments. 
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ABSTRACT: It has long been recognized that sulfate reducing bacteria (SRB) found in natural 
and industrial waste waters promote microbiologically influenced corrosion (MIC) of certain 
metals and alloys. Corrosion may be enhanced biologically, through direct enzymatic action 
of the bacteria, or abiotically, as a result of reaction with metabolic byproducts or changes in 
local conditions (for example, pH) brought about by bacterial activity. In this study, X-ray 
photoelectron spectroscopy (XPS) is utilized in conjunction with conventional microbiological 
and quantitative chemical analytical techniques to analyze the effects of localized environmental 
conditions similar to those found near the surface of a passive stainless steel on the behavior 
of SRB, and to determine the ability of these bacteria to alter local environmental conditions 
in such a way as to create conditions that accelerate corrosion. Specifically, the interactions 
of Fe, Cr, Ni and Mo ions with Desulfovibrio sp. under anoxic conditions were studied in 
order to determine the influence of passive dissociation products on the extent of sulfate 
reduction and to determine the resulting speciation of the metal ions and sulfur. In all cases, 
XPS revealed the presence of multiple reduced sulfur species (SO3 2-, elemental S and S 2 ), as 
well as reduction of both the molybdate and ferric ions. Localized reduction in pH due to 
SRB metabolic activity was presumed to play a role in the formation of stable molybdenum 
disulfide and ferrous species. 

KEYWORDS: sulfate reducing bacteria (SRB), X-ray photoelectron spectroscopy (XPS), 
microbiologically influenced corrosion (MIC) 

Introduction 

Sulfate reducing bacteria (SRB) are ubiquitous to both natural  and industrial waters. 
Nearly sixty years ago Wolzogen and Van der Vlught [1] considered the influence of  SRB 
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on microbiologically influenced corrosion (MIC). More recent studies have established 
strong evidence that SRB are involved in the corrosion process of some metals [2]. However, 
to establish the causal relation between SRB activities and corrosion of metals, one must 
be certain to find a link between corrosion sites and the presence of a definable corrosion 
cell involving a biogenic agency. The components of such a cell may include a biofilm and 
liquid and solid metabolic products. Since corrosion is not always associated with such 
biofilms it is necessary to determine the critical conditions which are required to initially 
accelerate localized corrosion. To initiate a study to determine the nature of such conditions, 
it is necessary to analyze and catalogue the constituents of a biofilm in close proximity to 
a corroded site and to formulate a rationale for the production of such constituents. Con- 
sideration must be given to the possibility of both biotic and abiotic formation of sulfur 
compounds. Traditional models of SRB-driven corrosion have generally failed to consider 
these differences. Furthermore, because of the possible action of enzymes, thermodynamic 
data alone cannot predict the nature of the sulfur products [3]. Of special interest would be 
any evidence of sulfur products, for instance, which can reliably be predicted not to form 
abiotically but otherwise can be formed by SRB. Such a case has recently been made for 
the formation of mackinawite by SRB [4], although in this case abiotic synthesis is not 
entirely excluded [5]. 

The work of Mohagheghi [6] seems to illustrate that metal ions bound to cell walls of 
SRB are more reactive with bacteriogenic sulfur than the same ions involved in an equivalent 
abiotic process occurring on a metal surface exposed to a solution containing sulfur. The 
formation of sulfides in biomasses must be considered a potential source of cathodic acti- 
vation of the corrosion cell [7-10]. Additionally, Newman, et al. [11], have reported that 
Na_,S203, Na2S406, KSCN, Na2S, Na2SO3 and H2S in neutral chloride solutions are all capable 
of promoting the pitting of 304 stainless steel. 

Characterization of corrosion products associated with MIC presents considerable con- 
straints on the nature of the analytical system which can be used. For example, the importance 
of low atomic number species limits the usefulness of such techniques as energy dispersive 
X-ray analysis. Similarly, few techniques can provide determination of speciation. By con- 
trast, X-ray photoelectron spectroscopy (XPS) provides a method for determination of the 
chemical state of high and low atomic number species on the surface of both inert biological 
material [12-15] as well as the surfaces of living cells [16-19]. In this paper we demonstrate 
the use of XPS in determining the extent to which SRB may alter local environmental 
chemistry. We have considered the effects of Fe, Cr, Ni and Mo ions on the activity of 
Desulfovibrio sp. in a modified Postgate's medium C. 

The nature of metal ion-bacteria interactions is important to understand since metal ions 
released from stainless steels, even under passive conditions, may bring about nutrient or 
toxic conditions. The concentration and types of metal ions released from a stainless steel 
under passive conditions (10 -5 A/cm ~) were considered in this study [20]. 

Experimental Procedure 

Culture 

Desulfovibrio sp. 1CA3 was isolated from waste disposal leachate in Postgate's medium 
B. Upon isolation, the bacterium was maintained in Postgate's medium C. The bacterium 
is a gram negative vibrioid rod, desulfoviridin positive, which produces acetic acid as a major 
end product when grown in the presence of lactic acid and vigorously reduces sulfate with 
hydrogen sulfide gas production. 
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Medium 

Modified Postgate's medium C consisting of (g/L deionized water): 1 NH4CI, 2.25 lactate; 
0.06 MgSO~ �9 7H20; 4.5 Na_,SOg 1 yeast extract; 0.5 KH_,POg 0.06 CaCI, �9 2H,_O; 0.004 
FeSO4 �9 7 H_,O, pH adjusted to 7,8 with KOH. The modification consisted of the addition 
of lactate as lactic acid instead of sodium lactate. The medium was prereduced by boiling 
and purging with ultra-high purity nitrogen, and 40 mL was dispensed into each 60 mL 
serum bottle in a nitrogen filled glove box as described previously [21]. The bottles were 
capped with butyl-rubber stoppers, sealed and autoclaved at 121~ 20 psi for 20 min. The 
final pH of the medium after sterilization was 7.4. The bottles each contained 900 ixmoles 
lactate and 1800 ixmoles sulfate. 

Metals 

Ultra high purity (UHP) nitrogen purged solutions of iron (III) chloride (FeCI3 �9 6 H_~O), 
sodium molybdate (Mo(VI)) (Na_,MoO4 �9 2 H20), chromium (III) chloride (CrCI3 �9 6 H_,O) 
and nickel (II) chloride (NiCI_, �9 6 H20) were separately added to the sterile medium in the 
glove box for a final concentration of 0.2 mM. The solutions containing the metal ions were 
added to the sterile medium after filtration through a 0.22 I~m filter. The pH was adjusted 
to 7.4 after addition with sterile acid or base. Sodium molybdate was also added to a series 
of bottles for a final concentration of 0.2, 1, 10 and 20 mM molybdate. Specific sample 
bottles were reserved without metal additions as controls. Metal concentrations were mea- 
sured by atomic absorption spectrophotometry. 

Inoculation 

One milliliter of a 24 h culture of Desulfovibrio sp. 1CA3 was added to each bottle and 
incubated in the dark at 26 - I~ Uninoculated samples and inoculated samples without 
metals were prepared and used as controls. 

Microbiological and Chemical Analyses 

After incubation for five days the following analyses were performed: (1) total gas pro- 
duction by using an analog pressure gauge (Marcsh Co.) attached to a 22 gauge needle, (2) 
lactic acid consumption and acetic and propionic acid production by high performance liquid 
chromatography (HPLC) with a UV/VIS (Spectra-Physics) and refractive index (Shimadzu) 
detector after filtration through a 0.22 ~m filter [22], (3) the pH, (4) sulfate reduction 
spectrophotometrically by precipitation with barium chloride [23], and (5) metal remaining 
in solution by atomic absorption spectrophotometry on a filtered, acidified aliquot. Turbidity 
was not used as a measure of growth because of the formation of metal sulfide precipitates. 
The biomass along with any precipitate was recovered by centrifugation at 10 000 rpm for 
15 min in 40 mL acid-washed, anaerobically sealed centrifuge tubes. The cell pellets (bacterial 
cells and sulfide precipitate) were placed in a desiccator and allowed to dry under anoxic 
conditions for two days. 

Sample Preparation for XPS Analysis 

The dried cell pellets were stored under nitrogen and transferred to an argon-purged 
glove box. The cell pellets were then crushed onto indium foil, mounted onto the XPS 
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sample holder and transferred to the spectrometer, all in a glove box under an argon 
atmosphere to prevent surface chemical oxidation and contamination. 

XPS Analysis 

All XPS measurements were performed with a modified V.G. Scientific ESCA 3 Mark 
II spectrometer controlled by a VGX 900 computer-based data acquisition system, located 
in the Department of Materials Science and Engineering at the State University of New 
York at Stony Brook. Special features of the XPS unit include an environmental cell, multiple 
injection ports and a probe with heating and liquid nitrogen cooling capabilities. A cold 
stage was specifically added to prevent the degradation of biological samples during analysis 
and to avoid contaminating the chamber. Ultra-high vacuum conditions (base pressure was 
1 to 2 • 10 -9 torr) were maintained in order to optimize the quality of the signal coming 
from the specimen surface to the detector and to prevent accumulation of contaminants on 
the surface from the gas phase. Further details on XPS instrumentation, particularly for 
biological applications, can be found elsewhere [24-29]. A summary of the advantages and 
limitations of the use of XPS for the study of MIC is given in Table 1. 

In all cases, the incident radiation was AlKoq 2 X-radiation from a non-monochromatized 
source operated at 400 W. All XPS measurements were carried out at a high take-off angle 
(50 ~ ) measured with respect to the plane of the sample. The entrance and exit slit widths 
for the hemispherical analyzer were 4 mm, which resulted in a half angle for photoelectron 
emission of 0.095 radians. In each case, 1000 eV survey scans were run to locate the most 
intense peaks. These peaks were repeatedly scanned to improve the sensitivity and signal- 
to-noise ratio. The metal and sulfur peaks were first identified and then separate narrow 
scan peaks were obtained. A 20 eV pass energy was used for all narrow scan analysis 
providing a full width at half maximum (FWHM) for the AU4fT,2 singlet of 1.35 eV. For 
reference, the binding energy of the AU4fT,_, singlet was found to be 83.8 eV and that of the 
Cu2p3r singlet was found to be 932.4 eV. All binding energies were corrected for charge 
shifting by referencing to the Cls  line from the adventitious carbon at 284.6 eV. Details of 
the curve fitting procedures and data analysis routines may be found elsewhere [30]. Stan- 
dards data for all peak parameters and sensitivity factors were developed from work done 
on compounds in this laboratory. Powdered standards were crushed into the surface of 
indium foil under argon and transferred under argon to the spectrometer to ensure a clean 
surface for analysis. Sulfur 2p and sulfur 2s level photoelectron binding energies determined 
in this way are presented in Table 2. 

TABLE 1--Advantages and limitations of the application of XPS to the study of MIC. 

ADVANTAGES 
�9 Sensitivity to a wide range of elements (all except H and He) 
�9 Provides data on speciation of all elements present 
�9 Non-destructive technique 
�9 Relatively straightforward method of data analysis 

LIMITATIONS 
�9 All analysis must take place in a UHV environment, hence sample must be dry and biological 

samples must be liquid nitrogen cooled to prevent outgassing or decomposition 
�9 Severe sample charging may occur; in some cases use of a low energy electron flood gun may be 

necessary 
�9 Complex Cls photoelectron signal may not be useful for charge referencing 
�9 Fairly complex apparatus for analysis 
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TABLE 2--Sulfur 2s and 2p X-ray photoelectron binding 
energies. 

Compound Species S2s B.E., eV" S2p B.E., eV 

FeS S 2 225.8 161.9 
Pure S S 228.8 164.2 
Na.,SO3 S ~* 231.3 166.1 
FeSO~ S ~* 232.8 169.2 

" Note: All binding energy values are +-0.1 eV. 

The ion bombardment operation that is typically done (with 2.5 kV argon ions) to remove 
surface contaminants was found to reduce sulfur species (Fig. 1) and therefore has limited 
value in a study of this kind. Contaminants found in the vacuum system were attributed to 
the egress of certain sulfur compounds (especially elemental sulfur and ferrous sulfide, FeS) 
within the biomass when under vacuum. Sample cooling with liquid nitrogen greatly reduced 
the severity of outgassing. 

Results and Discussion 

Microbiological Analysis 

Gas production and sulfate reduction by Desulfovibrio sp. 1CA3 in the presence of Fe, 
Cr, Ni and Mo ions are presented in Table 3. The pH dropped slightly in inoculated samples 
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due to acid production. Gas production (CO~ and H_,S) was greatest in the presence of Fe, 
presumably due to increased metabolic activity by Desulfovibrio in response to the abundance 
of available Fe. Desulfovibrio has an exceptionally high requirement for inorganic iron [3]. 
However, sulfate reduction was greatest in the presence of molybdate, with almost 40% of 
the added sulfate reduced. All the metals, except chromium (III), were removed from 
solution. Addition of 0.2 mM Fe, Cr, Ni and Mo ions to Desulfovibrio sp. 1CA3 did not 
inhibit microbial activity (Fig. 2) as indicated by acid production, sulfate reduction and gas 
production (Table 3). 

XPS Analysis 

The XPS technique involved the irradiation of the cell pellet sample by a soft X-ray beam 
which induced the emission of photoelectrons from the core atomic levels in the outermost 
layer of the sample surface. The kinetic energies of the emitted electrons were analyzed to 
determine their binding energies in the species of interest according to the following rela- 
tionship: 

hu = Eki. + E~ + cb (1) 

where hv is the energy of the incident X-rays, E~, is the kinetic energy of the emitted 
photoelectrons, E~ is the electron binding energy, and d~ is the work function of the spec- 
trometer. Peaks in the deconvoluted spectra were associated with specific elements and 
particular valence states or compounds of those elements by comparison to standards. 

The XPS S2p spectra from the inovulated SRB are referred to in an earlier study [31]. 
In all cases, sulfur exists in the original sulfate form and as three reduced states: sulfide, 
elemental sulfur and sulfite. The amount of sulfate reduced as determined by analysis of 
sulfate remaining in solution after incubation in the presence of various metals is presented 
in Table 3. The sample inoculated with molybdate showed the maximum amount of sulfate 
reduction. The XPS sulfur spectral data from the biomass (Fig. 2) confirmed this finding. 
The presence of low levels of iron sulfide in the biomass is due to its high vapor pressure 
and hence volatility in the vacuum system of the XPS unit. 

50- 
Sulfate [ ~  Sulfite ~ Sulfur ~ 1  Sulfide 

40" 

EL 
"~ 30" 

EL 
04 u~ 

20- 
O 

10- 

NO Addition Fe Ni Cr Mo 
Metal Addition 

FIG. 2--XPS analysis of sulfur species in biornass of Desulfovibrio sp. incubated in the presence of 
Fe, Ni, Cr and Mo. 
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FIG. 3--Mo3d (and overlapping S2s) XPS spectra from Desulfovibrio sp. biomass exposed to 0.2 
mM sodium molybdate. Peak identification: (A) S 2 (from MoS2), (B) Mo ~§ 3d~ ,_ (from MoS2), (b) 
Mo 4+ 3d7,2 (from MoS,.), (C) Mo 5+ 3d~2, (c) Mo t+ 3d72, (D) Mo p§ 3d~ 2, (from molybdate), (d) Mo"" 
3d7,, (from molybdate), (E) S (F) SOj- (G) S0"-4-. 

Cr2p XPS 8pect rs  
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FIG. 4--Cr2p~2 XPS spectra from Desulfovibrio sp. biomass exposed to 0.2 mM chromic chloride. 
Peak identification: (A) Cr -~+ (from Cr,S O, (B) Cr -~§ (from CrOOH or Cr(OH).O, (C) satellite from 
Cr2pl,, photoelectron peak, (D) Cr -~+ (from CrCI~), and (E) Cr 3~ (from Cr2(S04)~). 
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FIG. 5--Ni2p ,. XPS spectra from Desulfovibrio sp. biomass exposed to 0.2 mM nickelous chloride. 
Peak identification: (A) Ni-'* (from NiS), (B) Ni'-* (from Ni(OH):), (C) Ni'-* (from NiCI.,), and (D) 
Ni-" (from NiSO~). (Note--No satellite from 2pl ,_ component included in multiplet due to larger value 
of spin-orbit splitting. ) 

The XPS metal spectra appear in Figs. 3 through 6. Photoelectron spectra were analyzed 
for the Fe2p, Ni2p, Cr2p and Mo3d core levels for the samples inoculated with the respective 
metal ions. The Mo3d spectra (Fig. 3) is complicated by its overlap with the S2s core 
photoelectron spectra. The formation of metal sulfides from cationic (Fe, Cr and Ni) metal 
complexes in a neutral pH medium was not surprising, but evidence of molybdenum disulfide 
was. One possible explanation is that molybdenum disulfide may form by direct reaction of 
molybdate with hydrogen sulfide, but this requires acidic conditions [32]. In the bulk medium 
with neutral pH, the formation and stability of a sulfide would require microbial production 
of hydrogen sulfide gas in a region of low pH, which could possibly be created by the acetic 
acid and propionic acids that were observed to be produced by the bacteria. It is of interest 
to note that molybdate has been found to play an important role as an electron acceptor in 
the outermost layer of passive films formed on Mo-bearing stainless steels and hence any 
reduction of molybdate to lower valent species would adversely affect the ability of the 
passive film to inhibit ingress of anionic species such as C1- [33]. In addition, we noted that 
the Mo3d photoelectron spectra show a strong signal from a pentavalent reduction product, 
possibly a precurser to disulfide formation or part of a molybdenum oxy-hydroxide complex, 
or both. 6 Further clarification is currently being sought. 

All other metal spectra indicated the presence of the respective chloride in the cell pellet 
as well as the metal sulfides and sulfate compounds. The Cr2p, Ni2p and Fe2p spectra also 

6 D. G. Kim, Ph.D Thesis, SUNY Stony Brook, NY, 1993. 
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FIG. 6--Fe2p.~.2 XPS spectra from Desulfovibrio sp. biomass exposed to 0.2 mM ferric chloride. Peak 
identification: (A) Fe 3~ (from Fe~O~ or FeOOH or Fe(OH)3), (B) Fe -~ (from FeCI3), (C) Fe -'+ (from 
FeS), (D) Fe 2§ (from FeSO~), and (E) Fe -~§ (from Fe2(SO~).~). (Note--No satellite from 2pl,. component 
included in multiplet due to larger value of spin-orbit splitting. ) 

indicated the formation of oxy-hydroxides or hydroxides of the respective metal ions, most 
likely a result of the interaction of the aliquot with the metal species during the process of 
sulfate reduction. By analogy this would further suggest the presence of stable pentavalent 
molybdenum as part of an oxy-hydroxide complex. Both the Cr and Ni spectra exhibited 
only a single valent state; however, there is evidence of both ferric and ferrous compounds 
in the Fe2p photoelectron spectra (Fig. 6). According to the Pourbaix diagram for the iron- 
water system [34], a shift to lower pH due to SRB metabolic activity creates a condition 
favorable for the reduction of the ferric (III) ion to the ferrous (II) ion. The Fe2p XPS 
spectra, in fact, show evidence of not only ferric (III) chloride but also ferrous (II) sulfide 
and sulfate. The Cr(III) and Ni(II) ions are predicted to be stable in acidic environments, 
and hence no reduction to lower valent states (unlikely in any case) is expected. 

Conclusions 

1. Exposure of Desulfovibrio sp. to solutions containing 0.2 mM concentrations of Fe, 
Cr, Ni and Mo metal ions was not found to inhibit the activity of the microorganism 
as indicated by lactic acid consumption, acetic acid production, sulfate reduction and 
gas production. 

2. Of the four metal ions tested (Fe(III), Cr(III), Ni(II) and Mo(VI)), the highest rate 
of sulfate reduction by Desulfovibrio sp. occurred in the presence of molybdate. 

3. XPS revealed the presence of metal sulfides in the biomass that had been inoculated 
by both cationic (Fe, Cr and Ni) and anionic (Mo) metal ions. The formation of cationic 
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4. 

5. 

metal  sulfides in neutral pH medium was not surprising. However ,  the abiotic format ion 
of molybdenum sulfide by reaction of hydrogen sulfide requires acidic conditions. The 
formation and stability of the sulfide may be facilitated by the microbial product ion 
of hydrogen sulfide gas, acetic and propionic acids which may sufficiently lower the 
pH  at localized sites. In addition, enzymatic reduction of Mo(VI)  by Desulfovibrio sp. 
may also occur. In any case, both the production of sulfides and the reduction of  
molybdate may limit the protective capabilities of passive films formed on stainless 
steels. 
Fe2p XPS spectra revealed evidence of  iron(II)  which may result f rom the localized 
reduction in pH due to SRB activity. 
XPS appears to be an invaluable tool in elucidating the possible mechanisms and 
processes involved in corrosion in the presence of sulfate reducing bacteria,  such as 
Destdfovibrio sp. Though limitations exist, primarily due to the ultra-high vacuum 
environment  and the possibility of high sample charging, corrections can be made and 
techniques utilized which enable XPS to determine quanti tat ive chemical information 
for a variety of  biological samples. 
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ABSTRACT: Microbiologically influenced corrosion (MIC) has received increasing attention 
from engineers, materials scientists, and corrosion specialists. In field and laboratory studies, 
basic surface analytical examinations must be correlated to knowledge of the overall corroding 
system in order to conclude the presence of MIC. Preliminary observations and microbiological. 
chemical, microscopic, and metallurgical techniques are discussed. 

KEYWORDS: microbiologically influenced corrosion (MIC), biofilms, surface analysis 

Microorganisms attach to all engineering materials in contact with natural waters and 
colonize surfaces to produce biofilms. The biofilms are varied in composition but usually 
include bacteria, algae, and fungi, in addition to exopolymeric material that provides at- 
tachment and structural integrity. A large fraction of the biofilm is adsorbed and entrapped 
materials such as solutes, heavy metals, and inorganic particulates, in addition to cellular 
constituents [1]. Cells within biofilms grow, reproduce, and form colonies that are physical 
anomalies on a metal surface; local anodes and cathodes and differential aeration cells result 
(Fig. 1). Under aerobic conditions, areas under respiring colonies can become anodic and 
surrounding areas cathodic. A thick biofilm can prevent diffusion of oxygen to cathodic 
sites and diffusion of aggressive anions, such as chloride, to anodic sites. Outward diffusion 
of metabolites and corrosion products is also impeded. If areas within the biofilm become 
anaerobic, the cathodic mechanism can change to reduction of water or microbiologically 
produced H2S. 

Biofilms can be either beneficial or detrimental in industrial processes. They remove 
dissolved and particulate contaminants in fixed film biological systems, such as trickling 
filters, rotating biological contactors, and fluidized bed wastewater treatment plants. Biofilms 
can determine water quality by influencing dissolved oxygen content and by serving as a 
sink for toxic and/or  hazardous materials. Microorganisms within biofilms can be used to 
recover minerals and to degrade hydrocarbons [2]. However, biofilms form undesirable 
deposits on engineering surfaces causing reduced heat transfer [3], increased fluid frictional 
resistance [3], plugging [4], and corrosion [4]. 

The term microbiologically influenced corrosion (MIC) is used to designate corrosion 
resulting from the presence and activities of microorganisms within biofilms on a material 
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/ 
FIG. 1--Differential aeration cell resulting from microbial colony on metal surface. 

surface. Microorganisms can accelerate and control corrosion reactions by several mecha- 
nisms: formation of differential or concentration cells, formation of aggressive metabolites, 
such as sulfides and organic and inorganic acids; metal oxidation and reduction, and de- 
activation of corrosion inhibitors. Iron-oxidizing, sulfur-oxidizing, iron-reducing, sulfate- 
reducing, acid-producing, slime-producing, ammonia-producing, and hydrogen-producing 
bacteria have been implicated in the corrosion of metals and alloys. Sulfate-reducing bacteria 
(SRB) are commonly found to be responsible for MIC in anaerobic environments through 
the production of H2S. Metal-depositing bacteria, especially iron-oxidizing genera, form 
dense deposits of cells and metal ions, creating oxygen concentration cells and under-deposit 
corrosion. Acidic bacterial exopolymers can bind metal ions from the aqueous phase, in- 
creasing corrosion rates by providing an additional cathodic reaction. 

MIC has received increased attention by corrosion scientists and engineers in recent years 
with the development of surface analytical and electrochemical techniques that can quantify 
the impact of microbes on electrochemical phenomena and provide details of corrosion 
mechanisms. MIC has been documented for metals exposed to seawater, fresh water, de- 
mineralized water, process chemicals, food stuffs, soils, aircraft fuels, human plasma, and 
sewage. The chemical process, oil and gas, and power generation industries and the U.S. 
military have acknowledged the occurrence and prevalence of MIC in their operating sys- 
tems. In the past ten years there have been at least 20 international conferences that included 
sessions on the subject. 

Investigations for MIC can usually determine only if conditions are appropriate for MIC. 
Experience has shown that MIC is considered only when other forms of nonbiological 
corrosion have been eliminated. This paper will review field and laboratory surface analytical 
procedures for investigating a corroding system to determine if MIC may be a causative 
agent. Some are applicable to field and laboratory use, while others are only useful for 
research. Related electrochemical techniques used to identify mechanisms and monitor and 
quantify electrochemical parameters and corrosion rates have been discussed elsewhere [5]. 

Preliminary Examination of a Corrosion System 

The Corroding Sample 

1. Metal Composition--Metals listed as commercially pure actually contain a variety of 
impurities and imperfections that influence corrosion. In general, as purity increases, the 
tendency for a metal to corrode is reduced. However, high purity metals frequently have 
low mechanical strength, leading to the use of alloying elements to improve mechanical, 
physical, fabrication, and corrosion characteristics [6]. Alloy composition, manufacturing 
specifications such as surface finish and heat treatments, and presence of protective coating 
influence susceptibility to MIC [7]. 

2. Macroscopic Examination--Color photographs of the corroded material while still wet 
and before extensive handling can be invaluable for reference and documentation. 
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a. Visible fouling 

Extensive biological fouling with filamentous material, slime, and debris suggests the 
presence of algae, in addition to fungi and bacteria. In the presence of light, algae produce 
oxygen (photosynthesis) that can accumulate in the biofilm. In the absence of light, algae 
consume oxygen (respiration) and reverse the process. Dowling et al. [8] showed that a 
photosynthetic biofilm may influence ennoblement of the open circuit potential of type 316L 
stainless steel so that it approaches the potential above which pits can initiate and grow 
(Fig. 2). Algae and fungi may also produce aggressive metabolites. Additionally, Little et 
al, have shown that there is no correlation between the thickness of the biofilm and the 
chemistry at the biofilm/metal interface [9]. Localized cells of pH values 5.2-9.2 were 
measured randomly at depths within an estuarine biofilm on type 304 stainless steel. 

b. Localized corrosion 

(1) F o r m s - - M I C  is localized corrosion and can appear as pitting, crevice corrosion, 
under-deposit corrosion, dealloying, or stress corrosion cracking. The form, shape, and 
depth of the corroded areas should be noted. Pits associated with MIC often have a small 
surface opening with a larger subsurface cavity. SRB produce open pitting or gouging on 
stainless steel. When SRB are active along edges of gasketed joints, shallow crevice corrosion 
is often found under adjacent gaskets. Subsurface tunneling has been observed along ferrite 
stringers in weld areas of stainless steel [10]. SRB attack on cast iron typically produces 
graphitization where the corroded areas are filled with a soft skeleton of graphite [11]. On 
nickel and cupronickel alloys, SRB are reported to produce conical pits containing concentric 
rings [12]. 

(2) Locat ion--Distr ibut ion of corrosion within the sample is important. Frequently. 
pitting of stainless steels is located in the heat-affected zone, fusion line, and adjacent base 
metal of welds [10]. Kobrin described pitting attack in weld seams of a type 316L stainless 
steel storage tank after hydrotesting due to metal-depositing bacteria (Fig. 3) [12]. Regions 
of low flow such as in bends, elbows, or crevices due to engineering design and fabrication 
are common sites for MIC, especially where low oxygen concentrations encourage anaerobic 
bacterial growth. Any recurring directional pattern of localized attack may be related to 
turbulence or impinging flow. 

(3) Material within Pits--Tatnall  reviewed a case history where fine dark particles were 
found in open pits in galvanized steel, identified to include aerobic sulfur-oxidizing bacteria 
and anaerobic SRB [13]. 
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FIG. 3--Tubercle formation on stainless steel [12]: (a) = rust colored streaks normal to weld seams 
in sidewall o f  316L tank formed after 1 month exposure to stagnant hydrotest water, (b) = wet deposit 
o f  metal-depositing bacteria, and (c) = cross-section through pitted weld seam. 
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c. Corrosion products 

Discrete mounds or columns (tubercles) can develop on metal surfaces as a result of 
microbial activities. Morphology and location are often indicative of the causative microbial 
species. Deposit shape, color, and texture should be noted. SRB produce characteristic 
black deposits of FeS on steel and stainless steels. Distinctive reddish-brown, hemispherical, 
or conical tubercles with a small "chimney shape" near the center on the surface of steel 
and subsurface pitting are characteristics of iron bacteria activity [14]. 

Bacterial deposits usually have a soft slimy texture when fresh and wet. In the presence 
of slime-formers, deposits are more irregular and may appear layered. In anaerobic con- 
ditions where SRB involvement is suspected, the deposit may be screened for the presence 
of H2S by odor and testing with HCI [11]. 

Environment of the Corroding System 

In an ideal investigation of MIC, the corrosion environment would be available for in- 
spection. Factors of interest include the following: 

(1) Presence, Absence, Cycles of Light--This would influence biofilm composition, res- 
piration, and metabolic activities [8]. 

(2) Aqueous Medium--Microorganisms within the biofilm are capable of maintaining an 
environment that is radically different from that of the bulk medium in terms of pH, dissolved 
oxygen, and organic and inorganic species [9]. Interfacial chemistry cannot be predicted 
from measurement of any set of parameters in the bulk medium. Similarly, the numbers 
and types of bacteria within biofilms cannot be predicted or determined by measuring 
planktonic microorganisms [15]. The following parameters for the aqueous medium offer 
supportive data for investigation of MIC and causative organisms. 

a. Temperature--Microorganisms have been found at water temperatures from I~ in 
Antarctic waters [16] to 320~ in deep-sea hydrothermal vents [17]. 

b. Salinity--Bacteria are commonly found in fresh and open ocean waters. 

c. Dissolved oxygen--Bacteria are found in 0 to 100% 02 concentrations. 

d. Water chemistries--Including organic carbon nutrients, NO3, CO,_, 02, SO~, and other 
compounds that may serve as terminal electron acceptors in respiratory metabolism. The 
presence and concentration of nitrites, phosphates, and sulfides; ionic materials such as 
chlorine, sulfur and phosphorous; metals, and acids is important. For example, breakdown 
of the protective passive oxide film on stainless steel occurs in the presence of the chlorides. 

e. Water microbiology--See microbiology discussion. 

f. Direction and velocity offlow--Hydrodynamic shear stress, related to flow, influences 
transport, transfer, and reaction rates within the biofilm, as well as biofilm detachment. 

(3) System Relationship to Nearby Upstream Industry--Environmental ground or air pol- 
lution and terrestrial influence, as compared to open ocean. 

(4) Operating History of Corroding System--As an example, there have been several 
documented cases of MIC in the nuclear industry where shutdown after hydrotesting with 
natural waters has resulted in extensive pitting failures [18]. Inadequate drainage left stagnant 
areas conducive to bacterial attack. Antifouling and cathodic protection measures in use 
should be known. 

 



158 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

Collection and Transport of Corroding Sample and Medium 

Pope [11], Tatnall [14], and Stoecker [19] have described sample collection for the study 
of MIC. Swabs should be obtained from the base metal and within pits beneath tubercles. 
Samples of tubercular material and aqueous medium, in addition to any other items in the 
environment of interest should be collected. General recommendations are to collect and 
analyze intact specimens, maintained in natural liquid medium, as soon as possible after 
disturbing the normal operating system. Samples should be taken in clean sterile containers 
and chilled until examination within 12-24 h. Specimens to be studied microscopically should 
be fixed in preservatives such as 2-4% formaldehyde or glutaraldehyde to maintain structural 
integrity. 

Microbiology 

It must be remembered that biofilms are a total community with synergistic relationships 
between organisms, producing activities different than those from isolated species. Cultures 
only provide identification of species present. 

Standard microbiological practices for general and selective cultures are commonly de- 
scribed. General plate counts may be misleading because results do not necessarily correlate 
with bacteria directly related to MIC. Using knowledge of the corroding system, including 
oxygen content, metal alloy involved, and other parameters, a microbiologist could deter- 
mine investigative directions such as using Postgate medium [20] where SRB are suspected. 

Commercially prepared media and test kits are available for on-site and laboratory screen- 
ing. Little et al. have described several for the detection of SRB [21]. 

Culture Techniques 

The American Petroleum Institute (API, New York, NY) Recommended Practice (RP 
38) [22] for the enumeration of SRB in subsurface injection waters specifies sodium lactate 
as the carbon source. When bacteria are present in the sample, they reduce sulfate in the 
medium to sulfide that reacts with iron in solution to produce black ferrous sulfide. Black- 
ening of the medium over a 28-day period signals the presence of SRB. A solid medium 
technique termed "agar deeps" uses a modification of API with sodium sulfite as the reducing 
agent/oxygen scavenger [23]. An agar slant is inoculated, oxygen is excluded, tube is sealed, 
incubated for 5 days, and observed for blackening. 

Direct Methods 

Unlike culturing techniques, direct methods for detecting and quantifying SRB do not 
require SRB growth. Instead, direct methods measure constitutive properties including: 
adenosine-5'-phosphosulfate (APS) reductase [23], hydrogenase [24], cell-bound antibodies 
[25], and DNA ]26]. Attempts have also been made to use adenosine triphosphate (ATP) 
[27] and radiorespirometric measurements for estimates of SRB activity [28]. 

The APS reductase antibody method was developed by Tatnall [23]. APS reductase is an 
intercellular enzyme found in all SRB. Briefly, cells are washed to remove interfering 
chemicals including hydrogen sulfide and lysed to release APS reductase. The lysed sample 
is washed and exposed to a color-developing solution. In the presence of APS reductase a 
blue color appears within 10 min. The degree of color is proportional to the amount of 
enzyme and roughly to the number of cells from which the enzyme was extracted. Similarly, 
a procedure has been developed to quantify hydrogenase from SRB that requires that cells 
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be concentrated by filtration from water samples [24]. Solids, including corrosion products 
and sludge, can be used without pretreatment. The sample is exposed to an enzyme extracting 
solution for 15 min and placed in an anaerobic chamber from which oxygen is removed by 
hydrogen. The enzyme reacts with excess hydrogen and simultaneously reduces an indicator 
dye in solution. The activity of the hydrogenase is established by the development of a blue 
color within 4 h. Color intensity is proportional to rate of hydrogen uptake. 

Field and laboratory epifluorescence cell surface antibody methods for detecting SRB 
have been developed by D. H. Pope [25]. Both methods are based on the use and subsequent 
detection of specific antibodies, produced in rabbits, that react with SRB cells. A secondary 
antibody, produced in goats, is then reacted with the primary rabbit antibodies bound to 
the SRB cells. In the laboratory method, the goat antibodies are linked to a fluorochrome 
that enables bacterial cells marked with the secondary antibody to be viewed with an epi- 
fluorescence microscope. In the field method, the goat antibodies are conjugated with an 
enzyme (alkaline phosphatase) that can then be reacted with a colorless substrate to produce 
a visible color proportional to the quantity of SRB present. 

Hogan has described a nonisotopic, semiquantitative procedure for the detection of De- 
sulfobacterium and Desulfotomaculurn using DNA probes that are labeled with an acridinium 
ester and is sensitive to 104 organisms/mL [26]. DNA probes are directed towards ribosomal 
RNA and may be viewed as consisting of three to four steps: (1) sample handling, (2) binding 
the probe to the target, (3) removal or destruction of the unbound probe, and (4) detection 
and quantification of the reporter group on the bound probe. 

ATP assays estimate the total number of viable organisms by measuring the amount of 
ATP in a sample. ATP is a compound found in all living matter. Littman proposed that 
ATP assay techniques may be used with oilfield water samples to estimate relative numbers 
of SRB [27[. The procedure requires that a water sample be filtered to remove solids and 
salts that may interfere with the test. The filtered sample is added to a reagent that releases 
cell ATP. An enzyme then reacts with the ATP to produce a photochemical reaction. Emitted 
light can be measured with a photometer and the number of bacterial cells is estimated from 
~he total light emitted. 

Microscopy 

Because MIC cannot be verified by morphology of localized corrosion or composition of 
corrosion products, it is essential in the diagnosis of MIC that a spatial relationship be 
established between microorganisms, substratum metal, and corrosion. Several microscopic 
techniques have been used to document numbers and types of microorganisms on surfaces. 
Epifluorescence microscopy has been used to evaluate the distribution of cells on corroded 
surfaces [25]. This technique requires sample fixation and staining. It is often difficult to 
distinguish individual cells within a densely populated biofilm using epifluorescence mi- 
croscopy and it is sometimes impossible to penetrate corrosion products with stains. Trans- 
mission electron microscopy (TEM) has been used to demonstrate microbial cells distributed 
throughout corrosion layers [29]. TEM requires sample fixation, dehydration, embedding 
and thin sectioning. Traditional scanning electron microscopy (SEM), coupled with energy 
dispersive spectroscopy (EDS), has been used extensively to demonstrate bacteria in cor- 
roded areas and to determine surface chemistries resulting from MIC. Elemental chemistry 
of the base metal, pit area, corrosion products, and general biofilm should be identified. 
Presence, morphology, and distribution of microorganisms within the biofilm, and the pres- 
ence of polymeric material must be determined. Figure 4 shows localized corrosion and 
distribution of bacteria in corrosion products from a copper/nickel piping system after 1 
year of service [30]. 
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FIG. 4--Pitting in copper~nickel piping system after 1 year in service [30]: (a) = pitted area and 
(b) = bacteria in cross-section o f  pitted area. 

Preparation of biological material for SEM requires extensive manipulation, including 
fixation, dehydration, and either air or critical-point drying because the SEM operates at 
high vacuum. Nonconducting samples, including biofilms, must be coated with a conductive 
film of metal before the specimen can be imaged. Uncoated nonconductors build up local 
concentrations of electrons, referred to as "charging," that prevent the formation of usuable 
images. EDS can be used to determine the elemental composition of surface films in the 
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SEM, but EDS analyses must be completed prior to deposition of a thin metal coating. EDS 
data are typically collected from an area, the specimen removed from the specimen chamber 
and coated with a conductive layer, and returned to the SEM. The operator attempts to 
relocate and photograph the precise area from which the EDS data were collected. Little 
et al. [31] demonstrated that sample preparation for SEM, including the solvent removal 
of water and air or critical point drying, decreases areal coverage of the surface by the 
biofilm, removes cells from the biofilm, removes extracellular polymeric material that may 
contribute to corrosion, and decreases the concentration of metals bound within the matrix 
of the exopolymer (Fig. 5). 

Environmental scanning electron microscopy (ESEM) was used to demonstrate that the 
number and types of microorganisms on copper surfaces have been underestimated by SEM. 
ESEM provides fast, accurate images of a biofilm (Fig. 6), its spatial relationship to a 
corrosion site, as well as surface chemistry, without extensive manipulation of the sample. 
This instrument uses a unique secondary electron detector capable of forming high resolution 
images at pressures in the range of 0.1 to 20 torr. At these relatively high pressures, specimen 

FIG. 5- -ESEM images comparing biofilm coverage when wet and after removal of water [31]: (a) = 
as taken directly from water and (b ) = after acetone-xylene removal of water. 
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FIG. 6--ESEM micrographs of bacterial cells within biofilms. 

charging is dissipated into the gaseous environment of the specimen chamber, enabling 
direct observation of uncoated, nonconductive specimens. If water vapor is used as the 
specimen environment, wet samples can be observed directly, and EDS data can be collected 
at the same time as sample morphology and topography are photographed. Figure 7 shows 
a flow diagram for sample preparation for SEM compared to that for ESEM. 

Corrosion and sulfide film formation on copper-containing metals can be followed using 
ESEM/EDS. In the presence of S 2-, a porous layer of cuprous sulfide with the general 
stoichiometry Cuz-xS, O < x < 1 forms [32]. Copper ions migrate through the layer, react 
with more sulfide to produce a thick black scale. It has been argued that if the copper sulfide 

 



WAGNER AND RAY ON SURFACE ANALYTICAL TECHNIQUES 163 

FIXATION 
GLUTARALDEHYDE 

I REMOVAL OF FIXATIVE & SALTS 
SERIES OF DISTILLED WATER WASH ES I 

I REMOVAL OF WATER 
GRADED SER ES OF ACETONE WASHES 

§ 
I REMOVAL OF ACETONE 

GRADED SERIES OF XYLENE WASHES I 
I REMOVAL OF XYLENE 

AIR DRYING I 

EDS COAT WITH THIN EDS ESEM 
FILM OF METAL ' ~  

SEM 

FIG. 7--Flow chart comparing sample preparation for SEM and ESEM. 

FIXATION 
GLUTARALDEHYDE 

I REMOVAl OF FIXATIVE & SALTS 
SERIESOFDISTILLEDWATERWASHES I 

layer were djurleite (Cu~ ~6S) the sulfide layer would be protective. However, even if such 
a sulfide film were technically passivating, the film's mechanical stability is so poor that 
sulfide films are useless for corrosion protection. In the presence of turbulence, the loosely 
adherent sulfide film is removed, exposing a fresh copper surface to react with the sulfide 
ions. Preparation of microbiologically-produced sulfide corrosion products on copper foils 
for the SEM physically or chemically, or both, removes material from the surface. 

An important feature of wet biofilms on copper-containing metals was that the micro- 
organisms were distributed throughout the copper/nickel/iron-rich surface layers and not 
on top of these layers as some traditional scanning electron micrographs have indicated. 
Fixation, dehydration, and critical-point drying resulted in a loss of material from the surface 
so that many bacteria were removed with the surface deposits. It has been previously reported 
that bacterial cells attached to the base metal were tenaciously attached to the surface and 
were not removed or distorted during the SEM preparation [31]. TEM has been used to 
demonstrate that bacteria were intimately associated with the corrosion products and that 
on copper surfaces, the bacteria were found between layers of corrosion products and 
attached to base metal [29]. Similarly, ESEM images demonstrate that SRB were distributed 
throughout the sulfur-rich corrosion layers. 

Dealloying of nickel from copper/nickel alloys and intergranular corrosion as a result of 
MIC has been reported by several investigators. Little et al. used EDS to demonstrate 
selective dealloying of Monel 400 in the presence of SRB from an estuarine environment 
(Fig. 8) [30]. The first evidence of a spatial relationship between the constituents of the 
biofilm and dealloying within pits covered with bacteria and diatoms has been presented. 
Little et al. demonstrated that diatoms are easily removed from marine biofilms during 
preparation for SEM and advanced the opinion that the role of diatoms in MIC has been 
neglected (Fig. 5) [31]. 

Several new forms of microscopy have been recently developed. Brief descriptions of 
those with potential application to the research study of biofilms follow. 

Confocal laser scanning microscopy uses mechanical scanning of the object and a laser 
light source. A pinhole diaphragm just before the photomultiplier allows detection of light 
from very small specimen areas. High spatial resolution is achieved where horizontal optical 
sections can be collected and compiled for 3-dimensional image analysis [33]. Geesey has 
used this technique to study multidimensional images within a biofilm 2. 

: G. G. Geesey, personal communication, 1992. 
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FIG. 8--EDS spectra for nickel alloy Monel 400 before and after exposure to estuarine water [30]: 
(a) = unexposed, (b) = exposed for 6 months, showing accumulations of Si, S, and Cl with increased 
Fe and Ni, and (c) = residual metal in base of pit showing Ni depletion and Cu enrichment. 

Scanning tunneling microscopy uses the principle of quantum mechanical tunneling. The 
microscope tip and the sample form two electrodes between which tunneling can occur 
through a nonconductor, usually a vacuum, but can be other media such as water or an 
electrolyte. The tip moves in x,y,z dimensions to yield a surface map of local density states. 
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This technique has been applied to imaging unstained, uncoated viruses [34]. Atomic force 
microscopy provides contour images, as used by Bremer et al., to show spatial relationship 
between a bacterium and a pit on a copper surface [35]. Probes use x,y,z piezotranslation 
to position a sample in contact with a microfabricated cantilever where it is scanned in a 
raster pattern. 

Chemistry 
(1) Aqueous Medium 

Chemical analyses of the liquid medium from the corrosion system has been described 
previously and should be performed according to standard methodology. 

(2) Base Metal and Corrosion Products 

Elemental analysis of base metal and corrosion deposits using SEM/EDS or ESEM/EDS 
has been described. EDS spectra are obtained while the electron beam scans the area of 
interest to obtain true average compositions and avoid bias associated with selecting a specific 
point on an inhomogenous surface. Associated dot mapping shows distribution of an element 
of interest within a field. Figure 9 illustrates use of dot mapping in investigation of delam- 
ination of a zinc coating on galvanized steeP. 

Scanning Auger microprobe analyses were used by Lee et al. to show metallic segregation 
in butt-welded 90/10 Cu/Ni piping [36]. The composition of the heat-affected zone was 
profiled by a series of overlapping images to allow calculation of percentage compositions 
from peak amplitudes. As an example, Fig. 10 shows a profile of percent concentration 
calculated from Auger data for carbon across the heat affected zone of a copper/nickel butt 
weld. 

McNeil et al. analyzed sulfide mineral deposits on copper alloys colonized by SRB in an 
attempt to identify specific mineralogies that could be used to fingerprint SRB activity [32]. 
They concluded that the formation of nonadherent layers of chalcocite (Cu2S) and the 
presence of hexagonal chalcocite were indicators of SRB-induced corrosion of copper. The 
compounds were not observed abiotically and their presence in near-surface environments 
could not be explained thermodynamically. Others have identified mackinawite, gregrite, 
and symthite as indicators for SRB corrosion of ferrous metals in anaerobic environments 
[37]. 

Sulfur isotope fractionation was demonstrated by Little et al. in sulfide corrosion deposits 
resulting from the activities of SRB within biofilms on copper surfaces [38]. 32S was accumu- 
lated in sulfide-rich corrosion products and 34S was concentrated in the residual sulfate in 
the culture medium. Conventionally, the amplitude of each isotope is not reported individ- 
ually, but a ratio is established and compared to the isotope ratio of a standard to yield a 
value ~34S expressed as parts per thousand. Negative ~ values indicate a concentration of 
32S, and positive values indicate an accumulation of 34S. Accumulation of the lighter isotope 
was related to surface derivatization or corrosion as measured by weight loss. Use of this 
and the preceding mineralogical technique to identify SRB-related corrosion requires so- 
phisticated laboratory procedures. 

3 B. Little, unpublished work, 1987. 
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FIG. 9--Delamination of  zinc coating on galvanized steel: (a & b) = galvanized steel pipe containing 
tubercles o f  iron-oxidizing bacteria, (c) = SEM micrograph of  tubercle, (d) = EDS dot map for Fe for 
area shown in (c), and (e) = EDS dot map for Zn for area shown in (c). 
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FIG. lO--Profile of  percent concentration of  carbon across heat affected zone o f  a copper/nickel butt 
weld [36]. Weld bead starts at 22 mm and proceeds to the right, melt zone at approximately 16 ram. 
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(3) Interracial Chemistries 

Including pH, dissolved oxygen, and sulfides have been measured by Lewandowski et al. 
[9], and VanHoudt et al. [39]. Microelectrodes were developed to profile these parameters 
systematically through the biofilm from external surface to the metal/biofilm interface. 

Kearns et al. used X-ray photoelectron spectroscopy to characterize the interaction of 
metal ions and SRB for interracial studies [40], The biomass was irradiated to induce 
photoelectron ejection. By measuring kinetic energies of the photoelectrons, the binding 
energy of the electrons can be calculated. The binding energy value contributes to elemental 
identifications. Shifts in binding energy identifies oxidation state of the element. 

Metallurgy 

Alloy composition, mechanical properties, and microtopography provide indicators of 
corrosion susceptibility. Examples of localized attack for specific alloys have been discussed 
earlier. Deformation of grain structure, presence of inclusions, and any other manufacturing 
defects provide sites of decreased corrosion resistance [6]. In certain environments, heat- 
affected zones of welds in stainless steels are very susceptible to MIC [10]. In metallographic 
examination after exposure, identification of localized attack, carbides from graphitization, 
and hydrides from hydrogen-producing bacteria may suggest MIC. 

Conclusions 

In ideal circumstances, basic examination of a corrosion system includes preliminary 
knowledge of the corroding material and its operating environment. Initial visual obser- 
vations of the undisturbed sample and subsequent microbiological, microscopic, chemical, 
and metallurgical examinations should provide reliable evidence for MIC. 

Acknowledgment 

This work was supported by the Office of Naval Research, Program Element 0601153N, 
through the NRL Defense Research Sciences Program. Approved for public release, unlim- 
ited distribution. NRL Contribution Number PR 92:060:333. 

References 

[1] Characklis. W. G. and Marshall, K. C., "'Biofilms: A Basis for an Interdisciplinary Approach," 
Biofilms, Wiley Interscience, New York, NY, 1990, p. 4. 

[2] Ehrlich, H. L. and Brierly, C. L.. Microbial Mineral Recovery. McGraw-Hill, New York. NY, 
1990. 

[3] Characklis, W., Turakhia, M., and Zelver, N., "'Transport and Interracial Transfer Phenomena." 
Biofilms. Wiley Interscience, New York, NY, 1990, p. 265. 

[4] Moreton, B. B. and Glover, T. G., "New Marine Industry Applications for Corrosion and Bio- 
fouling Resistant, Copper-Nickel Alloys," Biologia Marina. Graficas Orbe, Madrid, Spain, 1980, 
p. 267. 

[5] Mansfeld, E and Little, B., "A Technical Review of Electrochemical Techniques Applied to 
Microbiologically Influenced Corrosion," Corrosion Science, Vol. 3, 1991, p. 247. 

[6] Corrosion Basics. National Association of Corrosion Engineers, Houston. TX. 1984, p. 49. 
[7] Borenstein, S. W., "'Microbiologically Influenced Corrosion of Austenitic Stainless Steel Weld- 

ments," Materials Performance, Vol. 30, No. 1, 1991, p. 52. 
[8] Dowling. N. J. E., Guezennec, J.. Bullen, J., Little, B., and White, D. C., "'Effect of Photosynthetic 

Biofilms on the Open-Circuit Potential of Stainless Steel," Biofouling, 1992, p. 6. 

 



168 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

[9] Little, B., Ray, R., Wagner, P., Lewandowski, Z., Lee, W. C., Characklis, W. G., and Mansfeld, 
E, "Impact of Biofouling on the Electrochemical Behaviour of 304 Stainless Steel in Natural 
Seawater," Biofouling, Vol. 3, 1991, p. 45. 

[10] Borenstein, S. W., "Why Does Microbially Influenced Corrosion Occur Preferentially at Welds?" 
Proceedings, Corrosion/91, Paper 286, National Association of Corrosion Engineers, Houston, 
TX, 1991. 

[11] Pope, D. H., Duquette, D., Wayner, P., Johannes, A., and Freeman, A., Microbiologically 
Influenced Corrosion: A State-of-the-Art Review, Materials Technology Institute, MT113, National 
Association of Corrosion Engineers, Houston, TX, 1989. 

[12] Kobrin, G., "Corrosion by Microbiological Organisms in Natural Waters," Materials Performance, 
Vol. 15, No. 7, 1976, p. 38. 

[13] Tamall, R. E., "Case Histories: Bacteria-Induced Corrosion," Proceedings, Corrosion/81, Paper 
130, National Association of Corrosion Engineers, Houston, TX, 1981. 

[14] Tatnall, R. E., "Fundamentals of Bacteria-Induced Corrosion," Materials Performance, Vol. 20, 
No. 9, 1981, p. 32. 

[15] Costerton, J. W., Geesey, G. G., and Jones, P. A., "Bacterial Biofilms in Relation to Internal 
Corrosion Monitoring and Biocide Strategies," Materials Performance, Vol. 27, No. 4, 1988, p. 
49. 

[16] Maki, J. S., Little, B. J., Wagner, P., and Mitchell, R., "Biofilm Formation on Metal Surfaces in 
Antarctic Waters," Biofouling, Vol. 2, 1992, p. 27. 

[17] Tunnicliffe, V., "Hydrothermal-Vent Communities of the Deep Sea," American Scientist, Vol. 80, 
July-Aug., 1992, p. 336. 

[18] Soracco, R. J., Pope D. H., Eggars, J. M., and Effinger, T. N., "Microbiologically Influenced 
Corrosion Investigations in Electric Power Generating Stations," Proceedings, Corrosion/88, Pa- 
per 83, National Association of Corrosion Engineers, Houston, TX, 1988. 

[19] Stoecker, J. G., "Guide for the Investigation of Microbiologically Induced Corrosion," Materials 
Performance, Vol. 23, No. 8, 1984, p. 48. 

[20] Postgate, J. R., The Sulphate Reducing Bacteria, Cambridge University Press, Cambridge, United 
Kingdom, 1979, p. 26. 

[21] Little, B. and Wagner, P., "Standard Practices in the United States for Quantifying and Qualifying 
Sulphate Reducing Bacteria in Microbiologically Influenced Corrosion," Proceedings Symposium 
Redefining International Standards and Practices for the Oil and Gas Industry, London, United 
Kingdom, sponsor, National Association of Corrosion Engineers, Houston, TX, 1992. 

[22] American Petroleum Institute, API Recommended Practice for Biological Analysis of Subsurface 
Injection Waters, American Petroleum Institute (API), New York. NY, 1965. 

[23] Tamall, R. E., Stanton, K. M., and Ebersole, R. C., "Methods of Testing for the Presence of 
Sulfate-Reducing Bacteria," Proceedings, Corrosion/88, Paper 88, National Association of Cor- 
rosion Engineers, Houston, TX, 1988. 

[24] Boivin, J., Laishley, E. J., Bryant, R. D., and Costerton, J. W., "The Influence of Enzyme 
Systems on MIC," Proceedings, Corrosion/90, Paper 128, National Association of Corrosion 
Engineers, Houston, TX, 1990. 

[25] Pope, D. H., "Development of Methods to Detect Sulfate-Reducing Bacteria Agents of Micro- 
biologically Influenced Corrosion," MTI 37, Materials Technology Institute of the Chemical Pro- 
cess Industries, Inc., sponsor, National Association of Corrosion Engineers, Houston, TX, 1990. 

[26] Hogan, J. J., "A Rapid, Non-Radioactive DNA Probe for the Detection of SRBs," presented at 
the Institute of Gas Technology Symposium on Gas, Oil, Coal and Environmental Biotechnology, 
New Orleans, LA, 1990. 

[27] Littman, E. S., "Oilfield Bactericide Parameters as Measured by ATP Analysis," Paper 5312, 
International Symposium of Oilfield Chemistry, Preprints, Society of Petroleum Engineers of the 
American Institute of Mining, Metallurgical, and Petroleum Engineers (AIME), New York, NY, 
1975, pp. 171-181. 

[28] Rosser, H. R. and Hamilton, W. A., "Simple Assay for Accurate Determination of [3~S] Sulfate 
Reduction Activity," Applied and Environmental Microbiology, Vol. 45, 1983, p. 1956. 

[29] Blunn, G., "Biological Fouling of Copper and Copper Alloys," Biodeterioration VI, CAB Inter- 
national, Slough, United Kingdom, 1986, p. 567. 

[30] Little, B., Wagner, P., Ray, R., and McNeil, M., "Microbiologically Influenced Corrosion in 
Copper and Nickel Seawater Piping Systems," Marine Technology Society Journal, Vol. 24, No. 
3, 1990, p. 10. 

[31] Little, B., Wagner, P., Ray, R., Pope, R., and Scheetz, R., "Biofilms: An ESEM Evaluation of 
Artifacts Introduced During SEM Preparation," Journal of Industrial Microbiology, 1991, p. 213. 

 



WAGNER AND RAY ON SURFACE ANALYTICAL TECHNIQUES 169 

[321 McNeil, M. B., Jones-Meehan, J., and Little, B. J., "Production of Sulfide Minerals by Sulfate 
Reducing Bacteria during Microbiologically Influenced Corrosion of Copper," Corrosion, Vol. 
47, No. 9, 1991, p. 674. 

[33] Baak, J., Thunnissen, E, Oudejans, C., and Schipper, N., "Potential Clinical Uses of Laser Scan 
Microscopy," Applied Optics, Vol. 26, No. 16, 1987, p. 3413. 

[34] McCormick, D. and McCormick, L., "Applications of Scanning Tunneling Microscopy to Bio- 
logical Materials," Biotechnology Laboratory, 1990, p. 55. 

[35] Bremer, P., Geesey, G., and Drake, B., "Atomic Force Microscopy Examination of the Topog- 
raphy of a Hydrated Bacterial Biofilm on a Copper Surface," Current Microbiology, Vol. 24, 1992, 
p. 223. 

[36] Lee, R. N., Norr, M. K., Jacobus, O. J., Little, B. J., and Wagner, P. A., "Composition Variations 
in Copper-Nickel Butt Welds," Corrosion, Vol. 47, No. 8, 1991, p. 645. 

[37] Baas-Becking, G. M. and Moore, D., "Biogenic Sulfides," Economic Geology, Vol. 56, 1961, p. 
259. 

[38] Little, B. Wagner, P., and Jones-Meehan, J., "Sulfur Isotope Fractionation by Sulfate-Reducing 
Bacteria in Corrosion Products," Biofouling, Vol. 6, 1993, p. 279. 

[39] VanHoudt, P., Lewandowski, Z., and Little, B., "Iridium Oxide pH Microelectrode," Biotech- 
nology and Bioengineering, Vol. 40, 1992, p. 601. 

[40] Kearns, J. R., Clayton, C. R., Halada, G. P., Gillow, J. B., and Francis, A. J., "The Application 
of XPS to the Study of MIC," Proceedings, Corrosion/92, Paper 178, National Association of 
Corrosion Engineers, Houston, TX, 1992. 

 



SRB Characterization 

 



Michael  B. McNe i l  1 and A .  L .  O d o m  2 

Thermodynamic Prediction of 
Microbiologically Influenced Corrosion 
by Sulfate-Reducing Bacteria (SRB) 

(MIC) 

REFERENCE: McNeil, M. B. and Odom, A. L., "Thermodynamic Prediction of Micro- 
biologically Influenced Corrosion (MIC) by Sulfate-Reducing Bacteria (SRB)," Microbiol- 
ogically Influenced Corrosion Testing, ASTM STP 1232, Jeffery g. Kearns and Brenda J. 
Little, Eds., American Society for Testing and Materials, Philadelphia, 1994, pp. 173-179. 

ABSTRACT: Sulfiding corrosion induced by the action of consortia containing sulfate-reducing 
bacteria (SRB) in biofilms is a problem with most common engineering materials. It is now 
possible to use a model based on basic thermodynamic reasoning and information on com- 
plexation and alteration kinetics to make some predictions about the mineralogy and form of 
the corrosion products. This analysis, applied to a variety of materials, gives predictions in 
agreement with experimentation. 

KEYWORDS: microbiologically influenced corrosion (MIC), sulfate-reducing bacteria (SRB), 
stability diagrams 

Microbiologically influenced corrosion (MIC) resulting from the sulfiding action of con- 
sortia, including SRB, was reported before sulfate-reducing bacteria (SRB) had been char- 
acterized microbiologically [1-3]; the basic chemistry of SRB MIC of iron was identified in 
1934 [4], and a general review of SRB MIC of metals was published in 1961 [5]. Notwith- 
standing these activities, and significant engineering research on SRB-influenced MIC [6- 
9], little or no effort was made to understand why SRB MIC was common in certain alloy 
systems and rare or unknown (or very slow) in others, or to explain the nature of the 
corrosion products. This is still true despite advances in knowledge of microbiological aspects 
of biomineralization [10,11]. 

The availability of modern experimental techniques, especially the environmental scanning 
electron microscope (ESEM) [12], and various other probes that have permitted much more 
accurate measurements of conditions in biofilms [13] and the nature of corrosion products 
[14,15], have made it possible to construct and test models for microbiological-corrosion 
processes. This paper presents a model that can be used to interpret sulfiding corrosion 
resulting from the direct action of consortia of microorganisms within a biofiim attached to 
the surface of a metal or alloy, assuming that the net primary reaction is that between sulfide 
ions produced by the SRB and metal atoms from the solid, though this net reaction is the 
sum of several reactions, at least one of which involves metal ion solubilization. The term 
"corrosion" will be used to characterize the reactions associated with this phenomenon, 
though it is recognized that some of the reactions involving species such as malachite 
(Cu_,CO3(OH)_,) are of the sort more commonly described as alteration. The focus on the 
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sulfiding reactions does not imply that nonsulfiding reactions are unimportant in corrosion. 
For example, to understand the overall reactions involved in SRB MIC of iron in natural 
environments (which are almost never wholly oxygen-free), one must consider anodic re- 
actions leading to products such as green rust [16] and other oxidized species; otherwise, 
one cannot account for the fact that in some cases of iron corrosion, metal consumption is 
greater than can be accounted for on the basis of iron-sulfide stoichiometry. The purpose 
of this paper is to address the question of whether basic thermochemical data can be used 
to predict vulnerability to sulfiding MIC rather than to pursue detailed kinetic issues, even 
those that are very important practically. 

S t a t u s  o f  D a t a b a s e  

The following are mineralogical observations that have been made on the products of 
SRB-influenced corrosion/mineralization reactions. Patterns refer to X-ray powder patterns 
when not otherwise described. 

u AI--No data. 
�9 Ag- -MIC leads to production of acanthite, Ag2S [17]. 
u Ag-Cu AUoys--MIC leads to production of acanthite, sometimes argentite, the high- 

temperature polymorph of Ag2S or jalpaite, Ag3CuS~_ [17]. 
�9 Be--No data. 
�9 Cd- -No direct data, but evidence of cadmium sulfide (CdS) formation [18]. 
�9 Ce, Other Rare Earths--No data. 
�9 Cr- -No data. 
�9 Cu--SRB MIC produces complex suites of sulfide minerals; the most common product 

is chalcocite, Cu2S, though final product in many cases is blue-remaining covellite, 
CuS,+x [19]. 

�9 Cu-As, Cu-Sb Alloys--No data. 
�9 Cu-Ni Alloys--Corrosion products are similar to those of Cu, but with significant 

djurleite, Cu31S~6. No Ni minerals are observed [19]. 
�9 Cu-Sn Alloys--Corrosion products similar to those in Cu. 
�9 Cu-Zn Alloys--Complex patterns with no familiar mineral lines. 
�9 Fe (Carbon Steel)--Final product is pyrite, FeS_,; intermediate reactions involve a 

number of compounds. Crystals tend to be small [6,7,20]. 
�9 Fe (Stainless Alloys)--Rate are slower than pure Fe or carbon steel. No Ni minerals 

have been detected. Stainless steels with 6% or more Mo appear to be very resistant. 
�9 I r - -SRB MIC of oxidized Ir surfaces produces complex patterns. 
u Mg--No data. 
�9 Ni--SRB produce millerite, NiS, from Ni ions [15]; Ni and high-Ni alloys are vulnerable 

to SRB MIC but Ni minerals are rarely detected. 
�9 Pb--SRB MIC produces galena, PbS [21,22]. 
�9 Sn--No data. 
�9 Ti--Apparently not affected by SRB [23]. 
�9 Zn- -SRB MIC produces a sulfide conjectured to be sphalerite, ZnS [5]. 
�9 Zr--Apparently not affected by SRB. 

There are three basic sources for thermodynamic data. Two are published books: The 
National Bureau of Standards Handbook of Thermodynamic Data [24] and Woods' and 
Garrels' Compilation of Data on Minerals [25]. The third is the Data Program for Alloy 
Phase Diagrams, which maintains files of thermodynamic data at the University of Toronto 
(Dr. V. Itkin) and at the University of Notre Dame (Professor C. B. Alcock). 
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Model for Pure Metals 

The observations summarized above are consistent with the following general model. SRB 
MIC is initiated by sulfide-rich, reducing conditions in the biofilm. Under these conditions 
the oxide layer on the metal (or, in the case of Ag, perhaps the metal itself) is destabilized 
and acts as a source of metal-containing ions [26]. These ions are generally complexes of 
some sort (possibly sulfide complexes; see Refs 15, 27, and 28). At the surfaces of the 
microbes, these ions react to produce sulfide compounds in micron size particles that are, 
at least for Ni, crystalline [15], though they may at first be amorphous, in the case of iron 
[29]. The consumption of metal ions at microbe surfaces is balanced by release from the 
surface, so the net reaction is as follows: 

MO , MS (1) 

until the oxide is totally consumed, and thereafter (or throughout) the reaction, in the case 
of Ag) 

M , MS (2) 

where M is the metal, MO the oxide, and MS the sulfide. If the reaction to produce MS 
from MO has a positive Gibbs free energy under surface conditions, the sulfides will not 
strip the protective oxide; if the reaction from M to MS has a positive Gibbs free energy, 
the metal, even when exposed, is immune. 

The sulfide microcrystals then redissolve and reprecipitate as larger, generally more sul- 
fide-rich crystals, ultimately altering the sulfide minerals stable under biofilm conditions. 
The sulfide-sulfide alteration reactions generally follow Ostwald's principle [30] stating that 
less stable, and generally sulfide-poor minerals are precursors to more stable end products, 
and the simplexity principle [31], which states that solutions rich in impurity ions tend to 
precipitate high-temperature, high-entropy polytypes that can accommodate alien cations. 
Ultimately, in the presence of dissolved oxygen, the sulfides may react to other compounds; 
this is particularly true in piping situations where oxygenated water may be brought into 
contact with the biofilm. 

Microbiological and inorganic chemical processes interact in MIC, and it is clear that at 
least in some cases this interaction is extremely complex [32]. The model put forth here 
treats the microbiological processes purely as a machinery for adjusting local water chemistry 
and reduces the whole process of MIC and biomineralization to a special case of inorganic 
alteration. Clearly this is not always adequate if one wishes to predict the composition [29] 
or morphology [32] of minerals forming, for example, in magnetotactic bacteria. The evi- 
dence in this paper indicates that it is adequate to make predictions of whether materials 
are subject to MIC, and to make some general predictions about corrosion-product min- 
eralogy. 

This model can be tested in several ways. First, it should explain why SRB MIC is not 
found on certain metals. While considerations of acidity, dissolved oxygen, sulfide levels, 
and so forth change the details, it is clear that this model says that if reaction [1] has a 
sizeable negative standard-free energy of reaction, SRB MIC is possible, while if the reaction 
has a sizeable positive standard-free energy of reaction, SRB MIC will not happen. 

Using the data in the most recent National Institute of Standards and Technology (NIST) 
table [24], one can examine possible sulfidation reactions for a number of metals at 298.16 
K. First, two familiar cases 

Cu20 -F HS- ) Cu2S + OH- 
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The standard-flee energy of reaction is - 110.2 kJ. 

CuO + HS-  ~ CuS + OH 

The standard-free energy of reaction is - 103.2 kJ. 
Fe: 

Fe304 + 4HS- ~ 2Fe~_, S(pyrrhotite) + FeS2 + 4OH-  

The standard-flee energy of the reaction is - 2 9 . 6  kJ using the thermodynamic values for 
iron-rich pyrrhotite near the composition FeS; however, assuming that the products were 
pyrite and sulfur-rich pyrrhotite would give a standard-flee energy of reaction below - 100 
kJ. 

Consider two metals that are not normally considered subject to SRB MIC, but which 
have been observed to undergo such reactions 
Pb: 

PbO + HS-  ~ PbS + OH-  

The standard-flee energy of reaction is -80 .79  kJ. 
It: 

IrO2 + 2HS ~ IrS2 + 2OH- 

The standard-flee energy of reaction is - 191 kJ. 
As a further check, one can examine metals that appear not to exhibit SRB MIC, Ti and 

Zr. In these cases we have no flee-energy data. Standard enthalpies of reaction will be 
calculated; reference to the NIST tables indicates that entropy difference terms are generally 
fairly minor contributions to the flee energies of solid sulfides. The hypothetical sulfide 
product on Ti is assumed to be TiS, not TiS_,, because no data are available even on the 
enthalpy of formation of TiS2. 
Ti: 

TiO2 + H S - .  ~ TiS + O H -  + V2 02 

The standard enthalpy of reaction is + 587 kJ. 
Zr: 

ZrO2 + 2HS- ~ ZrS2 + 2OH- 

The standard enthalpy of reaction is + 206 kJ. 
Standard-flee energies of reaction are not identical to standard enthalpies of reaction, 

but it is still hard to imagine conditions on the surface of the earth that would produce 
negative free energies for the hypothetical Ti and Zr  SRB MIC reactions; certainly it would 
require conditions antithetical to the growth of organisms. Using the familiar formula for 
equilibrium constants, In K = -AG0/kT,  one can see that to produce TiS2 from TiO2 by 
increasing the concentration of HS- at atmospheric oxygen pressure would require an HS-  
activity of the order of e 268. Analyses of the implications of obtaining this conversion by 
other chemical means also lead to unphysical requirements. Calculations on other metals 
for which data are available also support three general conclusions concerning SRB MIC. 
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The first conclusion, based on thermodynamic equilibrium reasoning, is: If, under all 
plausible biofilm conditions, the sulfides of  a metal have higher free energy than the metal or 
oxide, the metal is immune to SRB MIC. 

This reasoning suggests the possibility of finding a way of making alloys passive to SRB 
MIC, by introducing surface films that are composed of minerals, other than oxides, that 
are more stable than the metal sulfides; for example, copper might be protected by a layer 
of dioptase, CuSiO3 �9 H20.  However, if the coating on the metal (oxide or not) resists SRB 
MIC, but the underlying metal is not immune, one has a version of passivity and the metal 
would be vulnerable to localized attack at flaws in the coating. 

Two further conclusions can be drawn concerning SRB MIC. Consideration of metal mass 
transport from the oxide (or other) surface to the SRB leads to a second conclusion: Metals 
that do not dissolve easily in the biofilm will exhibit slower SRB MIC than those that do; and 
if the coating on the metal is of  such a nature as to suppress dissolution or complexing, it will 
reduce the rate of  SRB MIC. These assertions are again supported by the observation that 
Cu, particularly pure Cu, shows quite rapid SRB MIC, while Ni and its alloys, although 
almost equally vulnerable from the thermodynamic standpoint, are much more resistant 
because the Ni ** ion has a kinetic resistance to solubilization [26]. Furthermore, Ni §247 ions 
do not have easily-formed sulfide complexes like Cu ~, so nickel minerals once formed in 
the biofilm are not as reactive. 

Since the reason stainless steel is stainless is that the Cr and Ni stabilize the oxide and 
the model predicts that one-phase stainless steels undergo sulfiding MIC more slowly than 
carbon steels, which is observed. 

The third conclusion concerning SRB MIC arises from the fact that almost all of the 
reactions at the surface involve charge transport: A metal with a surface coating having low 
electrical conductivity will show lower SRB MIC than the same metal with a coating having 
a higher electrical conductivity. 

Application of the Model to Alloys 

The most straightforward way to apply the reasoning previously stated to metals in aqueous 
solutions, whether or not cathodically protected, is by use of Pourbaix diagrams [33] that 
display regions of stability for phases and ionic species as functions of Eh and pH, and are 
widely used in abiotic corrosion research. However, there are three problems in the use of 
conventional Pourbaix diagrams in studying SRB MIC in commercial alloys. First, Pourbaix 
diagrams tell one nothing about kinetics; a minor alloying element may fundamentally change 
the nature of a surface oxide, changing all reaction rates radically. Second, conventional 
Pourbaix diagrams address only pure metals, and cannot deal with either the thermodynamic 
affects of alloying or with dealloying. Third, conventional Pourbaix diagrams treat all cor- 
rosion-product minerals as having unique stoichiometries, and many do not (notably mack- 
inawite, pyrrhotite, and covellite). 

The model may be applicable to answering questions that appear to be questions about 
oxide reaction rates (for example, why does the addition of 6% Mo to a stainless steel 
suppress SRB MIC?), but such an application will require a careful study of the thermo- 
dynamics and kinetics of oxide alteration. In general, one may say that an alloying element 
that makes the surface oxide more stable thermodynamically will retard MIC. 

The use of conventional Pourbaix diagrams is unlikely to predict immunity where there 
is vulnerability to SRB MIC. Such diagrams do not take into account either the thermo- 
dynamic effects associated with alloying or those ,,ssociated with the formation of minerals 
having variable stoichiometry, but the errors in reaction energies associated with substitu- 
tional alloy formation are generally small. A large error could be introduced by the formation 
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of a nonsubstitutional mixed-cation mineral, but this would be unusual. However, the in- 
ability of conventional Pourbaix diagrams to accommodate thermodynamic effects of alloying 
and mixed-cation mineral formation does mean that they cannot readily be used to interpret 
dealloying, and many types of corrosion products also cannot be understood with conven- 
tional diagrams. 

Conclusions 

The use of thermodynamic arguments to predict immunity or vulnerability to MIC by 
SRB gives correct predictions for all pure metals for which experimental data are available. 
Extension of thermodynamic reasoning to alloys appears to require thermodynamic analyses 
of not only alloys and mixed-cation corrosion products, but also analyses of surface oxides. 
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ABSTRACT: Sulfur isotope fractionation was demonstrated in corrosion products resulting 
from the activities of sulfate-reducing bacteria within biofilms on copper surfaces. 32S accu- 
mulated in corrosion products, while 34S was concentrated in the culture medium due to 
fractionation. The accumulation of the lighter isotope was related to surface derivatization or 
corrosion as measured by weight loss. 

KEYWORDS: sulfur isotopes, sulfate-reducing bacteria (SRB), corrosion, mass spectrometry, 
copper alloys, seawater, environmental scanning electron microscopy (ESEM) 

Introduction 

Sulfate-reducing bacteria (SRB) are responsible for microbiologically influenced corrosion 
(MIC) of numerous metals and alloys [1-5]. Obligate anaerobic SRB within biofilms can 
reduce sulfate at metal/biofilm interfaces in both oxygenated and anaerobic bulk media 
[6, 7]. When sulfate is reduced by SRB, there is a net release of free energy used for growth 
and the concomitant production of large amounts of sulfide [8]. Sulfides react aggressively 
with many metals to form corrosion products. 

MIC resulting from the activities of SRB does not produce any unique form of localized 
corrosion. Instead, pitting, crevice corrosion, dealloying, and underdeposit corrosion have 
been attributed to SRB. Recently, McNeil, Jones, and Little [9] attempted to identify 
mineralogical fingerprints for SRB-influenced corrosion on copper surfaces by identifying 
unique copper sulfide minerals formed by SRB in biofilms that do not form abiologically 
at standard conditions of temperature and pressure. The formation of non-adherent layers 
of chalcocite (Cu2S) and the presence of hexagonal chalcocite were indicators of SRB- 
influenced corrosion. During sulfate reduction by SRB, the stable isotopes of sulfur (32S and 
34S) are selectively metabolized and the sulfide is enriched in 32S [10]. The 348 isotope 
accumulates in the starting sulfate as the 32S isotope is removed and becomes concentrated 
in the sulfide. Isotope fractionation by SRB has been used to interpret the origin of sulfides 
in modern and ancient environments, including sediments and groundwaters [11-16]. The 
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authors of this paper evaluated isotope fractionation from a sulfate-rich medium by ex- 
amining sulfide corrosion products produced by SRB on copper surfaces and correlating the 
degree of fractionation with corrosion as measured by weight loss. 

Materials and Methods 

Replicate strips of 90Cu: 10Ni were preweighed and exposed for 3 months to two mixed 
cultures. These cultures contained facultative and obligate anaerobic bacteria isolated from 
corrosion failures and were known to contain SRB. Isolation, maintenance and identification 
techniques have been described elsewhere [9]. Three replicates were used for environmental 
scanning electron microscopy (ESEM) [17] and corrosion weight loss (ASTM Practice for 
Preparing, Cleaning, and Evaluating Test Specimens, G 1). 

Sulfur isotope fractionation analyses were performed by Global Geochemistry (Canoga 
Park, CA). Three replicates were used to evaluate sulfur isotope fractionation in the cor- 
rosion products and in the growth medium. Controls were prepared with foil strips and 
sterile media to which no SRB were added. The foil strips were not sterilized, and control 
samples did develop microbial growth. 

Each metal strip exposed to SRB was removed from the culture medium, rinsed with 
distilled water to remove residual sulfates, air dried and clipped into small pieces. The 
culture medium was centrifuged and the liquid medium decanted. Solid material was rinsed 
with distilled water, air-dried and combined with the dried foil pieces in a ceramic crucible 
that contained iron chips. Samples were combusted at high temperature (about 1400~ 
under oxygen to convert sulfur to sulfate [18-20]. Sulfur concentration was analyzed as 
sulfate precipitated as BaSO4. Quartz powder and the BaSO4 precipitate were combusted 
at 900~ in a quartz tube to remove organic material, cooled and reheated to convert SO4 
to SO_,. SO, was analyzed with a dual collecting, stable isotope ratio mass spectrometer. 
The culture medium was treated and analyzed as above. The amount of sulfur was calculated 
by relating the weight of precipitated BaSO4 to the starting liquid volume. Conventionally, 
the amplitude of each isotope is not reported individually, but a ratio is established and 
compared to the isotope ratios of a standard to yield a value termed G 345 expressed as parts 
per thousand (%0), as follows: 

G 3~S %o 34S/32S sample - ~S/32S standard 
= x 1000 

34S/3-'S standard 

Negative G values indicate a concentration of 32S, and positive numbers indicate an accu- 
mulation of the heavier 3~S. The standard for the sulfur isotope is meteorite troilite (FeS). 

Results 

After exposure to mixed cultures containing SRB, all foils were covered with a continuous 
black corrosion layer (Fig. 1). Control foils exposed to identical conditions, but not inoc- 
ulated with SRB, were covered with a light brown slime layer. Bacteria were distributed 
throughout the black corrosion layers associated with the sulfide corrosion products (Fig. 
2a, b). Some cells were encrusted with sulfur-rich deposits (Fig. 3). Localized corrosion was 
observed under discrete deposits (Fig. 4). 

Tables 1 and 2 show sulfur concentrations in the solid corrosion products and growth 
medium for controls and cultures of SRB. Copper foils exposed to SRB developed sulfur- 
rich corrosion products (4321 to 36 695 ppm sulfur), whereas the controls accumulated 
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FIG. 1--90Cu : lONi surface colonized by SRB ( x 3). 

FIG. 2 - -ESEM micrographs of  biofilms on copper alloy foils. 
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FIG. 3--ESEM image of sulfide deposits on cell from 90Cu:lONi in SRB culture. 

FIG. 4--ESEM image of pits on copper foil after exposure to SRB. 
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TABLE l--Sulfur isotope and corrosion data after three months exposure. 

Sample 

Weight Loss 
Sulfur g 34S Sulfur g 348 mg/mm 2 x 10 

Concentration in Solid, Concentration in Medium, for Similarly 
in Solid, ppm %0 in Medium, ppm %o Treated Foils 

Control 747 10.2 372 0.3 15.9 
900 12.3 514 0.4 30.2 
613 16.5 580 0.2 29.9 

SRB Culture I 26627 - 0 . 4  7 " 226.3 
36618 - 1.3 20 3.7 131.7 
36695 - 0.8 16 8.7 178.6 

SRB Culture II 4321 0.6 20 23.8 99,4 
3371 1.5 18 25.8 227.2 

19490 -0 .7  11 ~ 169.5 

" Insufficient sulfur. 

surface layers with low concen t ra t ions  of sulfur (613 to 900 ppm) .  Similarly,  sulfur was 
deple ted  in the  cul ture  media  inocula ted  with SRB relat ive to the  controls  wi thou t  SRB.  

Weight  loss and  sulfur i sotope f rac t iona t ion  da ta  are also inc luded  in Tables  1 and  2. The  
s tar t ing sulfates in the  cul ture  m e d i u m  had  a ~ 34S = - 0 . 8 8 ,  indicat ing a slight e n r i c h m e n t  
of the  l ighter  isotope.  The  32S isotope accumula ted  in all cor ros ion  produc ts  resul t ing f rom 
the activit ies of SRB,  and the  residual  sulfur in the  growth  m e d i u m  was en r i ched  in 34S. 
Using an F test  for analysis of var iance ,  there  was a significant di f ference be tween  means  
of  5 34S for  foils exposed  to SRB and  controls  at  the  95% conf idence  level. T h e r e  was also 
a significant di f ference be tween  means  of weight  loss for foils with  SRB + NaC1 c o m p a r e d  
to the  controls  at the  95% conf idence  level. The re  was no  significant d i f ference in weight  
loss for foils with SRB - NaCI c o m p a r e d  to controls .  Sample  weight  loss c a n n o t  be  direct ly 
cor re la ted  with accumula t ion  of 32S. 

TABLE 2--Sulfur isotope and corrosion data after six months exposure. 

Weight Loss mg/mm 2 • 10 
Sample 8 34S in Solid, %o ~ 34S in Medium, %o for Similarly Treated Foils 

Control 

SRB Culture I 

SRB Culture II 

9.8 -0 .3  76.4 
13.8 0.1 95.1 
16,2 - 0.3 59.7 

- 0 . 4  10.7 138.5 
- 0 . 2  20.4 261.5 
- 1.5 " 158.8 
- 0.2 ~ 364.1 
- 1.6 ~ 282.6 
- 0 . 6  a 
- 1 . 1  0.6 351.8 
- 0 . 4  5.9 247.6 
-0 .3  30.3 329.1 
- 1.9 29.3 313.0 
-0 .5  " 229.4 
- 0 . 2  ~ 

" Insufficient sulfur. 
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Discussion 

SRB are a diverse group of anaerobic bacteria that can be isolated from a variety of 
environments [8,21] including seawater [22], where the concentration of sulfate is typically 
2 g/L. Even though the oxygen content of seawater ranges from 6 to 10 ppm, anaerobic 
microorganisms survive in anaerobic microniches until conditions are suitable for their 
growth [23,24]. If the aerobic respiration rate within a biofilm is greater than the oxygen 
diffusion rate, the metal/biofilm interface can become anaerobic and provide a niche for 
sulfide production by SRB [25]. 

The impact of sulfides on the corrosion of copper alloys has received a considerable 
amount of attention. Little et al. [26,27] published several reports documenting localized 
corrosion of copper alloys by SRB in estuarine environments. Others reported the failure 
of copper alloys in polluted seawater containing waterborne sulfides that stimulate pitting 
and stress corrosion cracking [28]. Copper alloys suffer accelerated corrosion attack in 
seawater containing 0.01 ppm sulfide after 1-day exposure [29]. A porous layer of cuprous 
sulfide with the general stoichiometry Cuz-xS, O < x < 1 forms in the presence of sulfide 
ions [30]. Copper ions migrate through the layer, react with more sulfide, and produce a 
thick, black scale. 

It has been argued that if the copper sulfide layer were djurelite (CuL~S), the sulfide 
layer would be protective [31]. Even if such a sulfide film were technically passivating, the 
film's mechanical stability is so poor as to be useless for corrosion protection. In the presence 
of turbulence, the loosely adherent sulfide film is removed, exposing a fresh copper surface 
to react with sulfide ions. In the presence of oxygen, the possible corrosion reactions in a 
copper sulfide system are extremely complex because of the large number of stable copper 
sulfides [32], their differing electrical conductivities, and catalytic effects. Transformations 
between sulfides or of sulfides to oxides result in changes in volume that weaken the at- 
tachment scale and oxide subscale, leading to spalling. Bared areas repassivate forming 
cuprous oxide. The lack of tenacity of the copper sulfide corrosion products was evident 
during sample manipulation. 

Most scanning electron microscopy (SEM) images of SRB on copper surfaces have in- 
dicated a monolayer of cells overlaying a sulfur-rich layer. Transmission electron microscopy 
has been used to demonstrate that bacteria were intimately associated with corrosion prod- 
ucts and that on copper-containing surfaces, the bacteria were found between alternate 
layers of corrosion products and attached to base metal [33]. ESEM image presented in Fig. 
2 demonstrates that SRB were distributed through the sulfur-rich corrosion layers. The 
ESEM is capable of accommodating wet biological material without dehydration and metal 
coating. Artifacts introduced into SRB biofilms as a result of fixation for SEM have been 
reviewed by Little et al. [17]. 

During abiotic chemical reduction of sulfate, a kinetic isotope effect results in a predom- 
inance of 32S in the sulfide [34]. Bacterial sulfate reduction results in ~ ~S values greater 
than that predicted by the chemical kinetic isotope effect [20]. Enhanced isotope fractionation 
has been explained in terms of additive effects associated with two or more enzymes in the 
microbial sulfate reduction pathway [35]. Isotopic fractionation during sulfate reduction is 
inversely proportional to the rate of reduction when lactate and ethanol are used as electron 
donors and is directly proportional when molecular hydrogen is the electron donor [18]. 
Both temperature and sulfate concentration influence the rate of reduction and therefore 
the extent of fractionation, but the impact of sulfate concentration is reportedly minor [20]. 
The most negative values for b 34S have been reported for microbial reductions with slow 
reaction rates when the sulfide can be trapped and analyzed immediately after formation? 

3 Isaac R. Kaplan, Global Geochemistry, Canoga Park, CA, personal communication, 1991. 
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The ~ 3% values reported in this study are small by comparison to many of the literature 
values for microbiological fractionation and may reflect fast conversion rates and the inability 
to trap the sulfide as it forms. Sulfide corrosion products were allowed to form over 3- and 
6-month periods. During that time the isotope ratio of the starting medium became enhanced 
in the heavier isotope so that further sulfate reductions would not have the original pool of 
isotopes from which to select. With aging and further sulfate reductions, one would expect 
the ~ 34S values of the sulfide corrosion products and the medium to reach equilibrium. For 
example, the consequence of biological sulfate reduction through geological time has been 
to transfer 32S to marine sediments and to leave the seawater sulfate enriched in 3% by 20%0 
relative to meteoritic sulfur [18]. 

Conclusions 

Sulfur isotope fractionation was demonstrated in corrosion products resulting from the 
activities of SRB on copper surfaces. Accumulation of 32S in sulfide corrosion products may 
be a useful indicator of MIC. 
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ABSTRACT: Reverse sample genome probing (RSGP) has been used for the analysis of 
sulfate-reducing bacteria (SRB) in samples obtained from heavy oil operations in the Wain- 
wright/Wildmere fields in Western Canada. These reservoirs are shallow (600 m), roughly 
25~ and host a 6% brine. Master filters containing up to 35 independently hybridizing SRB 
standards were used for analysis of DNA prepared from the samples. The standards represented 
the diversity of SRB that is now recognized, for example, SRB using lactate, ethanol, benzoate, 
propionate, decanoate, or acetate as their carbon and energy source. These had previously 
been isolated from Alberta oil and gas field environments either by single colony purification 
or by liquid culture enrichment. Twenty four sites were analyzed by RSGP following liquid 
culture enrichment of SRB on media with one of these six carbon sources. Combination of 
the results of this method for all enrichments indicated on average the presence of six different 
SRB at each site. No significant differences were observed in the types of SRB cultured from 
the two fields. Also, the same SRB standards were recovered by growth of either sessile or 
planktonic samples. Some oil field production waters were analyzed by direct extraction of 
DNA from the bacterial population and RSGP analysis. This indicated that the natural pop- 
ulation is dominated by lactate- and benzoate-utilizers. Oil fields therefore harbor a variety 
of SRB. Biocide treatment schemes should ideally take into account this variety and be based 
on identification of the SRB involved, their known effects on field operations, and their 
documented biocide sensitivity. In this scheme, RSGP can help in the rapid identification of 
SRB and others, for example, acid-producing bacteria associated with corrosion. 

KEYWORDS: sulfate-reducing bacteria, corrosion, DNA probe, hydrogenase, oil and gas 
industry, microbial identification techniques 

Introduction 

Sulfate-reducing bacteria (SRB) are held responsible for a number  of problems in the oil 
and gas industry, particularly corrosion of  steel works and souring of  fields. Their  metabol ic  
activity may thus result in the physical deter iorat ion of equipment  and reduct ion of  the 
economic value of the fields [1]. 
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The classical assay for the presence of SRB is a growth-based metabolic activity test in 
which samples are injected into anaerobic medium, containing lactate as the carbon and 
energy source and sulfate as the respiratory substrate (lactate-sulfate medium). This test 
indicates the presence of lactate-utilizing SRB by the formation of black particles of iron 
sulfide. Use of a dilution series allows the number of these bacteria present in the sample 
to be estimated by the most probable number method. SRB detected with this method could 
belong to six different genera [2], the best known being Desulfovibrio. 

However, some SRB (most members of the genus Desulfobacter and some of the genera 
Desulfobacterium, Desulfonerna, and Desulfotomaculum) are not capable of metabolizing 
lactate. Cord-Ruwisch et al. [3] showed that these bacteria were present in higher numbers 
than the lactate-utilizing SRB in an oil treater. They would therefore be overlooked with 
the lactate-sulfate test. The potential metabolic variety among SRB is even greater, as 
demonstrated by Aeckersberg et al. [4], who have recently isolated a sulfate-reducing bac- 
terium capable of growing anaerobically on saturated hydrocarbons. This strain did not grow 
on lactate, ethanol, H_,, or alkanes with chains shorter than C,_,. The evaluation of the 
presence of these bacteria would seem to be particularly relevant to the estimation of the 
potential for oil and gas field souring. 

Another problem with growth-based metabolic activity or plate tests is that their evaluation 
may take a long incubation time, for example, several weeks. Attempts have therefore been 
made to design rapid assays for the presence of SRB. Ideally, the assay should be sufficiently 
simple to be carried out in the field and yield results in a short time, for example, in less 
than one h. When these criteria are met, and if the results truly indicate the potential for 
microbiologically influenced corrosion, then the assay results can serve as a factor in instant 
decision making on remedial procedures, like the application of biocides. Two systems have 
been developed. The first relies on the detection of the enzyme hydrogenase, considered a 
key enzyme in anaerobic microbial corrosion [1]. In this assay, color formation by hydro- 
genase-catalyzed reduction of a redox dye serves as a measure for the presence of SRB [5]. 
The second determines the presence of a key enzyme in sulfide formation, adenosine-5'- 
phosphosulfate (APS) reductase, with an immunological procedure [6]. 

Although both tests may be very useful they are not without disadvantages. For example, 
not all SRB have hydrogenase activity and the structure of the enzyme APS reductase of a 
single species may not be sufficiently conserved to allow its detection with antibodies gen- 
erated against this APS reductase in all other SRB [7]. We have been working since 1988 
on the development of DNA probes for the detection of SRB in oil and gas fields and other 
environments. Although field-based DNA probe techniques are currently not available, 
these assays do offer the advantage of being both rapid (assays can be completed within 4 
days) and of allowing monitoring at different levels (single species, single genus, whole 
community). As an example of a single genus assay, we discovered that of three different 
hydrogenase genes found in SRB of the genus Desulfovibrio, the genes for the [NiFe] 
hydrogenase were found in all of 22 members of the genus tested [8]. The DNA containing 
these genes was used as a genus-specific probe, and the presence of at least five different 
Desulfovibrio species was demonstrated in oil field samples, following growth on lactate- 
sulfate medium [8]. 

The determination of the nucleotide sequence of 16S rRNA (the ribosomal RNA of the 
small subunit of the ribosome, present in all bacteria and other life forms) also offers a 
powerful system for bacterial classification. Sequences can be linked in phylogenetic trees, 
which provide a measure for the genetic and evolutionary relationships between species in 
the tree. Determination of 16S rRNA sequences for SRB has not only led to the generation 
of a phylogenetic tree defining eight distinct genera [2,9], but has also provided the infor- 
mation necessary to design genus-specific oligonucleotide probes. As a result, fluorescent 
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oligonucleotide probes targeted against (1) all eubacteria, (2) Desulfovibrio desulfuricans 
and SRB of the genus Desulfotomaculum, (3) SRB of the genus Desulfobacter, or (4) 
Desulfovibrio desulfuricans and SRB of the genus Desulfobacter, are now available [10]. 

Fluorescent oligonucleotide probes have been used successfully to elucidate the position 
of selected SRB in biofilms by microscopy [11]. A potential disadvantage of both the hy- 
drogenase- and the 16S rRNA-directed probes is that they target only one species or genus 
in the entire community. 

In searching for a method in which the presence of multiple species can be assayed 
simultaneously, we discovered (1) that the total genomic DNA of a bacterial species (referred 
to here on as a "standard," different standards being defined as bacterial species with 
genomes that do not cross-hybridize) can be used as a sensitive specific probe for its presence 
in a sample and (2) that a large number of standards can be assayed if the hybridization 
process is reversed [12], as outlined in Fig. 1. Thus, in this technique, known as reverse 
sample genome probing (RSGP), DNA isolated from a sample is not spotted on a filter for 
analysis by hybridization with labeled DNA from a standard, as in conventional gene probe 
assays. Instead, a filter containing denatured DNAs from a number of standards in a known 
configuration (the "master filter"), is hybridized with labeled sample DNA and the standards 
prevailing in the sample are determined in a single step. It is advisable to spot the denatured, 
but unlabeled, sample DNA on the master filter just prior to the hybridization process. This 
sample DNA serves as a positive control for two reasons: (1) lack of hybridization of any 
of the standards on the master filter with the labeled reverse sample genome probe with 
strong self-hybridization to the sample DNA indicates that the standards spotted on the 
filter are not representative for those present in the sample, whereas (2) absence of self- 
hybridization can indicate failed labeling of sample DNA, although another reason for failed 
self-hybridization can be that the sample DNA is of exceeding complexity (contains se- 

REVERSE SAMPLE GENOME PROBING 

Isolate total DNA from sample (S). 

Spot denatured DNA (S) on master filter containing 
denatured DNAs from relevant bacterial standards 1-18. 

Label S to S*. Hybridize filter with labeled, denatured S*. 

1 7 13 

2 8 14 

3 9 15 

4 10 16 

5 ii 17 

6 12 18 

S *  

1 7 13 

2 e Q 

3 9 15 

�9 10 16 

5 �9 17 

6 12 18 

FIG. 1--Principle of  RSGP. The master filter containing denatured DNAs from 18 standards (1 to 
18), as well as the sample (S) is hybridized with the labeled, denatured reverse sample genome probe 
(S*). Following development to detect the hybridization, it appears that standards 4, 11, and 14 are 
present in the sample. 
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quences from many different standards). This situation can arise especially if DNA isolated 
directly from the environment, without prior liquid enrichment, is analyzed. 

RSGP was shown to be a useful method for the identification of SRB from oil fields in 
the Province of Alberta, Canada [12], which appear to harbor two distinct communities 
depending on the field salinity [13]. 

In this paper, the microbial composition in the Wainwright and Wildmere oil fields in 
Alberta, as determined by RSGP with growth on enrichment media, is analyzed in more 
detail. In addition, the possibility of analyzing microbial communities by RSGP without 
enrichment is discussed. 

Materials and Methods 

Biochemical Reagents 

Enzymes used for primer extension labeling were obtained from Pharmacia LKB Bio- 
technology, Inc. (Baie d'Urfe, Quebec, Canada). The Hybond-N hybridization transfer 
membrane was from Amersham Canada Ltd., (Oakville, Ontario, Canada). Radiolabeled 
[a-32p]dCTP (3000 Ci/mmol, 10 mCi/mL) was from ICN Biomedicals Canada Ltd. (St- 
Laurent, Quebec, Canada). Random hexadeoxyoligonucleotides were obtained from the 
DNA Synthesis Laboratory of The University of Calgary. Reagent grade chemicals were 
purchased from either Fisher Scientific Canada Ltd. (Edmonton, Alberta, Canada) or Sigma 
Chemical Co. (St. Louis, MO). 

Collection of Samples 

Sites in the Wainwright and Wildmere fields in Alberta from which samples were collected 
are indicated in Table 1. These reservoirs are shallow (600 m), roughly 25~ and host a 
6% brine. Oil is recovered by water flooding. Several production units, consisting of a free 
water knockout and a water plant, were functioning in the separation of the oil-water mixture. 
The produced water was reinjected into the field. The truckpit received oil-water mixtures 
from different field locations. Sessile samples were taken from a plug surface and planktonic 
samples were taken directly from the fluid present at the site (Table 1). Sampling methods 
have been described elsewhere [12,13]. It should be noted that some of the sites were revisited 
(Table 1, for example, WW1 and WW15). The actual number of sites from which samples 
were taken is thus smaller than 24. Nevertheless, the terms site and sample will be used 
interchangeably in the sections below. 

Liquid Enrichment of SRB 

Liquid SRB enrichment cultures grown on media described by Pfennig et al. [14], using 
lactate, ethanol, benzoate, decanoate, propionate, or acetate as the carbon source at 22, 
30 or 35~ Usually, 7.5 mL of the sample was used to inoculate a serum bottle with 75 mL 
of Pfennig's medium. The temperature chosen for incubation reflected that of the sample 
at the time of collection (Table 1). The salinity of the medium was likewise adjusted to 
reflect that of the sample (Table 1). One of two salinities were chosen: saline (s), 20 g of 
NaC1 and 3 g of MgC12 per liter or, brackish (b), 7 g of NaCI and 1.2 g of MgClz per liter. 
These liquid enrichment cultures were used either for isolation of DNA or stored, as de- 
scribed elsewhere [13]. SRB standards were named according to the carbon source used for 
their first isolation and an identifying number, for example, Lac6 is standard 6 isolated on 
lactate. The names used in Tables 2 and 3 represent the same standards as in earlier works 
[12,13]. 
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"FABLE 1--Survey of sites in either the Wainwright or Wildmere fields from which samples were taken 
for SRB enrichment and subsequent RSGP analysis. A total of 24 sites were sampled. 

Field Site" Description Year ~ Type c Salinity d Temperature, ~ 

Wainwright WW1 waterplant 13 1989 p s 30 
Wainwright WW2 waterplant 13 1989 s s 30 
Wainwright WW3 waterplant truckpit 1989 p s 30 
Wainwright WW4 waterplant 1989 s s 30 
Wainwright WW5 truckpit 1989 p s 30 
Wainwright WW6 waterplant 1 1989 s s 30 
Wainwright WW7 waterplant 20 1989 p s 30 
Wainwright WW8 waterplant 28 1989 s s 30 
Wildmere WM10 lower waterplant 1989 s s 30 
Wainwright WW11 waterplant 20 1990 p s 30 
Wainwright WW12 waterplant 20 1990 s s 30 
Wainwright WW13 truckpit 1990 p s 30 
Wainwright WW14 waterplant truckpit 1990 p s 30 
Wainwright WW15 waterplant 13 1990 p s 30 
Wainwright WW16 waterplant 13 1990 s s 30 
Wainwright WW17 waterplant 1 1990 p s 30 
Wainwright WW18 waterplant 28 1990 p s 30 
Wainwright WW19 waterplant 6 1990 p s 30 
Wildmere WM20 lower waterplant 1990 s b 22 
Wildmere WM21 washtank 1990 s b 22 
Wainwright WW22 waterplant truckpit 1990 s b 22 
Wainwright WW23 washtank truckpit 1990 s b 22 
Wainwright WW24 waterplant 20 1990 s b 22 

"The same site codes are used in Table 3. 
b Year in which the sample was collected. 

Sample type, either planktonic (p) or sessile (s). 
Salinity used for sample cultivation, either saline (s) or brackish (b). 

e Temperature used for cultivation of the sample. 

Colony Purification of  SRB 

The liquid enrichment  cultures were used as source for the colony purification of SRB 
standards. Colony purification of 10 of the 35 standards has so far been achieved [12,13]. 
Of the remaining 25 standards, 2 were type cultures, 14 were stable liquid cultures, while 
the remaining 9 were unstable liquid cultures [13]. The status of each standard is indicated 
in Table 2. Most  of  these standards have been further characterized with molecular  biological 
techniques;  Southern blot hybridization has indicated specific hybridization patterns with 
16S r R N A  and in some cases with the [NiFe] hydrogenase gene probe [13]. 

DNA Isolation and Preparation of  Master Filters 

D N A  was extracted and purified from cells collected from liquid enr ichment  cultures or 
f rom liquid cultures of the colony purified standards, as described elsewhere [8,12,13]. The  
D N A  preparat ions were dissolved to a concentrat ion of  1 to 1000 ng/txL, as de termined  
fluorimetrically [12], in 10 mM Tr is /HCl ,  0.1 mM E D T A  pH 8 (TE).  Master  filters were  
prepared by spotting 2 IxL volumes of heat  denatured D N A s  at 10 ng/ /zL in a known pattern 
on Hybond-N filter membrane .  D N A s  were covalently l inked to the filters by irradiation 
with ultraviolet light [13]. 
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T A B L E  2 - - N u m b e r  o f  observat ions  o f  35 S R B  s tandards  in l iquid  cul ture enr i chmen t s  f r o m  both  the 
Wainwr igh t  and  W i l d m e r e  f ie lds  with di f ferent  carbon  sources.  

Carbon Source: Lactate Ethanol  Benzoate Decanoate  Propionate Acetate  Total 

Standard" Status e 

Lac1 ,2 '  CP 2 2 . . . . . .  1 _ 5 
Lac3 TC 4 1 . . . . . .  ,.. "'1 6 
Lac4  CP 9 12 . . . . . .  2 _ 23 
Lac5 CP 16 11 ... 2 "'1 30 
Lac6  CP 7 14 "i  ... 8 4 34 
Lac7  CP ... 1 . . . . . . . . . . . .  1 
Lac8  -- 
Lac lO  CP "'4 "6 iii " i  "'2 "'2 "i5 
L a c l 2  LC 3 1 1 ... 5 
L a c l 5  CP . . . . . .  "'i iii . . . . . .  1 
L a c l 7  CP . . . . . . . . . . . . . . .  
Lac21 CP ... " ' 1 "  . . . . . .  1 ... "'2- 
Eth2  -- 3 . . .  3 
Eth3 LC "'5 "'6 . . . . . .  11 
B e n l  LC ... 9 2"0 "'4 "'7 ]'3 53 
Ben3 -- 4 4 
Ben4  -- iii "3 "i  iii 10 "'3 17 
Ben6  -- 2 l 3 
D e c l  LC iii "'i "'3 "8 2 1 15 
Dec3 LC . . . . . . . . .  6 . . . . . .  6 
Dec4 LC . . . . . . . . . . . . . . . . . . . . .  
Dec6 LC . . . . . . . . . . . .  
Dec7 -- . . . . . .  iii . . .  "'i . . .  ""1 
Dec8 -- 2 2 
P r o l  LC iii "'i "'i "'i 8 "'3 14 
Pro4 CP . . . . . .  1 .. .  8 .. .  9 
Pro5 LC . . . . . . . . . . . .  1 ... 1 
Pro7 -- . . . . . . . . . . . .  1 .. .  1 
Pro  10 L C  . . . . . . . . . . . .  . . . . .  
Pro  11 LC ... "1 ... '"1 
P r o l 2  LC "i  "'2 ' "  3 6 
A c e l  LC "'2 3 4 "4 1 i'i 25 
A c e 3  TC 1 1 ... 4 ... 5 11 
A ce4 -- [ . . . . . .  3 4 
Ace5  LC . . . . . . . . .  iii "'i 1 2 

Total 54 74 34 28 72 49 311 

" Standards are named by the first three letters of the carbon source used for their first isolation and 
an identifying number.  

The status is ei ther colony purified (CP), type culture (TC), stable liquid culture (LC), or unstable 
liquid culture frO. 

' L a c l  and Lac2 are variants of the same genotype D. vulgaris subspecies o x a m i c u s  Monticello. They 
are referred to as a single standard L a c l , 2 ,  because their genomes strongly crosshybridize. 

D N A  L a b e l i n g  f o r  R S G P  A n a l y s i s  

A s  a f i rs t  s t ep  in t h e  ana lys is ,  2 txL of  10 n g / i x L  of the  d e n a t u r e d  s a m p l e  D N A  p r e p a r a t i o n  
to be  a n a l y z e d  (Fig.  1, S) was  s p o t t e d  o n  the  m a s t e r  f i l ter  to  p r o v i d e  a pos i t ive  h y b r i d i z a t i o n  
con t ro l .  R e v e r s e  s a m p l e  g e n o m e  p r o b e s  w e r e  m a d e  by  p r i m e r  e x t e n s i o n  fo r  w h i c h  6 p~L of  
d e n a t u r e d  s a m p l e  D N A  s o l u t i o n ,  6 ~zL o f  p r i m e r  e x t e n s i o n  mix ,  2 IzL of  K l e n o w  p o l y m e r a s e  
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TABLE 3 - - N u m b e r  o f  o b s e r v a t i o n s  o f  3 5  S R B  s t a n d a r d s  i n  s a m p l e s  o b t a i n e d  f r o m  t h e  s i t e s  l i s t e d  i n  

Field: Wainwright 

Number: a 4 3 13 5 10 3 7 4 5 6 7 7 
Site: WWl WW2 WW3 WW4 WW5 WW6 WW7 WW8 WWll WW12 WW13 WWl4 

Standard 

L a c l , 2  1 . . . . . . . . . . . . . . .  1 1 . . . . . . . . . . . .  

L a c 3  . . . . . . . . . . . . . . . . . . . . .  1 1 . . . . . . . . .  

L a c 4  2 ... 2 2 1 1 2 1 2 " ,  1 "'" 

L a c 5  3 2 8 2 4 ... 3 . . . . . . . . .  1 "" 

L a c 6  . . . . . . . . .  1 ... 1 , . .  2 3 3 3 2 

Lac7  . . . . . . . . . . . . . . .  1 . . . . . . . . . . . . . . . . . .  

L a c 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

L a c l O  1 ... 1 2 1 "" 1 3 . . . . . . . . . . . .  

L a c l 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

L a c l 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

L a c l 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Lac21  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

E t h 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

E th3  . . . . . . . . . . . . . . .  2 . . . . . .  1 2 . . . . . .  

B e n l  1 1 3 3 3 2 4 1 4 2 1 2 

B e n 3  . . . . . . . . . . . .  1 . . . . . . . . . . . . . . . . . . . . .  

B e n 4  . . . . . .  1 1 3 . . . . . . . . . . . . . . . . . . . . .  

B e n 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D e c l  . . . . . . . . . . . . . . . . . . . . . . . .  3 1 . . . . . .  

D e c 3  . . . . . .  1 ",, 1 . . . . . . . . . . . . . . . . . .  1 

D e c 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D e c 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D e c 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D e c 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P r o l  . . . . . . . . . . . .  3 ... 1 "" 3 . . . . . . . . .  

P r o 4  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 1 
Pro5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Pro7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P ro lO  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P r o l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P r o l 2  . . . . . .  2 1 2 . . . . . . . . . . . . . . . . . . . . .  

A c e l  . . . . . . . . . . . . . . . . . .  3 . . . . . .  3 5 4 

A c e 3  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 "'" 

A c e 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 

A c e 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Total" 8 3 18 12 19 7 15 9 17 14 16 11 
Variety b 5 2 7 7 9 5 7 6 7 7 8 6 

~ The number of RSGP assays performed on a sample is indicated. 
h The total number of identifications made is given. 
c The variety indicates the number of different SRB standards in the sample. 

(2 units/l~L), 2 IxL of [ct-32p]dCTP (3000 Ci/mmol, 10 mCi/mL) and 14 IxL of HzO were 
mixed in a 1.5 mL microcentrifuge tube [13]. The primer extension reaction was allowed 
to proceed for 3 to 5 h at 22~ after which the probes were boiled and added to the 
prehybridized master filters. Prehybridization, hybridization, and washing of the filters were 
done with the high stringency procedure described before [12,13]. The filters were then 
dried and subjected to autoradiography. 

R S G P  A n a l y s i s  W i t h o u t  G r o w t h  

T h e  feasibil i ty o f  ana lyz ing  D N A  p r e p a r a t i o n s  direct ly isola ted f r o m  in jec t ion  w a t e r  sam-  

ples  was  eva lua ted .  S a m p l e s  of  - 1 L  w e r e  col lected and  s u b j e c t e d  to cen t r i fuga t ion  for  10 
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Table 1. SRB were identified by RSGP following liquid culture enrichment or isolation of single colonies. 

Wainwright  Wi ldmere  

11 7 8 10 6 6 6 3 131 Total  12 4 5 21 Total  
W W 1 5  W W I 6  W W l 7  W W 1 8  W W 1 9  W W 2 2  W W 2 3  W W 2 4  Total  ( % )  W M 1 0  WM20 WM21 Tota l  ( % )  

... 1 . . . . . .  1 . . . . . . . . .  5 1.9 . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  1 1 1 5 1.9 . . . . . .  1 1 2.4 
--- 1 1 1 1 1 1 --. 20 7.4 1 -.- 2 3 7.1 
. . . . . . . . . . . . . . . . . . . . . . . .  23 8.6 5 --. 2 7 16.7 

3 2 3 5 2 1 1 1 33 12.3 --- 1 - -  1 2.4 
. . . . . . . . . . . . . . . . . . . . . . . .  1 0.4 . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  1 . . . . . .  10 3.7 4 1 ... 5 11.9 

. . . . . .  l 1 ..- 1 1 -.. 4 1.5 . . . . . .  1 1 2.4 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 2.4 

. . . . . .  1 1 . . . . . . . . . . . .  2 0.7 . . . . . . . . . . . . . . .  

. . . . . .  1 . . . . . . . . . . . . . . .  1 0.4 1 1 ... 2 4.8 
1 1 3 ... 1 . . . . . . . . .  11 4.1 . . . . . . . . . . . . . . .  
3 2 3 3 1 4 4 1 48 17.8 3 1 1 5 11.9 

. . . . . .  1 . . . . . . . . . . . .  1 3 1.1 . . . . . .  1 1 2.4 
1 . . . . . . . . . . . .  1 2 3 12 4.5 1 2 2 5 11.9 

. . . . . . . . .  1 ... 1 . . . . . .  2 0.7 -.- 1 ... 1 2.4 
1 2 ... 1 2 1 2 ... 13 4.8 . . . . . .  2 2 4.8 
1 1 --. 1 . . . . . . . . . . . .  6 2.2 . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . . . . . .  1 2.4 

. . . . . . . . .  1 . . . . . . . . . . . .  1 0.4 1 . . . . . .  1 2.4 

. . . . . . . . .  1 ... 2 . . . . . .  10 3.7 3 ... 1 4 9.5 
3 2 . . . . . .  1 . . . . . . . . .  9 3.3 . . . . . . . . . . . . . . .  

. . . . . . . . .  1 . . . . . . . . . . . .  1 0.4 . . . . . . . . . . . . . . .  

. . . . . . . . .  I . . . . . . . . . . . .  1 0.4 . . . . . . . . . . . . . . .  

. . . . . . . . .  1 . . . . . . . . . . . .  1 0.4 . . . . . . . . . . . . . . .  

. . . . . . . . .  1 . . . . . . . . . . . .  6 2.2 . . . . . . . . . . . . . . .  
3 ... 3 1 3 . . . . . . . . .  25 9.3 . . . . . . . . . . . . . . .  
3 ... 1 ... 2 . . . . . . . . .  11 4.1 . . . . . . . . . . . . . . .  

�9 .. 1 . . . . . .  1 . . . . . . . . .  4 1.5 . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  1 . . . . . .  1 0.4 ..- 1 ... 1 2.4 

19 13 18 21 15 15 12 7 269 100.0 20 8 14 42 100.0 
9 9 10 15 10 11 7 5 9 7 10 

m i n  a t  2 7  5 0 0  x g ( w h e r e  g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ) .  T h e  p e l l e t  c o n t a i n i n g  b a c t e r i a l  

c e l l s  a n d  o t h e r  s o l i d s  w a s  s u s p e n d e d  i n  1 m L  o f  0 . 1 5  M N a C 1 ,  0 . 1  M E D T A ,  p H  8 ,  a n d  

s t o r e d  a t  - 2 0 ~  D N A  w a s  p u r i f i e d  f r o m  a l i q u o t s  ( 5 0  t o  2 0 0  I L L )  o f  t h i s  f r o z e n  s t o c k  w i t h  

t h e  m o d i f i e d  M a r m u r  p r o c e d u r e  [8,12,13]. F o l l o w i n g  f l u o r i m e t r i c  c o n c e n t r a t i o n  d e t e r m i -  

n a t i o n ,  d i l u t i o n  t o  1 0  n g / I x L ,  a n d  h e a t  d e n a t u r a t i o n ,  t h e s e  s a m p l e  D N A  p r e p a r a t i o n s  w e r e  

s p o t t e d  o n  a m a s t e r  f i l t e r  a n d  l a b e l e d  e x a c t l y  a s  d e s c r i b e d  a b o v e .  

Resul ts  and Discuss ion  

R S G P  Analysis with Growth 

I n  t h i s  m e t h o d ,  s a m p l e s  c o l l e c t e d  f r o m  t h e  2 4  s i t e s  l i s t e d  i n  T a b l e  1 w e r e  g r o w n  o n  P f e n n i g ' s  

m e d i u m  w i t h  o n e  o f  t h e  s i x  c a r b o n  s o u r c e s .  M a n y  o f  t h e  p r i m a r y  e n r i c h m e n t s  w e r e  t r a n s -  
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ferred again into medium with the same carbon source. These primary or subsequent en- 
richments were also used to generate colony purified standards. These procedures resulted 
in the generation of 152 liquid cultures for the 24 site samples that were used for DNA 
extraction and RSGP analysis. The number of RSGP assays done for each sample is given' 
in Table 3. For the 21 samples analyzed for the Wainwright field (Table 3, WWl-WW24), 
a total of 131 RSGP assays was performed, whereas for the 3 samples analyzed in the 
Wildmere field (Table ~, WM10-WM21), 21 RSGP assays were done. The data analyzed in 
Tables 2 and 3 are a subset of those obtained earlier for six different oil fields and one oil 
storage facility [13]. The main conclusion of that study was that there are two distinct SRB 
communities, a saline and a freshwater community. Of 34 SRB standards, 18 were typical 
for the saline and 10 were associated with the fresh water community, while 6 organisms 
were detected in both populations. Five of the fields studied, including Wainwright and 
Wildmere, harbored the saline community, whereas one field (Pembina) had the different 
fresh water community [13]. The data set for the saline Wainwright and Wildmere fields 
will be analyzed in more detail in this paper. 

It should be noted first of all that all sites in these two fields have a variety of SRB. A 
minimum of 2 and a maximum of 17 different standards was detected (Table 3). Several 
standards (Lac7, Lacl7, Dec4, Dec6, Dec7, Pro5, and ProlO) were found very infrequently 
(0 or 1 observations). These are now known to belong to the freshwater oil field community 
[13] and are therefore not expected to be cultured from the saline Wainwright and Wildmere 
fields. The most prevalent standard cultured was Benl, an SRB first isolated on Pfennig's 
medium containing benzoate. This standard was found following enrichment on benzoate 
at all 24 sites. Lac6 and Lac5 were also frequently observed. Both have been identified as 
Desulfovibrio species in view of their hybridization with the [NiFe] hydrogenase gene probe 
[13]. The two organisms seem to be mutually exclusive; sites from which Lac5 was cultured 
did not yield Lac6 and vice versa. It remains to be determined whether this is representative 
of the true population or whether this exclusion occurs during cultivation. This can be 
resolved by doing RSGP assays without growth, as discussed below. 

Frequently observed SRB were also Lac4 and Acel, although the latter has only been 
found in the Wainwright field. Surveying the entire population for both fields, it appears 
that in 311 identifications, lactate utilizers were found most frequently (120), followed by 
benzoate-(77), acetate-(42), decanoate-(24), propionate-(28) and ethanol-utilizers (14). 
Again, proof that the SRB population in the field consists mainly of lactate- and benzoate- 
utilizers can be obtained if the RSGP technique is applied to samples not subjected to 
culturing in the laboratory (see RSGP without growth below). Lactate utilizers Lacl,2, 
Lac3, Lac4, Lac5, Lac6, LaclO, and Lacl2 generally also grow well on ethanol-containing 
enrichment medium (Table 2). Standard Eth3, first isolated on Pfennig's medium with 
ethanol as the carbon source, is likewise frequently found in lactate-based enrichment media. 
These standards are all [NiFe] hydrogenase positive [13], which identifies them as belonging 
to the genus Desulfovibrio. This result is in agreement with the known capacity of most 
members of this genus to use both lactate and ethanol as carbon and energy source. 

The data in Table 2 should be interpreted with caution, since they indicate the frequency 
of occurrence of the SRB standards on Pfennig's medium with different carbon sources both 
for enrichment and pure cultures. The growth of acetate utilizers on lactate and ethanol 
likely resulted from coculture with an acetate-producing lactate-utilizer. With this reservation 
in mind, it appears that the lactate- and ethanol-utilizers present in the Wainwright and 
Wildmere fields are unable to grow on decanoate and benzoate. Conversely, the benzoate- 
and decanoate-utilizers do not readily grow on lactate. The SRB population from the Wild- 
mere field is similar to that from Wainwright. It is also interesting that most SRB cultured 
from sessile samples are also recovered from planktonic samples (Table 4). The acetate- 
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TABLE 4---Frequency o f  detection o f  SRB standards ~ following culturing o f  planktonic or sessile sam- 
pies. The data are derived from those in Table 3. 

Standard Planktonid' Sessile b Total 

Lacl,2 3 2 5 
Lac3 1 5 6 
Lac4 13 10 23 
Lac5 19 11 30 
Lac6 21 13 34 
LaclO 4 11 15 
Lacl2 2 3 5 
Lac21 2 2 
Eth2 1 "'i 2 
Eth3 6 5 11 
Ben 1 28 25 53 
Ben3 2 2 4 
Ben4 5 7 12 
Ben6 1 2 3 
Decl 7 8 15 
Dec3 5 1 6 
Dec8 1 1 2 
Prol 8 6 14 
Pro4 6 3 9 
Prol2 5 1 6 
Acel 22 3 25 

" Standards observed in total only once or not at all are not included in the table. 
b A total of 11 planktonic and 13 sessile samples were surveyed (Table 1). Culturing of these 24 

samples gave rise to 152 DNA preparations, which were analyzed by RSGP as explained in the text. 

utilizers form a possible exception and are primarily recovered from planktonic samples. 
Therefore, it appears that the SRB standards found in the bulk fluid are also present on 
the surfaces of many of the sampling sites. 

R S G P  Analys is  Wi thou t  Growth  

The above data clearly indicates that a diverse, albeit similar SRB population is present 
both in the Wainwright and Wildmere oil fields. The growth-based sulfide production and 
enzyme-based biochemical tests described in the Introduction would have provided enu- 
meration of only a fraction of this population. On the other hand, although RSGP with 
growth provides information on diversity, it does not give any quantitative information 
because growth will selectively favor some members of the community. The need to develop 
RSGP assays without prior growth is therefore evident. This is more difficult primarily 
because: (1) DNA isolated directly from the environment must be sufficiently clean to allow 
in vitro enzymatic labeling and (2) the number of different standards present in the envi- 
ronment, for example, SRB and other bacteria, may be very large relative to the number 
that has been isolated and is present on the filter. Thus, upon labeling, only a small fraction 
of the 32P-label may be incorporated in genomic DNAs present as standards on the master 
filter. Following hybridization, weak signals (as detected by autoradiography) may be ex- 
pected. 

Preliminary results of RSGP without prior growth are shown in Fig. 2 and these confirm 
the latter expectation. In Fig. 2 (a) and 2(b), RSGP is used to confirm the identity of two 
colony purified samples. As expected, the hybridization reactions with Lac5 (Fig. 2(a) and 
P r o l 2  (Fig. 2(b) are strong, that is, of the same order as the sample self-hybridization. Lack 
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FIG. 2--Identification of SRB by RSGP. Denatured chromosomal DNAs of 35 different SRB standards 
(Table 2) were spotted on each of the master filters. The sample DNA preparations to be analyzed were 
spotted at the indicated positions (S) and were from either a colony purified isolate (A, B) or an uncultured 
water sample (C, D). The observed hybridizations have been labeled in order of decreasing hybridization 
intensity (1---,3). (A) 1 = Lac5, (B) 1 = Prol2, (C) 1 = Ben6, 2 = Lac6, 3 = Ace5; and (D) 1 = 
Lac5, 2 = Ben6, 3 = Lac6. 

of hybridization with other standards confirms that the samples represent pure cultures. In 
Fig. 2(c) and 2(d), RSGP of total community DNA isolated from two Wainwright production 
waters, as indicated in the Materials and Methods section, is presented. The signals observed 
are weaker, relative to the sample self-hybridization in Fig. 2(c). In Fig. 2(d), sample self- 
hybridization is not observed, possibly due to the high complexity of the sample DNA, as 
discussed at the beginning of the paper. The three most intense spots have been marked in 
order of decreasing hybridization intensity (1---~3). For Fig. 2(c), these are: (1) Ben6, (2) 
Lac6, and (3) Ace5, whereas for Fig. 2(d), these are (1) Lac5, (2) Ben6, and (3) Lac6. The 
observation of Lac6 in both samples is in accord with the fact that this standard is frequently 
cultured from Wainwright sites (Table 2). The preliminary results in Fig. 2(c) and 2(d) should 
be confirmed by conventional genome probing in which defined amounts of denatured total 
community DNA are spotted on a filter and probed with a labeled standard (for example, 
Lac6). Inclusion of known amounts of denatured Lac6 DNA on the filter (for example, in 
the range 0.1 to 10 ng) will provide a positive control and will allow quantitation of Lac6 
in samples of total communities. Once the absolute number of bacteria in a sample is known 
for one of the standards, the others can be derived by densitometry, assuming that relative 
numbers are proportional to the hybridization intensities in Fig. 2(c) and 2(d). These studies 
are currently in progress. 

Application of RSGP without growth is described in detail in Ref 15. 
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ABSTRACT: A test system for the simulation of a combined chemically (gaseous pollutants) 
and microbiologically (nitrifying bacteria) influenced corrosion on natural sandstone is pre- 
sented. A high stone moisture was essential for the growth of nitrifying bacteria on test stones. 
Under optimum conditions, a nitrifying biofilm developed on the calcareous Ihrlersteiner green 
sandstone, reducing the evaporation from the stone surface. Biofilm cells adapted well to high 
concentrations of gaseous pollutants. 

The mean metabolic activities of ammonia oxidizers were 11 and those of nitrite oxidizers 
30 times higher than mean values of samples from historical buildings. 

The microbiologically influenced nitric acid corrosion alone was stronger than the ch'rmicaily 
influenced corrosion by a smog atmosphere (1065-~g/m ~ sulphur dioxide, 850-~g/mr~nitric 
oxide, and about 450-1xg/m 3 nitrogen dioxide). While 72 p.mol of calcium were solubilized per 
week of exposure to the smog atmosphere, 161 p.mol of calcium per week were solubilized 
by the nitric acid produced by nitrifying bacteria. 

If gaseous pollutants were added, the microbiologically produced nitrite and nitrate were 
removed by the action of sulphur dioxide. Thus, the combined attack of nitrifying bacteria 
and gaseous pollutants did not result in increased corrosion. 

KEYWORDS. building, air pollution, stone deterioration, corrosion, simulation, acceleration, 
biodeterioration, endolithic microorganisms, nitrifying bacteria, nitrification, nitric acid 

In the last decades, accelerated stone deterioration has been observed. This phenomenon 
has mostly been explained by an increased rate of man-made pollution of the atmosphere 
[1,2]. The gaseous pollutants sulphur dioxide (SO2), nitrogen dioxide (NO2) and nitric oxide 
(NO) interact with stone surfaces by forming sulphate (SO4~-), nitrite (NO2-) and nitrate 
(NO3-) [3,4]. The deteriorating effect of SO2 alone, and together with other gaseous pol- 
lutants as nitrogen dioxide, hydrogen fluoride and ozone has been demonstrated in several 
simulation experiments [3,5-8]. The gases react mainly according to their solubility in water 
which is SO2 > NO2 > NO [7]. Therefore, the deteriorating effect of NO2 and NO seems 
to be of less importance. However,  in urban environments with high photochemical pollution, 
the deposition of NO3- can overcome the deposition rate of SO, 2- [9]. 

Building stone is a natural habitat for epi- and endolithic microorganisms [10,11]. The 
question arises as to what extent these microorganisms contribute to stone deterioration. 
This subject is part  of a research project on preservation of historical buildings and mon- 
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uments in Germany which started in 1985 [12]. Microbiological investigations include integral 
inventory evaluation of field data, test fields and simulation experiments. 

Nitrifying bacteria have been found in natural stones of 25 historical buildings in Germany 
[13]. They consist of two groups of specialized organisms ubiquitously present in soil. The 
ammonia oxidizers convert ammonia to nitrous acid and the nitrite oxidizers transform nitrite 
into nitrate according to the following equations: 

NH4+ + 1.5 O2--~ NO_,- + H20 + 2 H + 

NO2- + 0.5 02 ~ NOa- 

(1) 

(2) 

The substrate ammonia, deposited on stone surfaces, mainly originates from livestock- 
breeding, fertilization and industry [14]. The nitric acid produced by nitrifying bacteria 
dissolves calcareous binding materials and contributes to high nitrate concentrations in 
building stone [15]. 

Microbiologically influenced nitric acid corrosion was first simulated by Bock et al. [16] 
in a salt spray cabinet. This paper describes improved simulation experiments. Biogenic 
nitric acid corrosion and chemically influenced corrosion by gaseous pollutants were sim- 
ulated in a specially constructed double-chamber cabinet. 

The aim was: (1) to differentiate between the impact of gaseous pollutants and biogenic 
nitric acid corrosion, (2) to quantify the individual effects each process has in stone dete- 
rioration, and (3) to characterize synergistic effects between microbiology and chemistry. 

Experimental Procedures 

Experimental Concept 

Each experiment consisted of three different tests performed simultaneously. 
Test /--simulating biogenic nitric acid corrosion together with chemically influenced 

corrosion by SO2, NOz, and NO. 
Test 2--simulating chemically influenced corrosion by SO2, NOz, and NO in the absence 

of biogenic nitric acid corrosion. 
Test 3--simulating biogenic nitric acid corrosion in the absence of gaseous pollutants. 
Tests 1 and 2 were done in a double-chamber cabinet (see Fig. 1). Test 3 was done in a 

separate climatic chamber. This report summarizes the results of two long-term experiments 
performed in 1991 and 1992. 

Double-Chamber Cabinet 

The double-chamber cabinet (DCC) consisted of two identical climatic chambers (Weiss- 
Technik, Reiskirchen, Germany) combined with a gas supplying system (Messer-Griesheim, 
Duisburg, Germany) and housed in a thermostated laboratory container (see Fig. 1). 

Each unit had a volume of 1.5 m 3. The temperature of both units (A, B) was regulated 
between 20 to 40~ by Heater I and the relative humidity was adjusted between 60 and 
100% relative humidity. Temperature and relative humidity (Dew Point Instrument Model 
DP 3-D, MBW Electronics, Wettingen, Switzerland) were recorded. The air flow was reg- 
ulated between 0 and 1.2 m3/h. Unit B could be operated separately between 20 and 60~ 
by Heater II and relative humidity between 60 and 100% by Humidifier II. 

Polluted air was produced by feeding NO and SO, into the humidified air stream. Gas 
flow regulation was achieved with flow controllers (Tylan, Eching, Germany). The sulphur 
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FIG. 1--Schematic diagram of the double chamber cabinet ( DCC) for the simulation of chemically 
and microbiologically influenced corrosion of natural sandstone. In Chamber A, the combined weathering 
of gaseous pollutants plus nitrifying bacteria is simulated, while in Chamber B chemical weathering 
without nitrifying bacteria is simulated. In each chamber, test blocks with the closed watering system are 
depicted. 

dioxide concentration was automatically adjusted to a nominal value, while the nitric oxide 
concentration was manually adjusted. To get an even distribution of the gases, the atmo- 
spheres were vigorously ventilated by a tangential blower, which mixed the atmospheres 
about 1000 times per hour. Gas concentrations were measured at two control-points in each 
chamber. The sample air was diluted tenfold with dry, clean air using a heated gas mixing 
probe. Nitrogen oxides were measured with a chemoluminescence detector (Oxides of Ni- 
trogen Analyser, Columbia Scientific Industries, CSI 1600), and sulphur dioxide was mea- 
sured with a sulphur detector (Sulfur Analyser CSI, SA 285). 

Climatic Chamber 

A control experiment without gaseous pollutants was conducted in a closed climatic 
chamber. The bottom of the chamber was filled with water to give an atmosphere of nearly 
maximum relative humidity. 

Experimental Conditions 

All experiments were done at 28~ and 95 -+ 2% relative humidity. Test blocks in Tests 
1 and 2 were exposed to an atmosphere of 1065-~g/m 3 SO2,820-~g/m 3 NO, and about 450- 
p,g/m 3 NO2. These values resemble concentrations measured at smog situations in urban 
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environments. Under these conditions, NO_, resulted from the oxidation of NO. Ventilation 
and the exchange of air (0.9 m3/h) caused a net evaporation from the stone surfaces. In 
contrast to Tests 1 and 2, the blocks of Test 3 were not exposed to a polluted atmosphere 
but they were kept in a steady and moist atmosphere. Under these conditions, the evapo- 
ration was negligible. 

Test Blocks  

Test blocks were made of "Ihrlersteiner green sandstone," a variety of the calcitic (CaCO3) 
and dolomitic [CaMg(CO3)] "Regensburger green sandstone." This stone was green in color 
as a result of an iron bearing clay mineral, glauconite. 

Test blocks had a size of 5 by 5 by 30 cm with sealed flanks. They were sealed for the 
following reasons: (1) to reduce the evaporation and (2) to simulate the situation in a stone 
wall where only one face is exposed to the atmosphere. To grow bacteria on the stone 
surface, the test blocks in the DCC had an additional water reservoir on the upper surface 
(see Fig. 2). The test blocks were fitted into a water reservoir, tightened with silicone and 
connected to a reservoir outside the chambers (see Fig. 1). Additional experiments used 
1.5 by 1.5-cm cubes of unsealed stone material. 

stone surface - - ~  
additional water 
reservoir 

\ drill hole 

- sealing 

/ silicone joint 

. roso oir 

~ . . - -  water supply 

FIG. 2--Cross section of  a test block from the double chamber cabinet with a closed water reservoir 
at the bottom and an additional water reservoir on the upper stone surface. 
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Modeling a Nitrifying Microflora 

At the beginning of each experiment, the watered test stones for Tests 1 and 3 were 
inoculated with pure cultures of nitrifying bacteria on the upper stone surface. Blocks for 
Test 2 were inoculated with a suspension of killed cells. All  strains had been originally 
isolated from building stones. The ammonia oxidizers belonged to the genus Nitrosovibrio 
strain K 7.1 [17] and Nitrosomonas strain R 1.24. The nitrite oxidizers belonged to the 
species Nitrobacter vulgaris strain K 48 [18]. 

All stones were supplied weekly with 3 mL of 500mM ammonium-chloride solution and 
kept at nearly 100% of their maximum water-holding capacity (about 5.6% weight). The 
test blocks in Test 2 were heated monthly at 60~ to kill any nitrifying bacteria that might 
have infected the stones during the testing. 

Sampling 

Every six weeks a set of test blocks was removed and analyzed. The test blocks were 
sawed to give distinct stone samples with depths of 0 to 5, 5 to 15, 15 to 25, 25 to 35, 35 to 
50, 50 to 100, 100 to 150, 150 to 200, 200 to 250, and 250 to 300 mm. The layers were cut 
off using a hammer and chisel, and then the layers were ground using a pestle and mortar.  

Microflora Characterization 

The nitrifying microflora was characterized by the amount of nitrite (NO2-) and nitrate 
(NO3-) in the test stones, by nitrification potential measurements, and by cell numbers as 
determined by a most probable number test. 

To measure the nitrification potential of ammonia- and nitrite oxidizers, 3 g of stone 
material were washed with 0.2% (wt/vol) sterile sodium chloride (NaCI) and centrifuged 
at x 20 000 g for 15 min. The sediment was resuspended in 15-mL basal salts solution (pH 
7.5) containing 5mM ammonium-chloride (NH4CI) or sodium nitrite (NaNQ2)~ respectively. 
The resuspended sediments were incubated at 28~ on a shaker (150 rpm). The formation 
of NO2- and NO3- was followed in each sample. Nitrite and nitrate were determined by 
high pressure liquid chromatography (HPLC; see description that follows). Activities were 
calculated from the amount of metabolic endproducts formed during the first 60 h. 

Cell numbers of ammonia- and nitrite oxidizers were determined using a three-tube most 
probable number (MPN) test from serial dilutions of stone suspensions. The suspensions 
were made from 2 g of stone material suspended in 10 mL of 0.9% (wt/vol) sterile NaC1 
solution and homogenized at 150 rpm for 1 h. The MPN test tubes contained 5 mL of basal 
salts solution with 10mM of NH4CI or 5mM NaNO2, respectively. Heterotrophic bacteria 
were counted on DEV gelatin agar (Merck) and fungi on S A B O U R A U D - 4 %  maltose agar 
(Merck) diluted 1:10. Agar plates were counted after one week, and MPN-tubes were 
examined qualitatively for nitrite and nitrate production after six weeks of incubation at 
28~ 

Monitoring the Corrosion 

As an indicator for corrosion and the formation of gypsum from SO2, the amount of 
water-soluble calcium (Ca 2§ and sulphate (SO42-) in the test stones was determined. Three 
sets of 0.5-g stone material from each layer were washed with 20 mL of distilled water for 
1 h at 150 rpm and the stone material was sedimented at x 20 000 g for 15 min. If necessary, 
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this procedure was repeated. The Ca 2§ concentrations were measured by Atomic Absorption 
Spectrometry (AAS) using an AAS Perkin Elmer 1100 B. All data termed "solubilized" 
Ca -'+ were corrected for the amount of soluble Ca 2§ in fresh stone material. 

Sulphate was determined indirectly by a modified barium chloride precipitation assay [19] 
with barium being measured by AAS.  

To measure nitrite and nitrate in the stones, 1 g of material was sterilized, extracted with 
10 mL of distilled water for 12 h on a shaker (150 rpm), and sedimented. Nitrite and nitrate 
concentrations were measured by HPLC with 5mM tetrabutyl-ammoniumhydrogensulphate/  
10% methanol buffer (6.5) as the solvent. The separations used a Hypersil-ODSo51~ column 
with detection at 225 nm. 

Scanning Electron Microscopy (SEM) 

Surface samples were immediately frozen in liquid nitrogen. Samples were transferred 
into a cryopreparation chamber SCU 020 (Baltec Company), sputtered with platinum and 
scanned with a field emission electron microscope (Hitachi S 400). 

Results and Discussion 

Colonization of Natural Sandstone in the Laboratory and Under 
Environmental Conditions 

The Importance of Stone Moisture and Stone Characteristics--In simulation experiments, 
a stone moisture of nearly 100% of the maximum water-holding capacity was essential for 
the survival of nitrifying bacteria. Because of a high evaporation from the stone surface in 
Test 1, an additional water reservoir was necessary (see Fig. 2). In Test 3, the stone moisture 
caused by capillary attraction was sufficient for bacterial growth. 

The second major growth factor for nitrifying bacteria was the stone itself. Nitrifiers 
preferred the calcareous Ihrlersteiner green sandstone (pH 8.5), which was heavily colonized. 
In contrast, the siliceous Riithener green sandstone (pH 6.5) was not colonized. These 
findings were in accordance with the results of a statistical evaluation of data from 18 
historical buildings in Germany [20,21]. Nitrifying bacteria preferred stones with a calcareous 
binding material, a pH of 8.0 to 8.5 and a medium pore size between 1 and 10 Ixm. 

Colonization of Test Blocks--High nitrification potentials and cell numbers of nitrifying 
bacteria were measured in the upper layer of test blocks from Ihrlersteiner green sandstone. 
The mean metabolic activities calculated for the two experiments were 44 nmol/h x g- 
for ammonia oxidizers and 172 nmol/h • g-~ for nitrite oxidizers. Cell numbers ranged 
between 1 • 106 and 1 • 107 cells/g stone. Uninoculated test stones (Test 2) were easily 
infected if they were not regularly pasteurized (60~ All stones were strongly colonized 
with heterotrophic microorganisms. In the upper layer, the cell numbers of fungi ranged 
between 1 • 106 and 1 • 107 cells/g and the heterotrophic bacterial numbers were ap- 
proximately 1 • 10 ~ cells/g. 

The cell numbers of nitrifying bacteria and fungi decreased in the deeper layers of sealed 
test blocks, while unsealed stones were colonized evenly. Oxygen deficiency in the deeper 
layers of sealed stones seemed to be the main reason for this. Ammonia oxidizers were 
restricted to the upper 4 cm, whereas nitrite oxidizers were found up to 10 cm deep. 
Heterotrophic bacteria were not affected by the sealing. 

Influence of Gaseous Pollutants on the Nitrifying Microflora--After preincubation without 
gaseous pollutants, a smog situation was simulated. After five weeks of exposure to the 

 



MANSCH AND BOCK ON CORROSION OF NATURAL SANDSTONE 209 

polluted atmosphere, the activities of ammonia and nitrite oxidizers in the first experiment 
were markedly reduced, while they remained at the same level in the second experiment. 
However, in both cases the activities of ammonia- and nitrite oxidizers increased during the 
time of exposure reaching values 1.5 to 11 times higher than before exposure to the polluted 
atmosphere. For nitrite oxidizers this was surprising because there was nearly no nitrite 
available (see following discussion). Nitrobacter cells may have grown with nitric oxide 
instead of nitrite [22] or with organic matter [18]. 

If biological questions are considered in smog simulation experiments, it is essential to 
assure that the organisms tolerate the applied pollutant concentrations. Naturally occurring 
values should not be greatly exceeded. 

The Nitrifying Biofi lm--Nitri fying bacteria and chemoorganotrophic microorganisms 
formed a "nitrifying biofilm" (Tests 1 and 3). The stone surface was almost entirely covered 
by the biofilm (see Fig. 3, left panel). On stones inoculated with dead nitrifiers, the stone 
surface was only partly covered with cell debris (see Fig. 3, right panel). The biofilm 
contained different types of microcolonies formed by heterotrophic bacteria and nitrifying 
bacteria (data not shown). Microcolonies of endolithic nitrifying bacteria have already been 
described for building stone [15] and, thus, seem to be their natural growth form. As biofilm 
cells can develop new characteristics, for example, resistance against pollutants or desiccation 
[23-25], their impact on corrosion may increase. 

The evaporation from the stone surface was markedly reduced by the biofilm. After 30 
weeks, 15 mL evaporated per day from test blocks colonized with nitrifiers compared with 
45 mL for test stones without nitrifiers. 

Correlation with Field Data- -The  mean values of metabolic activities for ammonia-oxi- 
dizers in the simulation experiments (see previous discussion) were 11 times and those of 
nitrite oxidizers 30 times higher than the mean activities determined for samples from 
historical buildings [20]. This stands for a mean acceleration factor of 11 for simulated 
biogenic nitric acid corrosion. This is comparable with a factor of 8 ascertained for the 
simulation of biogenic sulphuric acid corrosion [26]. 

If the age of historical buildings is taken into consideration, it is obvious that the accel- 
eration by simulation experiments may be even higher. This can be derived from the fact 

FIG. 3--SEMs of lhrlersteiner green sandstone surfaces colonized (left) and not colonized with ni- 
trifying bacteria after 36 weeks of experimental time and after 26 weeks of exposure to gaseous pollutants 
(right). The left stone surface is nearly entirely covered with a biofilm consisting of nitrifying bacteria, 
chemoorganotrophic microorganisms, and extracellular polymeric substances. Some microcolonies of 
heterotrophic bacteria are visible and indicated (---~ ). The stone surface on the right is partially covered 
with cell debris from the inoculation with dead nitrifiers, but microorganisms are not visible. Bars = 60 
p~m. 
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that under natural conditions the colonization of Ihrlersteiner green sandstone by nitrifying 
bacteria was very slow. After five years of exposure on a test field in the urban area of 
Duisburg (Germany), test blocks were scarcely colonized with nitrifiers. In contrast, fungi 
and heterotrophic bacteria exhibited maximum cell numbers within one year. This finding 
indicates that aging of the stone material, for example, chemical weathering, deposition of 
ammonia and colonization with chemoorganotrophic and phototrophic microorganisms, may 
play an important role for colonization by nitrifying bacteria. 

Chemical Attack by Sulphur Dioxide (Tests 1 and 2) 

After 17 weeks of exposure to the simulated atmosphere, the concentrations of sulphate 
and solubilized calcium in the upper layer of the test blocks amounted to 3260 I~g/g of 
sulphate and 1069 p.g/g of calcium in Test 1 and 4760 Ixg/g of sulphate and 1751 I~g/g of 
calcium for Test 2. In the second layer (0.5 to 1 cm depth), sulphate and solubilized calcium 
were not detectable. 

These values give a total amount of 958 ~mol of sulphate deposited and 833 ixmol of 
calcium solubilized in stones colonized with nitrifiers (Test 1) and 1400 ixmol of sulphate 
deposited and 1218 p.mol of calcium solubilized for stones without nitrifiers (Test 2). In Test 
2, about 72 txmol of calcium per week were solubilized by the smog atmosphere. 

The amounts of sulphate formed and calcium solubilized correspond well. Thus the cor- 
rosion in both tests can mainly be explained by the reaction of SOs with the calcitic binding 
material and the formation of gypsum. During this reaction, sulfite (SO32-) is formed as an 
intermediate according to the following equations [4]: 

CaCO3 + SOz + 2 H20 ~ CaSO3 x 2 H20 + CO2 (3) 

CaSO3 x 2 H20 + 1/2 02 ~ CaSO~ x 2 H20 (4) 

Some of the SO_, reacted with MgCO3 (data not shown), which made about 10% of the 
binding material. Surprisingly, the corroding effect of SO_, did not increase on stones col- 
onized with nitrifying bacteria (Test 1), as we suspected from the fact that nitrite enhances 
the oxidation of sulfite [15]. In contrast, the deposition of SO2 was lowered, which may be 
caused by the biofilm covering the stone surface. 

Chemical Attack by Nitrogen Dioxide (Test 2) 

Compared with SO_,, the chemical attack of NO_, was negligible. After 17 weeks of exposure 
to the simulated atmosphere, 8 ixmol of nitrite plus nitrate were found on test blocks (Test 
2). This was equivalent to 4 I~mol calcium solubilized (data not shown), which was about 
0.4% compared to the amount of calcium solubilized by SO2 (Test 2). On the other hand, 
NO2 might have promoted the formation of gypsum from SO2 as described in the literature 
[3,6,7]. 

Biogenic Nitric Acid Corrosion (Test 3) 

In this experiment, the total amount of nitrate produced by the nitrifying biofilm in the 
absence of gaseous pollutants increased with time (see Fig. 4, left panel). Although nitri- 
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fication occurred only in the upper few centimeters, within 27 weeks nitrate was distributed 
by diffusion in the whole test block. In layers deeper than 2 cm, nitrite was found which 
confirmed the oxygen deficiency inside the blocks (see previous discussion). Because the 
total amount of nitrite was negligible, only nitrate will be discussed in the following para- 
graphs. 

The nitrate content represented the amount of nitric acid which reacted with calcium 
carbonate (CaCO3). After 27 weeks of incubation, 5.0 mmol of nitrate were formed per 
block with 4.4 mmol of Ca 2§ being solubilized (see Fig. 5). This represents 162 ~mol of 
Ca -~§ solubilized per week. Because the acid generating first step of nitrification produces 
two protons (see introduction), one mol of Ca -'+ was solubilized per mol nitrate. The oxi- 
dation of NH4CI on the test blocks and the solubilization of calcium carbonate can be 
described by the following equations: 

NH4CI + 20_, ~ NO3 + C1- + 2 H* + H 2 0  (5) 

CaCO~ + 2H § + NO3- + CI --~ Ca -'§ + NO3- + C1- + CO2 (6) 

The fact that 162 Ixmol of Ca 2§ per week were solubilized by biogenic nitric acid corrosion 
compared with only 72 I~mol of Ca 2§ per week by the smog atmosphere shows the highly 
corrosive potential of microbiologically influenced corrosion (see Fig. 5). 

Biogenic Nitric Acid Corrosion in Polluted Atmospheres (Test 1) 

In this experiment, soluble substances (for example, NO3- and Ca 2.), were transported 
to the stone surface by the evaporating water. Nitrite was not detected in these test blocks. 
At first, the nitrate content increased during the pre-incubation without gaseous pollutants. 
After the exposure to the complex atmosphere, the nitrate content decreased, although the 
activities of nitrifiers were high. If sulphur dioxide was omitted from the gas mixture, the 
nitrate content increased again (see Fig. 4, right panel). During the experiment, a significant 
increase in the concentration of nitric oxide was observed. 

On sterilized stone material supplied with NaNO2 and NaNO3, nitrate (NO3-) was stable 
while nitrite (NO2-) was not. From these findings it seems obvious that NO2- was removed 
by the action of sulphur dioxide and may have been reduced to nitric oxide. This process 
dominated the oxidation of NO2- by the nitrite oxidizers and, consequently, nitrate was not 
formed. Because NO3- was stable on sterilized stone material, the disappearing NO3- must 
have been reduced enzymatically to NO2-. Many microorganisms possess a nitrate-reductase, 
and even the nitrite-oxidoreductase, the key enzyme of Nitrobacter, has nitrate-reductase 
activity producing NO2- [22]. 

Neither biologically produced NO2- (Test 1) nor the addition of NaNOz increased the 
amount of SO42- formed on the test stones. These data are in contrast to a reported increase 
in SO42- formation catalyzed by nitrogen dioxide [3,6,7] and to the enhanced oxidation of 
sulfite in the presence of NO2- [15]. Consequently, a reaction of sulphur dioxide with NOz- 
can be excluded. We conclude that NO2 is removed as a result of the acidification of the 
surface water film by sulphur dioxide. This acid-catalyzed NO2- reduction, which becomes 
significant at pH-values below 5.0 is known as chemodenitrification [27] and generates nitric 
oxide as the predominant gaseous product. 

Although NO3- was not formed during ammonia oxidation in the presence of sulphur 
dioxide, there can be no doubt that nitric acid was produced in amounts comparable to 
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FIG. 5--Solubilized calcium as an indicator for corrosion of weathered test blocks of lhrlersteiner 
green sandstone after 27 weeks. The influence of biogenic nitric acid corrosion is indicated by the amount 
of nitrate, and the influence of chemical sulfuric acid corrosion is indicated by the amount of sulphate. 
Test 1: Combined weathering of nitrifying bacteria and a complex gas atmosphere of 1065-9.g/m ~ SO,., 
850-jxg/m s NO, and about 450-p.g/m 3 NO,.. Test 2: Weathering of the complex gas atmosphere without 
nitrifying bacteria. Test 3: Weathering of nitrifying bacteria in an atmosphere of ambient, clean air. 

those of Test 3. The question arises as to whether the intermediately produced nitric acid 
had a corrosive effect. A comparison of the amounts of solubilized Ca 2. for Test 1 and Test 
2 shows that in the presence of gaseous pollutants there was no accelerated weathering by 
the nitrifying microflora. Chemically influenced weathering by sulphur dioxide was the 
dominating process. 

However, the colonization with nitrifying bacteria was clearly visible (see Fig. 6). The 
surfaces of the chemically plus microbiologically weathered stones appeared to be clogged 
with many efflorescences. Zones of brown and white coloring were distinguishable, while 
the chemically weathered stone surfaces were only slightly colored. The latter exhibited an 
open surface, with small cavities and only a few efflorescences on it. The brown coloring 
might be caused by a formation of melanin [28] or by the mobilization and precipitation of 
iron. The white coloring could be attributed to fungal growth. In addition, certain changes 
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FIG. 6--Stone surfaces (5 by 5 cm) of lrhlersteiner green sandstone test blocks after 17 weeks of 
combined weathering by nitrifying bacteria and a complex atmosphere of 1065-p~g/m 3 SO,_, 850-1.tg/m ~ 
NO, and about 450-p,g/m ~ NO_, (right test block) compared to a stone surface weathered by the same 
complex atmosphere without nitrifying bacteria (left test block). The chemically plus microbiologically 
weathered stone (right) showed brown coloring with many efflorescences. Light areas could be attributed 
to fungal growth. In comparison, the chemically weathered stone was only slightly colored with few 
efflorescences. The light areas represent calcit inclusions. 

in the mineralogical composition of the stone may have occurred, but were not detectable 
with the methods used in this study. Mineralogical investigations are in progress. 

Concluding Remarks 

A high acceleration of the biogenic nitric acid corrosion was achieved with the described 
test system. Therefore, the system could be used for regular testing of natural sandstones 
concerning their resistence to microbiologically influenced corrosion (MIC). 

In the absence of gaseous pollutants, the microbiologically influenced corrosion was 
greater than the chemically influenced corrosion from a smog atmosphere. This confirms 
the highly corrosive potential of nitrifying bacteria. 

For the first time, a combined microbiologically and chemically influenced weathering of 
natural sandstone was simulated. Surprisingly, this did not cause increased corrosion, but 
revealed yet unknown interactions between sulphur dioxide and microbiologically produced 
nitrite and nitrate. These results suggest that in polluted environments nitrate in contrast 
to sulphate is not stable. Consequently, the nitrate content of building stone will not reflect 
the weathering processes that took place during a building's history. Conclusions drawn 
from the sulphate to nitrate ratio [2] will overestimate the importance of sulphuric acid 
influenced corrosion. Taking into consideration that emissions of sulphur dioxide are de- 
creasing [2], the danger to historical buildings by biogenic nitric acid corrosion may increase 
in the future. 
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ABSTRACT: Due to seawater intrusion and moisture accumulation, corrosion of antenna 
foundations/ship's super-structure has been observed and was attributed to galvanic corrosion 
of the aluminum with the silver-based conductive caulk used for electromagnetic interference/ 
electromagnetic pulse (EMI/EMP) conductivity between the antennas and the ship's super- 
structure. Several conductive caulks and sealants were field tested and evaluated to determine 
if the environment would degrade their performance, for the prevention of seawater intrusion, 
and to prevent potential failures due to corrosion. A nickel-based conductive caulk with a 
corrosion inhibitor (PRC 1764) performed well in all of the field tests over a period of 15 
months. Because of the excellent corrosion resistance, adequate EMI/EMP and shielding 
characteristics, the nickel-loaded caulk with a corrosion inhibitor has been recommended for 
antenna applications. Among the sealants, GE RTV 157, GE RTV 167 and Product Research 
Corporation ProSeal 870 polysulfide performed well. GE RTV 157 is already in use for topside 
applications and its use is being continued. 

Three conductive caulks (PRC 1764, PI 8500, PI 8505) were applied to 4140 steel coupons. 
Caulked coupons were exposed to five mixed, microbial cultures in the laboratory for 15 
months. At the end of the exposure period, environmental scanning electron microscopy 
(ESEM) analyses were used to demonstrate that bacteria including sulfate-reducing bacteria 
(SRB) were found under the conductive caulks. In laboratory testing, there was water and 
bacterial intrusion which resulted in corrosion of the steel under the conductive caulk. The 
laboratory caulked samples were not covered with a sealant such as RTV as described pre- 
viously for the field test samples. 

KEYWORDS: conductive caulks, corrosion-resistant sealants, electromagnetic interference/ 
electromagnetic pulse (EMI/EMP) sealants, antenna arrays, environmental scanning electron 
microscopy (ESEM), energy dispersive X-ray spectrometry (EDS), microbiologically influ- 
enced corrosion (MIC), biodegradation, sulfate-reducing bacteria (SRB) 

Microbiologist, research chemist, and materials research engineer, respectively, Naval Surface War- 
fare Center, 10901 New Hampshire Ave., Silver Spring, MD 20903-5000. 

2 Materials engineer, Naval Surface Warfare Center, 1650 Southwest 39th St., Ft. Lauderdale, FL 
33315-3528. 

3 Research chemist and physical science technician, respectively, Naval Research Laboratory- 
Detachment, Stennis Space Center, MS 39529-5004. 

�9 Copyright 1994 by ASTM International 

217 

Www.astITI.OI'g 

 



218 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

AN/SPY-1 antenna arrays are highly critical systems on ships. Both the ship's superstruc- 
ture and the antennas are made from aluminum alloy AI 6061-T6. A conductive caulk is 
needed to fill gaps between the antenna and super structure in order to preserve electrical 
continuity. A silver-plated copper filled conductive caulk was used in the gap along the 
perimeter of the arrays. A nonconductive sealant (room temperature vulcanized rubber 
[RTV]) was applied as an overcoat to prevent seawater intrusion. 

Kohlman [1] reported that the primary failure mode of electromagnetic and radio fre- 
quency interference (EMI/RFI)  sealants was due to galvanic corrosion. In an earlier in- 
vestigation of a damaged antenna, seawater intrusion and moisture accumulation resulted 
in corrosion of the antenna foundation. This crevice corrosion was attributed to galvanic 
corrosion of aluminum with the silver-based conductive caulk (PI 8500) or silver copper 
loaded caulk (Chobond 4669, PI 8505) used for mounting the antennas on the ship's su- 
perstructure (see Fig. 1). 

In this report, the authors describe an evaluation of several conductive caulks and sealants 
for the prevention of seawater intrusion and to prevent potential failures due to corrosion. 
The conductive caulks were tested in flume tanks (constant immersion and alternate im- 
mersion) and on atmospheric racks at NAVSWC, Ft. Lauderdale, FL. Coating deterioration 
in the presence of an adherent biofilm (that is, mixed communities containing SRB; microbial 
metabolites, polymers, and enzyme activities; inorganic ion deposits) is of interest to our 
laboratories. Coating deterioration was assessed by visual observations, environmental scan- 
ning electron microscopy (ESEM) and energy dispersive X-ray spectrometry (EDS). 

Materials and Methods 

Conductive Caulks and Sealants Tested 

In field testing experiments, we evaluated several conductive caulks (Chomerics Chobond 
4669, AI Technology PI 8500 and PI 8505, Products Research Corp. PRC 1764, Emerson 

FIG. 1--In-service corrosion problems (including flaking off of the Chobond 4669) between the antenna 
and the ship's superstructure. 
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Cummings Inc. Ecoshield VY-NC) and sealants (Product Research Corp. 870-B2 Polysul- 
fide, RayChem GelTeK, GE RTV 157, GE RTV 167) for the prevention of seawater 
intrusion and to prevent potential failures due to corrosion. These conductive caulks were 
tested in natural seawater flume tanks (that is, constant immersion with seawater circulated 
at about 3 gal/min; alternate immersion with repeating cycles of sample immersion for 24 
h followed by a 6 day exposure to the atmospheric marine environment) and on atmospheric 
exposure racks at the NAVSWC Marine Corrosion Field Test Facility at Ft. Lauderdale, 
FL. Environmental parameters (range) measured in the constant immersion flume tank 
were: pH, 8.0 to 8.25; air SO2, 0 to 0.38 ppm; tank temperature, 25 to 28~ conductivity, 
53 to 55.3 x 10 a Ixft; salinity, 3.5% (wt/vol) NaCI and dissolved oxygen, 3 to 5.8 mg/L. 

Sample Configurations for Field Tests 

The following two sample configurations were tested: (1) scratch test coupons, and (2) 
assemblies to simulate the interface between the aluminum antenna array and the ship's 
aluminum foundation. For scratch test coupons, the surface was scribed to simulate damage 
which was covered with conductive caulk or a sealant. This test was used to determine the 
adhesion of a conductive caulk or sealant, as well as to determine whether these caulks/ 
sealants protected the scribed areas from corrosion. The assembly perimeters were sealed 
using a layer of conductive caulk or conductive caulk with an RTV 157 sealant overcoat. 
Some assemblies were constructed with a bottom plate of AI 6061 and a Plexiglas | top plate 
for visual assessment of the bottom plate; these assemblies were tested in the flume tanks 
described previously. 

Microbial Communities and Caulks Tested in the Laboratory 

Five marine, mixed communities were isolated from corroding, in-service materials (see 
Table 1). The isolation, maintenance and characterization of the mixed communities con- 
taining SRB has been described previously [2]. All cultures were grown anaerobically at 
room temperature in sealed bottles. These mixed cultures contained strict anaerobes (SRB) 

TABLE 1--Hydrogenase activity in the mixed, microbial populations containing sulfate-reducing 
bacteria ( SRB). 

Culture" 

Hydrogenase Activity ~' 

Isolated Originally On: Material + Topcoat(s) 2V2 h 4 h 24 h 

P10 
PI4 
49Z 
I14 
CPNC 

4140 Steel + 5 Step Iron Phosphate 0 + 1 + 2 
4140 Steel + 5 Step Iron Phosphate + Epoxy +1 +1 +2 
4140 Steel + Zinc Plate +2 +2 +2 
4140 Steel + IVD-Aluminum + Nylon § +2 +2 
Aluminum Alloy + Epoxy + Polyurethane 0 0 + 2 

" Cultures P10-I14 were isolated from a constant immersion flume tank at NSWC/Ft. Lauderdale, 
FL. SRB in cultures P10-I14 require NaCI for growth (halophilic). Culture CPNC was isolated from 
moisture trapped under the cargo ramp of a C-130 transport plane at the NADEP in Cherry Point, 
NC. SRB in culture CPNC are facultative halophi|es (do not need NaC1 for growth but can grow in 
seawater concentrations of NaCI). 

/, Activity of the hydrogenase enzyme is measured with a Caproco Hydrogenase Test Kit. The rating 
system is from 0 to 3, A negative reaction is rated as 0, weak reaction is + 1 (0 to 0.5 nmol of hydrogen 
uptake/min), moderate reaction is + 2 (0.05 to 5 nmol of hydrogen uptake/min) and a strong reaction 
is + 3 (5 to 5000 nmol of hydrogen uptake/min). 
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TABLE 2--Conductive caulks applied to 4140 steel for use in 
ESEM/EDS analyses. 

Characteristic" PRC 1764 PI 8500/8505 h 

Color Black Silver Gray 
Filler Ni Ag 
Inhibitor Chromate None 
Corrosion Behavior No Corrosion Resistant to Salt Fog 

After 1000 h 
Salt Fog 

" Information provided by the vendors (PRC 1764, Product Re- 
search and Chemical Corporation, 5430 San Fernando Road, 
Glendale, CA 91203; PI 8500/8505, AI Technology, Inc., Chem- 
ical Division, P.O. Box 3081, Princeton, NJ 08543). 

h PI 8505 is listed by the vendor as a silver loaded conductive 
caulk, but our EDS analyses show PI 8505 to be a silver copper 
loaded conductive caulk. 

and facultative anaerobes (non-sulfate reducers). The SRB mixed communities were tested 
for hydrogenase activity using Caproco Hydrogenase Test Kits (Caproco Limited, Edmon- 
ton, Alberta,  Canada). Color development is rated after 4 h, but to detect weak enzyme 
activities, color development is allowed to occur for 24 h (see Table 1). 

Three conductive caulks (PRC 1764, PI 8500, PI 8505) were applied to coupon surfaces 
(~4 by 3/4 in. 4140 steel and 4140 steel with an IVD-aluminum primer coat). Some charac- 
teristics of these three conductive caulks are shown in Table 2. The laboratory caulked 
samples were not covered with a sealant such as RTV as already described for the field test 
samples. Caulked steel coupons were exposed to the mixed cultures in an anaerobic envi- 
ronment in the laboratory at room temperature for 15 months. At  the end of the exposure 
period, ESEM analyses were used to demonstrate that bacteria including SRB were found 
under the conductive caulks. 

ESEM/EDS Studies 

At the end of the laboratory exposure period of 15 months, surface topography and 
chemistry were documented using an Electroscan Model E-30 environmental scanning elec- 
tron microscope and a Tracor Northern Model 5502 energy dispersive X-ray spectrometer 
(ESEM/EDS).  Coupons were removed from the culture medium, carried through a series 
of salt water/distilled water washes and examined directly from distilled water. 

Results 

Constant Immersion Testing 

After 2 months of constant immersion, scribed coupons with P18500 (silver particle loaded 
conductive caulk) or PI 8505 (silver copper loaded conductive caulk) showed severe deter- 
ioration of the caulk, which resulted in corrosion of the scribed aluminum region under the 
caulk. Chobond 4669 (silver loaded conductive caulk by Chomerics) showed a mild deg- 
radation of the caulk. In contrast, no degradation of PRC 1764 (nickel loaded conductive 
caulk and chromate as a corrosion inhibitor) was observed. Figure 2 shows no degradation/ 
corrosion on the PRC 1764 coated coupon after 2 months constant immersion in natural 
seawater, but severe corrosion was observed with PI 8505 on chromated A1 6061 and on 
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FIG. 2--Visual observations after 2 months constant immersion: A, PI 8505 on chromated Al 6061 
showed severe corrosion; B, PI 8505 on topcoated Al 6061 showed severe corrosion; and C, PRC 1764 
showed no corrosion. 

topcoated A1 6061. Figure 3 shows no corrosion of the scribed coupon coated with PRC 
1764 after 6 months of constant immersion. After  12 months of constant immersion, the 
silver loaded conductive caulks showed significant degradation and loss of adhesion resulting 
in corrosion of the aluminum substrate, while the nickel loaded conductive caulk showed 
no degradation or loss of adhesion to the substrate. 

The assemblies exposed to constant immersion showed results similar to the scribed 
coupons. The PI 8500 and PI 8505 silver loaded conductive caulks performed poorly (that 
is, the caulk came off the steel bolt heads which allowed for severe corrosion of the steel 
substrate). Ecoshield VY-NC is a nickel loaded, black-colored caulk (does not contain an 
inhibitor) that shrank and cracked along the perimeter during curing, therefore this con- 
ductive caulk does not meet the necessary requirements for prevention of water intrusion. 

Among the sealants, GE RTV 157 and PRC 870-B2 showed good adhesion and no signs 
of degradation after a 12 month constant seawater immersion test. GE RTV 157 is already 
in use for topside applications and its use is being continued. 

Alternate Immersion Testing 

Similar results for the conductive caulks and sealants on scribed coupons and on assemblies 
were obtained after 12 months of alternate seawater immersion testing as was seen in the 
constant seawater immersion testing. Figure 4 shows PRC 1764 coated test assemblies ex- 

FIG. 3--Scribed coupon coated with PRC 1764 showed no corrosion under the caulk after 6 months 
constant immersion. 
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posed to alternate immersion testing for 21/2 months and for 8 months. Some surface fouling 
was seen but no corrosion was observed. 

Atmospheric Exposure Testing 

Similar results for the conductive caulks and sealants were obtained after 12 months of 
atmospheric exposure as was observed in the constant and alternate immersion testing. The 
PI 8500 and PI 8505 caulks showed severe corrosion of the steel bolts due to loss of adhesion 
of the caulk (see Fig. 5). The scratch test failed due to the loss of adhesion of these caulks 
to the substrates. PRC 1764 performed very well with no loss of adhesion to the substrate. 

ESEM Studies and Visual Observations 

EDS data were collected at the same time as the sample morphology and topography 
were photographed. A variety of cell morphologies (including short rods, long rods, vibrio, 
spirillum and cocci) were seen in the mixed communities attached to the coupon surfaces. 
Bacteria were attached to the steel surface and were distributed throughout the biofilm 
layers of corrosion products, bacterial exopolymers and inorganic ion deposits. Figures 6 
and 7 show the microbial biofilm on the 4140 steel surface under PRC 1764. The chemical 
composition (EDS spectra) of the steel surface under the PRC 1764 is shown for a mixed 
culture grown without NaC1 and a mixed culture grown with NaCI (note CI concentrated 
in this biofilm under the caulk at the steel surface; see Fig. 8). 

Figures 9 and 10 show microbial intrusion for PRC 1764 on IVD-aluminum coated 4140 
coupons. Figures 11 and 12 show microbial intrusion for PI 8500 on 4140 steel and on 1VD- 
aluminum coated 4140 steel, respectively. Table 3 is a summary of EDS analyses of the steel 
surface underneath the conductive caulks. Water intrusion (CI peak or CI and Na peaks) 
and bacterial intrusion including SRB (S peak) resulted in corrosion of the steel surface 
under the conductive caulks. 

Discussion 

A nickel-based conductive caulk with a corrosion inhibitor (PRC 1764) has performed 
well in all of the field tests over a period of 15 months [3,4]. Because of the excellent 
corrosion resistance, adequate EMI and shielding characteristics, PRC 1764 has been rec- 
ommended for antenna applications. Kohlman [1] evaluated eight corrosion resistant EMI/  
RFI sealants and selected a nickel-filled polythioether sealant (PRC 1764) based on its 
relatively low cost, excellent corrosion resistance and superior shielding effectiveness. 

Among the sealants, GE RTV 157 and some of the other sealants performed well. GE 
RTV 157 is already in use for topside applications and its use is being continued. It is 
important that the surface be properly treated and good quality control be followed in the 
application of RTV to prevent seawater intrusion through pinholes or areas that received 
inadequate sealant coverage. 

Corrosion is often extremely rapid at small discontinuities in coatings, and breaks or 
blisters in coatings may allow access of corrosion-inducing microbes, such as sulfate-reducing 
bacteria (SRB), to the metal beneath [5]. SRB are a diverse group of anaerobic bacteria 
that can be isolated from many anaerobic environments but their principal habitat is the 
marine environment where the concentration of sulfate in seawater is high and fairly constant 
[6]. Jones et al. [2], using SEM/EDS and EIS, described the microbial attack of epoxy, 
polyurethane and nylon coated 4140 steel by mixed communities of strict anaerobes (SRB) 
and facultative anaerobes isolated from corroding, in-service naval materials. For protective 
coatings to be effective, they must be resistant to microbial degradation. 
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FIG. 8 - - E D S  spectra o f  the 4140 steel surface under PRC 1764 after exposure to CPNC mixed culture 
in growth medium without NaCl (A) and after exposure to H4 mixed culture in growth medium with 
NaCl (B; note the concentration of  Cl in the biofilm at the steel surface). 

Breaches in protective coatings can lead to rapid localized corrosion and may allow access 
of other bacteria to the underlying metal, perhaps further exacerbating the corrosion problem 
[5]. Stranger-Johannessen [7] has described blistering and debonding of corrosion protective 
coatings by marine and soil microbes, as well as, fungal deterioration of coatings. Stranger- 
Johannessen and Norgaard [8] reported on observations that indicate microbial attack at 
the coating surface thereby changing its chemical and physical properties. Many other pro- 
tective coatings may also be subject to biodeterioration, given that bacteria are capable of 
degrading an incredible variety of organic polymers and materials. 

Environmental scanning electron microscopy (ESEM) offers a nondestructive method for 
observing the activity of microbial biofilms. The applicability and advantages of ESEM/ 
EDS in studies of microbiologically influenced corrosion (MIC) have been discussed by 
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T A B L E  3--Detection of water intrusion and SRB on the steel 
surface under the conductive caulks by EDS analyses. 

Detected on Steel Surface 
Under Caulk Using EDS a 

Culture Medium CI Na S 

PRC 1764 ON 4140 STEEL 
P10 + NaCI Yes No Yes 
I14 + NaCI Yes No Yes 
49Z + NaCl Yes No Yes 
P14 + NaCl Yes No Yes 
CPNC - NaCl No No Yes 

PRC 1764 ON IVD-AL COATED 4140 STEEL 
P10 + NaC1 Yes No Yes 
114 + NaCl Yes Yes Yes 
49Z + NaCl No No Yes 
P14 + NaCl Yes Yes Yes 
CPNC - NaCl No No Yes 

PI 8500 orq 4140 AND ON IVD-AL COATED 4140 STEEL 
CPNC - NaCI No No Yes 

PI 8505 ON 4140 AND ON IVD-AL COATED 4140 STEEL 
CPNC - NaC1 No No Yes 

" PRC 1764 contains sulfur, therefore the EDS data for the S 
peak would be from the activity of sulfate reducing bacteria (SRB) 
and any residual caulk that may have remained on the steel sur- 
face. EDS data from the controls (uninoculated PI 8500 and PI 
8505; PI 8500 and PI 8505 exposed to growth medium without 
SRB) did not show a sulfur peak. Therefore, the large S peak 
seen when these caulks were exposed to the CPNC culture was 
due to SRB activity in the biofilm attached to the steel surface 
under the caulks. 

Little et al. [9] and Wagner et al. [10]. E S E M / E D S  have been used in this study to show 
water intrusion (that is, E D S  spectra showed chlorides concentrated in some of the SRB 
biofilms on steel surfaces) and bacterial intrusion (as shown in E S E M  photographs)  which 
resulted in corrosion of the steel under  the conductive caulk. 

SRB hydrogenase activity may influence the biocorrosion process and may be repressed 
or induced depending on the substrate and the bacterial consortia present  in the biofilm I9]. 
The microbial composit ion of the mixed populat ion which included SRB and the presence 
or absence of hydrogenase enzyme were two variables that influenced the biocorrosion 
process on S A E  1020 steel [11]. All the mixed SRB populations used in this study were 
hydrogenase-posit ive.  To our knowledge,  no one has looked at hydrogenase-negat ive and 
hydrogenase-posit ive mixed SRB populations to determine whether  the hydrogenase enzyme 
plays a role in the microbial degradation of coatings, caulks and sealants. 

Further  MIC and coating degradation studies using pure and mixed SRB cultures (in- 
cluding hydrogenase-negative and hydrogenase-posit ive SRB) will provide more information 
about whether  SRB hydrogenase plays a role in coating degradation.  Laboratory  M I C  studies 
need to be per formed with the conductive caulks covered by a sealant (that is, RTV)  to 
determine if seawater and microbial intrusion would occur. If this intrusion occurred with 
the R T V  topcoat  over  the conductive caulk, there would be corrosion problems at the meta l /  
caulk interface. 
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Accelerated Biogenic Sulfuric-Acid 
Corrosion Test for Evaluating the 
Performance of Calcium-Aluminate Based 
Concrete in Sewage Applications 

REFERENCE: Sand, W., Dumas, T., and Marcdargent, S., "Accelerated Biogenic Sulfuric- 
Acid Corrosion Test for Evaluating the Performance of Calcium-Aluminate-Based Concrete 
in Sewage Applications," Microbiologically Influenced Corrosion Testing, ASTM STP 1232, 
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Philadelphia, 1994, pp. 234-249. 

ABSTRACT: The corrosion of concrete structures in sewage environments is a major problem 
in some areas. The phenomena leading to formation and stripping of H2S are now reasonably 
well understood. By a biologically-influenced process, the metabolism of thiobacilli, hydrogen 
sulfide is converted into sulfuric acid. This acid reacts with concrete and causes deterioration. 

For the purpose of testing materials, this environment is often simulated by laboratory tests 
with concentrated acid solutions. Such tests, however, do not consider the bacterial aspect of 
the reality, and therefore, can lead to irrelevant conclusions. 

For a reliable result, the interactions between living organisms and their substratum are 
essential and need to be taken into account. This task is achieved by the use of our simulation 
chamber for biogenic sulfuric-acid corrosion. The biologically-influenced corrosion is remod- 
eled under conditions favoring the relevant microorganisms. Thus, an acceleration of the 
natural process is achieved. 

Recent investigations conducted on calcium-aluminate-based mortars in the bacterial-cor- 
rosion chamber of Hamburg University demonstrated for these materials a good resistance 
against biogenic sulfuric-acid attack. These results are confirmed by on-site observations of 
sewer pipelines made of calcium-aluminate-based concrete inspected after up to 35 years of 
service in harsh environments. 

KEYWORDS: biogenic sulfuric acid, corrosion, thiobacilli, Thiobacillus thiooxidans (T. 
thiooxidans), simulation, materials testing, biotest, calcium aluminate cement 

Biogenic Sulfuric-Acid Corrosion (H~S Corrosion) 

The term biogenic sulfuric-acid corrosion is used for an attack of biologically-produced 
sulfuric acid on cement-bound materials.  The  acid is excreted by l i thotrophic sulfur and sulfur 
compounds oxidizing bacteria as endproduct  of their  metabolism, or both.  Therefore ,  this 
type of corrosion should be precisely called biogenic sulfuric-acid corrosion of cement -bound 
materials. 

The biogenic sulfuric-acid corrosion occurs mainly in sewage pipelines/instal lat ions made  
of cement-bound concrete.  In addition, cement-bound mortar  (between bricks) is also de- 
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stroyed. In general, all materials are destroyed that may react (chemically) with sulfuric 
acid. 

Beyond the scope of this report are working materials that themselves may be used as 
substrate by microorganisms like some resins, sulfur-bound concrete, natural materials, and 
so forth. Even though these materials are of great public interest, the underlying corrosion 
mechanism is different from the one for biogenic sulfuric-acid corrosion and, thus, clearly 
differentiates them from the materials concerned here. 

The fact that concrete sewers carrying sulfide-bearing sewage were subject to a rapid and 
extensive destruction was observed as early as 1900 [1]. It was observed that the destroyed 
concrete was highly acidic due to the presence of sulfuric acid. 

Although various authors, including Morris in 1940 [2] and Pomeroy and Bowlus in 1946 
[3] recognized the possibility that this sulfuric acid could have been produced by bacteria, 
it was generally thought that the corrosion process was due essentially to chemical trans- 
formations by which H2S in the sewer air was converted to sulfate. The following extract 
from Lea and Desch's authoritative book on cement chemistry (1936) is indicative of the 
viewpoint: "It seems probable that the calcium sulfide or hydrosulfide first produced by the 
action of the hydrogen sulfide on the concrete, becomes converted in the presence of oxygen 
to calcium sulfide and sulfate. It is possible, however, that direct oxidation of hydrogen 
sulfide to sulfur dioxide may occur or that the calcium hydrosulfide may be oxidised to 
calcium thiosulfate, which subsequently decomposed by carbon dioxide, liberating thiosul- 
furic acid, as Rodt has suggested. Thiosulfuric acid readily decomposes to form sulfurous 
acid [4]." 

In 1945, Parker published the discovery of strongly acid-forming bacteria from samples 
of corroded concrete sewage pipelines [5]. He called them Thiobacillus (T.) concretivorus, 
a synonym to T. thiooxidans (correct name). Since this discovery, the understanding began 
to develop that this type of corrosion is caused by the action of sulfur-oxidizing bacteria 
belonging mainly to the genus Thiobacillus. 

Since, several reports have been published elucidating the mechanism of the biogenic 
sulfuric-acid corrosion in sewage pipelines [6-12]. Summarizing the literature, it becomes 
clear that the corrosion is a result of bacterial activity. It is to be assigned to the sulfur cycle, 
which in contrast to the carbon cycle (global warming), attracts considerably less public 
attention, although the phenomenon biogenic sulfuric-acid corrosion results to a considerable 
extent from the habits of the population. As it has been mentioned, the main source for 
biogenic sulfuric acid is the sulfur compound hydrogen sulfide, H2S. It is produced by 
microorganisms that live in the sewage, in the mud at the bottom of the pipelines, and in 
the slime layer coating the surfaces of sewage pipelines above and below the water level. 
The layer may be called a biofilm. Under anaerobic conditions, sulfate-reducing bacteria 
(SRB) are active in these habitats, reducing oxidized sulfur compounds to H2S. As H2S is 
a weak acid, it becomes dissolved in the sewage under neutral or alkaline conditions. If the 
pH value decreases, for example, due to acidification, H2S is emitted into the sewage 
atmosphere. Turbulences in the sewage flow are another reason for H2S emission. Even at 
comparably low concentrations H2S escapes into the gas phase (stripping). Once H_,S has 
reached the atmosphere it may react with oxygen to elen~ntal sulfur that is deposited on 
the walls. In fact, this reaction may be accelerated catalytically by an alkaline surface. Sulfur 
is a good substrate for thiobacilli. By their metabolism, sulfur is oxidized to sulfuric acid. 
The energy obtained is used for CO,-fixation for cell mass production. Figure 1 gives an 
overview of the sulfur cycle. 

The endproduct sulfate may be used again by SRBs as a source of chemically-bound 
oxygen. Thus, the sulfur cycle is closed. As a side reaction, thiosulfate may also occur in 
sewage pipelines. Sulfur reacts chemically with sulfur dioxide, S02, to form thiosulfate. The 

 



236 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

/ s ) r y  . T ' I 

FIG. 1--The sulfur cycle. 

thiobacilli themselves are one source for sulfur dioxide. During sulfur oxidation, T. thioox- 
idans produced measurable quantities of SO:, probably indicating an overflow of the primary 
sulfuroxidation as compared with the sulfite oxidation. All these compounds have been 
detected by K6nig and coworkers in sewage pipelines [1-5, 7,13,14]. This type of sulfur cycle 
occurs in sewage pipelines, as illustrated in Fig. 2. 

The H2S production often seems to be the limiting factor, as H2S is the substrate for 
conversion into sulfuric acid. H, owever, man influences H2S production in several ways. 
Most important is the temperature of the sewage itself. Because of an increasing use of 
hot water (for dishwashers, washing machines, showers, baths, and so forth), during the 
last decades the temperature of the sewage increased by several degrees celsius. Estimations 
range up to 10~ It is well known that microorganisms convert their substrate at high 
temperatures more rapidly than at low temperatures, although the rate does not double, as 
in chemistry (10~ to ~ doubled reaction rate). Thus, increased acidification is caused. The 
second reason for increased HES production is the increased use of detergents containing 
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FIG. 2- -The  sulfur cycle as it occurs in the sewage systems. 

sulfates and the increase in protein consumption. Whereas sulfates may be used by SRBs 
in the way described above, protein is reaching the sewage after digestion of food. It is 
degraded into amino acids. Two amino acids, methionine and cystein/cystin, contain sulfur 
atoms. The degradation of methionine usually yields methylmercaptan, CH3SH (methane- 
thiol), whereas cystein gives rise to H2S under aerobic and anaerobic conditions. Thus, H2S 
may be produced aerobically as well. The third reason for an increase in H2S production 
are the spreading cities. Because people tend to live in green suburbs, far outside town, 
long sewage networks have to be installed for treating household sewage. Due to the long 
distances, especially in flat areas, the sewage has long residence times until it reaches the 
treatment plant. As a consequence, a lot of degradation takes place during the flowtime, 
producing volatile sulfur compounds like H2S. Often pressure pipes are used to reduce 
residence time. However, if these pipes are not ventilated and aerated, for example, by 
pressurized air, they tend to develop anaerobic conditions, giving rise to H2S again. Sum- 
marizing, it becomes obvious that man's way of life influences the sulfur cycle and its reactions 
finally causing an increased possibillity of attack on working materials by biogenic sulfuric 
acid. 

Concrete Systems 

Ordinary concrete systems are very sensitive to the production of sulfuric acid. Concrete 
consists of a hydraulic mixture of cement fines with coarse aggregates, sand, and water. The 
cement first dissolves into water, then precipitates, leading to formation of hydrates. The 
interpenetration of these hydrates leads to setting and final hardening, giving the structure 
its mechanical strength. 
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The most common cement material is Portand cement. It is mainly composed of the 
following mineral anhydres: tricalcium silicate (3CaO �9 SiO2), dicalcium silicate (2CaO �9 
SiO2), tricalcium aluminate (3CaO �9 AlzO3), and tetracalcium ferro aluminate (4CaO �9 
F e 2 0 3 A 1 2 0 3 ) .  These anhydrates react with water to form a number of hydrated oxides, 
including high amounts of calcium hydroxide Ca(OH)2, which is water soluble. In addition 
to silica, alumina, and iron compounds, cement also contains small amounts of adventitious 
compounds such as sodium, potassium, and magnesium oxides, phosphates, and sulphates, 
which are also water soluble. In a normal clean atmosphere, any moisture on a concrete 
surface would have dissolved in it small quantities of these compounds, as well as some CO2 
and oxygen. In polluted city atmospheres, the air contains SO2, ammonia, and oxides of 
nitrogen. These also will be dissolved in the moisture. 

The alkaline hydrates react to acid attack-forming calcium sulfates such as gypsum (CaSO4) 
and ettringite (6CaO �9 A 1 2 0 3  �9 3 5 0 4  �9 32H20). This is all the more true since Ca(OH)2 is 
water soluble and especially reactive even deep inside the concrete structure. 

Many observations have been conducted on-site that illustrate this general behavior of 
ordinary concretes under concentrated acid attack. The photography in Fig. 3 was taken in 
a manhole of the Arcachon system, France, where severe biogenic sulfuric-acid corrosion 
is encountered. 

Corrosion Tests 

As described above, H2S will react with oxygen to sulfur that is deposited on the wall 
surface. If thiobacilli are present, sulfur will be oxidized to sulfuric acid causing corrosion 
of susceptible mineral materials. 

In order to help in predicting the behavior of pipe materials to this phenomenon, tests 
are often conducted by materials scientists immersing cement-bound test materials in sulfuric 

FIG. 3--Corroded manhole of ordinary Portland concrete, Arcachon sewer, France. 
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acid. With this type of test it is conceived that the cement-bound material is destroyed by 
a purely chemical reaction with the acid. The nature of the acid and its concentration may 
vary from assay to assay. The acidic solution is renewed from time to time, and the loss of 
weight due to chemical reaction is measured. The corrosion rate is then calculated from 
these values. 

However, the experience of many years indicates that corrosion does not occur uniformly 
in sewage pipelines. From one joint to another, a pipe may be severely corroded, whereas 
the adjacent pipe (of the same material) exhibits only negligible corrosion. The reason for 
these differences are not known and, thus, predictions about the possible rate of corrosion 
of materials in sewage environments remain difficult. 

Moreover, Wierig [15] showed in his experiments that in concentrated sulfuric acid (pH 
1 to 2), concretes exhibit corrosion rates of similar order though being very different ma- 
terials; all samples but one lost 50% of their initial weight between the 8th and the 16th 
week. Taking into account the expected service life of pipes of 50 to 80 years, the differences 
observed have little significance. The results are shown in Fig. 4. 

These results come in contradiction to the field experience, where at severely endangered 
parts of the sewage system, pH values between 1 and 2, sometimes even below 1, occur 
although the grade of corrosion shows considerable variation. As a consequence, besides 
the action of sulfuric acid, there must be another factor determining the resistance of a 
cement-bound material against biogenic sulfuric-acid attack. 

Similarly, immersion tests conducted with calcium-aluminate-based cements in the lab- 
oratories of the Lafarge Copp6e Group led to the conclusion that such mineral systems, 
though generally exhibiting better corrosion resistance than traditional cements, would not 
withstand severe sulfuric-acid attacks such as in sewage networks facing harsh H2S stripping 
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FIG. 4--Loss of weight of samples of various Portland and blast furnace-type cements after immersion 
in sulfuric acid at pH 1. Additionally, the behavior of a calcium-aluminate cement is shown [15]. 
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problems. This is consistent with the results shown in Fig. 4 [15] and with other information 
found in the literature [16]. 

These conclusions, however, were clearly contradicted by observations conducted on site 
[17]. The site of El Berka, Greater Cairo, Egypt, is demonstrative in this aspect. The city 
transports its domestic wastes through a circa 5 km long and through flat open-air sewer. 
The long retention time and the hot climate promote septic reactions and favor the formation 
of H2S in the effluent. Then the effluent enters four parallel sewer lines installed in 1981 
with sudden increase in flow rate, leading to H2S stripping. The sewer line is moreover bent 
at this particular place, inducing turbulences, further enhancing the stripping. The manholes 
are badly corroded and only two out of four could be opened. The concrete wails of the 
inspection chamber are covered with sulfur, giving evidence of H2S stripping. The pH was 
measured on the surface of the concrete with pH paper and indicated values ranging between 
1 and 2. The ordinary concrete was badly corroded, with reinforcement appearing, as can 
be seen in Fig. 5a. 

The upstream pipe was 1500 mm in diameter. It was internally lined with a centrifuged 
concrete mortar made with calcium-aluminate cement. This mortar is in perfect shape and 
hard to hammer though the pH at the crown was ranging between 1 and 2, the same as on 
the walls of the inspection chamber. This is shown in Fig. 5b. 

These observations clearly lead to the conclusion that corrosion testing based upon im- 
mersion in "simple" sulfuric acid is misleading and not appropriate when it comes to sim- 
ulating the specific case of biogenic sulfuric-acid corrosion. The reason is obvious: bacteria 
produce the sulfuric acid. Because they are living organisms, they may thrive in suitable 
habitats, whereas in others, their growth is restricted. This means that the interactions 
between microorganisms and substratum must play an important role in the corrosion of 
cement-bound materials. This is to be taken into account in the testing procedure. 

FIG, 5(a)--The ordinary concrete of the manhole chamber is deeply degraded, giving evidence of 
harsh biogenic sulfuric-acid corrosion, Egypt, El Berka. 
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FIG. 5(b )--Resistant-centrifuged calcium-aluminate-based mortar lining, El Berka, Egypt. 

Tests in a Simulation Chamber 

Because of the apparent lack of an appropriate testing method, which would include 
microorganisms as the main corrosion-causing agents, a simulation chamber was constructed 
that allowed to remodel the conditions of a sewage pipeline. In this chamber the conditions 
for the main corrosion-causing agent, the sulfuric-acid-producing bacteria were optimized 
[10]. Thus, a possibility for the testing of materials was created that included the interactions 
between bacteria and substratum [9]. 

The first testings conducted with the experimental chamber confirmed the importance of 
the bacteria, and gave results that were consistent with on-site observations: two different 
materials may exhibit similar resistance to acid attack according to immersion tests, though 
having entirely different resistance to bacterially influenced corrosion. This is illustrated by 
results shown in Fig. 6. Two test blocks, one made of a blast-furnace cement, the other 
made of a portland cement, are shown. After having passed two simulation experiments, 
some difference is obvious. In this particular case, the Portland-cement-based formulation 
gave evidence of better resistance, though the purely chemical testing with sulfuric acid had 
caused insignificant differences [15]. 

Field experiments were conducted with Portland-cement-based concrete blocks in order 
to determine how much the simulation experiments were accelerated compared to natural 
conditions in Hamburg's most severely endangered sewers. Because the testing conditions 
are optimal to the bacteria in the experimental chamber, the test run produced corrosion 
on cement-bound concrete test blocks that needed more than eight times as long as under 
natural conditions in the aggressive atmosphere of a sewage pipeline [8]. 

Figure 7(a) gives an impression of the simulation chamber for reproduction of partially 
filled sewage pipelines. Figure 7(b) shows the diagram of the apparatus. The chamber has 
a volume of about 1 m 3. The walls and the bottom are thermostated separately, and the 
bottom is usually 2 to 3~ warmer than the walls. The chamber contains about 10 cm of 
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FIG. 6--(a) Comparative testing of two test blocks of a German Portland cement and (b ) a German 
blast-furnace cement. 

water. Due to the elevated temperature, water evaporates and condenses at the top lid and 
the walls, producing a high humidity in the gas space (usually above 98% relative humidity). 
The temperature is kept at 30~ As a nutrient for the sulfur-oxidizing bacteria, H2S gas is 
used. The concentration in the gas phase amounted to 10 -+ 5 ppm H2S. At both sides of 

FIG. 7(a)--Overview of the simulation chamber. 
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wall bosom drain 
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FIG. 7(b)--Schematics of the simulation chamber. 

the lid a nozzle is installed. The nozzles are used for spraying a salt solution into the chamber 
that contains a supply of nitrogen and phosphorus for the bacteria (to avoid any shortage). 

Secondly, the nozzles are used for inoculation of the test blocks with bacteria. Several 
strains of the species T. thiooxidans, T. neapolitanus, T. intermedius, and T. novellus (orig- 
inating from samples of corroded sewers in Hamburg) are grown as mass cultures in the 
laboratory, harvested, and sprayed as an aerosol (fog) into the chamber. A total of 10 ~3 cells 
are needed for the inoculation of one simulation experiment. A part of the aerosol settles 
on the surface of the test blocks. The results of 10 experiments show that by this inoculation 
method, cell densities of more than 106 cells/cm 2 are usually achieved. Compared with natural 
conditions this equals a cell count that occurs only at highly endangered parts of the sewage 
system [7]. Thus, a start of the experiment without lag-phase is achieved. The inoculation 
is done in intervals during a time period of about 90 days. A "resting" period of about 30 
days follows, after which sampling for evaluation of resistance against biogenic sulfuric-acid 
attack starts. 

Samples may be taken from the test materials two different ways. Either test blocks are 
presawn, giving cubes of 18 • 18 • 18-mm length that can be broken off easily, or single 
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cubes with similar measures have been used from the start of the experiment. The latter 
has the advantage that weight-loss measurements can be done precisely (weighing before 
and after incubation). For sampling and analysis, up to three cubes are removed, put into 
flasks with mineral salt solution (50 ml in 100 ml flasks) and incubated on a rotary shaker 
for 90 min for detachment of loose material (due to corrosion) and of adhering microor- 
ganisms. The resulting suspension is used consecutively for estimations of the cell counts of 
thiobacilli. For this purpose, dilution series are produced in steps of 1:10. Selective nutrient 
solutions are inoculated out of the dilution steps for strongly acidophilic T. thiooxidans, 
moderately acidophilic T. neapolitanus, and mixotrophic moderately acidophilic T. inter- 
medius/T, novellus (the latter are detected together because of their growth requirements). 
At least three tubes of each nutrient solution are inoculated. Details have been published 
[7,8,101. 

Evaluation of the test tubes takes place after 3 weeks. The cell counts are determined by 
the statistical method, most-probable-number (MPN). In parallel, weight-loss determina- 
tions are done. The cubes are dried and the loss of weight is determined by weighing. During 
the simulation test, the pH value of the surface water on the test blocks is measured 
additionally. 

Test Results and Discussion 

Typical results on a Portland cement-based concrete sample are shown in Fig. 8. The 
cement used is PZ 35 Alemannia, water/cement ratio is 0.5. The evolution of the bacterial 
cell count, loss of weight, and pH value of surface water during the experiment are reported 
in the same graph. 
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FIG. 8--Evolution of the bacterial cell count, loss of weight, and pH value of surface water of a 
Portland-based concrete as a function of time in the simulation chamber. 
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Because of the biogenic sulfuric acid the pH value of the surface water dropped from 
above 10 (fresh concrete) to less than pH 5 during the inoculation period (100 days). During 
the following incubation, the pH value decreased further to a range of about 1 and 1.5 and 
remained with minor deviations in this range. The cell counts of thiobacilli started between 
106 and 107 cells/cm 2 test block surface. Although some deviations occurred, they remained 
at this level throughout the experiment. The weight loss measurements indicate a low loss 
after inoculation and 40% weight loss after 240 days until the end. It is evident from these 
data that such a test material is not suitable for construction of sewage pipelines. 

Owing to the accelerated-simulation test, this result was achieved within 1 year, whereas 
at least 8 years would have been necessary to obtain the same information on site. 

Similar tests were done with different cements, including calcium aluminate. The mortars 
were made with low-water-cement ratio and high-cement dosage, in order to simulate the 
behavior of centrifuged mortar lining inside metallic or concrete pipes. The mix composition 
is 600 g cement, 1380 g aggregates (0 to 5 mm), and 120 g sand (0 to 0.1 mm). The water/ 
cement ratio is 0.38. The porosimetry of the sample by injection of mercury shows that 
most pores are around 0.3 wm, and almost all of them less than 1 I~m. The results of the 
test are shown in Fig. 9. 

The weight-loss measurements show with values of less than 10% that the biogenic attack 
is reduced considerably compared with the attack on the portland test material shown in 
Fig. 8, although only in conditions of pH less than 1.5. The conclusion is that: 

1. The material exhibits good resistance against biogenic sulfuric acid corrosion. This is 
in good agreement with on-site observations. 

2. The material exhibits a higher resistance than could be predicted by immersion tests 
and theories based solely upon traditional chemistry. 

3. pH measurement alone is not appropriate for predicting the resistance of a material 
in vitro and, more important, in situ [11]. 
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FIG. 9--Corrosion test conducted on a calcium-aluminate-based mortar in the simulation chamber. 
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Another  important point is that the bacterial population shows a slight decrease in terms 
of cell counts. They started like the previous experiment of Fig. 8 at a level of 106 to 107/ 
cm-' surface. In spite of some deviations, the cell counts declined to values of 105 cells/cm 2. 

These results credit the statement that bacteria do not behave the same, that is, have 
different activity depending upon the substratum. For some reason, the calcium-aluminate 
system does have an effect in this aspect. 

One test was conducted in order to investigate the role of the porosimetry on bacterial 
behavior. The mortar was composed of 480 g calcium aluminate, 120 g silica fumes, 1380 g 
aggregates, and 120 g sand. The water/binder ratio was 0.30. The porosimetry measurement 
indicated that most pores are in the range of 0.01 txm, all of them being less than 0.2 Ixm 
in diameter. The results of the corrosion tests are shown in Fig. 10. 

The result demonstrates that the role of pores, within the range of porosity used, has 
little meaning in this aspect. Reversely, this confirms the importance of the interactions 
substratum-bacteria. 

On the basis of this result, tests were conducted with an improved calcium-aluminate- 
based solution with synthetic aggregates produced by Lafarge (Alag| whose composition 
is similar to that of the cement. The formulation is 600 g calcium-aluminate cement, 600 g 
Atag, 0 to 2 mm, and 1600 g Alag 0 to 5mm. The water cement ratio is 0.37. The results 
of the corrosion test are shown in Fig. 11. 

The results show a great improvement in terms of corrosion resistance compared to the 
previous mortars (Figs. 8 to 10). 

Examination of the surface of the samples shows that the corrosion progresses evenly 
from the surface. This is shown in Fig. 12. 
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This is to be granted to the very homogeneous chemical and mineral composition of the 
material. Once hydrated, opposite to traditional cements, calcium aluminate is mainly com- 
posed by two minerals that are C3AH6 and AH3. In particular, it does not release free 
lime, opposite to Portland cements, nor does it contain high amounts of water soluble phases. 

FIG. 12--Even progress of  biogenic sulfuric-acid corrosion on a calcium-aluminate based mortar 
(scanning electron microscopy). 
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Summarizing, the result of this simulation test is the finding that: 

1. Calcium-aluminate based materials are very resistant against biogenic sulfuric-acid 
attack and, thus, appropriate for use in sewage systems, within the range of placing 
conditions used for the tests. 

2. Pores in the  range below 1 I~m do not play an important role. 
3. The addition of Alag aggregates to this material considerably improve its resistance 

to biogenic sulfuric-acid attack. 

Conclusions 

Corrosion tests have been generally conducted in the past with little attention paid to the 
role of the bacteria in the process. This indeed helped classify the materials according to 
their chemical resistance to different acids with varying conditions. However, it was proven 
to be misleading when it came to predict the behavior of materials in natural conditions. A 
typical case is that of calcium-aluminate cement performing well, even after many years 
usage in harsh sewage environments; although calcium-aluminate cement is often classified 
as an inadequate material on the sole basis of purely chemical tests. The University of 
Hamburg developed a special corrosion test in a controlled-simulation chamber. The results 
observed came in good agreement with on-site observations, and confirmed the important 
role of the bacterial aspect in the particular context of biogenic sulfuric-acid corrosion. This 
was also confirmed in the case of calcium-aluminate cement. 

Due to optimal breeding conditions, the chamber proved to work as an accelerated test, 
and to simulate within a year the corrosion results observed after 8 years in the most 
aggressive part of the Hamburg sewer system. Thus, this simulation apparatus is an excellent 
tool to sort out rapidly-appropriate cementitious working materials for use in sewage systems. 
The city of Hamburg's  sanitation authority requires this test for any new material to be used 
in the city's sewage network. 

It is now an understood fact that natural phenomena require expertise from different 
people. Biogenic sulfuric-acid corrosion is an excellent example where progress could be 
done through combined work of complementary expertises, such as mineral chemistry, 
materials science, and microbiology. Investigations are currently conducted in Hamburg of 
this nature, either for testing or for improving existing materials. In particular, the work 
permitted to understand the good field performances observed in sewers with calcium- 
aluminate cements. This in turn allowed to improve the existing material with regard to the 
substratum-bacterial interactions. The calcium-aluminate cement, combined with use of Alag 
aggregates, was found to give excellent results in this aspect with limited corrosion and 
minimized bacterial attack. 
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ABSTRACT: A copper-corrosion process of unknown origin was observed in the cold and 
warm water supplies shortly after commissioning a county hospital in Germany. The cause of 
the damage could be attributed to microbial-influenced corrosion (MIC). An evaluation of 
the damage showed that corrosion is most likely to occur in intensively branched, horizontal 
pipework during prolonged periods of stagnation. The influences of operating conditions and 
design installation on the corrosion process could not be separated. 

The operating conditions and design installation can be separated in test rigs using the 
occurrence manifestation characteristics for this corrosion process as a measure for the like- 
lihood of corrosion. After an induction period of 200 days the corrosion is most often found 
under intermittent and stagnant conditions in the test rigs. Furthermore, a seasonal influence 
can be observed. It was shown in experiments performed in the laboratory that it should be 
possible to considerably minimize this induction period found in the test rigs. 

KEYWORDS: microbiologically influenced corrosion (MIC), copper, potable water 

Introduction 

A copper-corrosion process of unknown origin in a county hospital in Germany was 
observed in the cold and warm water supplies shortly after commissioning the hospital. 
The cause of the damage has been attributed to microbiologically influenced corrosion 
(MIC) [1]. 

A field study in the county showed that the corrosion failure in the hospital was not 
unique, but was by far the worst case. Similar damage has occurred in large public buildings; 
private houses have not been affected [2,3]. 

Damage that occurred in three large public buildings over a period of ten years was 
evaluated, showing that after an induction period of three and a half years breakthroughs 
of copper tubes occurred stochastically. An evaluation of a high number of samples taken 
from these buildings after five, eight, and ten years showed that 20 to 100% of the copper 
tube walls remained. No trend with which to predict the lifetime of a copper installation 
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could be observed, Although only one corrosion system was affected (hard-drawn copper 
tubes and soft, unbuffered reservoir water), a stochastic distribution of the resistance to 
corrosion was found. 

According to the German Standard DIN 50 930, Part 5 "'Corrosion Behavior of Metallic 
Materials in Water; Copper and Copper Alloys," perforations in cold water installations 
consisting of copper piping should only be observed if more than one of the following 
parameters has an unfavorable value: (1) design of installation and operating conditions, 
(2) kind of commissioning for the installation, (3) material and material surface conditions, 
and (4) chemical and biological composition of the water. If the formation of a protective 
layer on the material surface is disturbed by potable water of unfavorable composition, or 
other unfavorable parameters, perforations of tubes can be expected. No perforations would 
be expected in the relevant water distribution area according to the assessments mentioned 
in DIN 50 930. 

To determine the influence of other parameters leading to the perforations, more than 
500 failed copper pipe samples taken from the county hospital were examined. The damage 
occurred mainly in two sections of the hospital that included intensively branched, horizontal 
pipework subjected to prolonged periods of stagnation. In the area with vertical, straight 
runs of pipework and short periods of stagnation, no perforations and no deep pits (none 
>0.1 mm) were observed. Furthermore, a gas pressure test was performed with this water 
supply one year before commissioning the hospital. During the winter period before com- 
missioning, the supply was filled with water and the hospital installation was used as a 
substitute heating system [4]. This has to be regarded as another factor with an unfavorable 
influence. 

The failure analysis showed that it is not possible to separate the influence of the para- 
meters design installation from the operating conditions on the corrosion process. This 
separation is a prerequisite for the evaluation of countermeasures and a more profound 
understanding of the corrosion mechanism. 

A separation of design and operation parameters is possible with test rigs set up in the 
hospital. A test rig necessarily simulates a short, unbranched floor supply. The results of 
the failure analysis in the county hospital showed that a low corrosion rate can be expected 
with this installation design. The influence of operating conditions can be worked out in a 
test rig. A time period between the setup of a test rig and commissioning the rig is avoided. 

This paper will deal with the influence of operating conditions on the likelihood of MIC. 
Two test rigs were installed in this hospital, one at a place where the water was fed into the 
hospital installation, and the other one at a place where the water has passed many hospital 
installations. Furthermore, a possible influence of the hospital installation itself on the 
likelihood of corrosion was investigated. 

To rate the results obtained from these test rigs, the typical features for MIC, as described 
in Ref [1], are used: (1) uptake of copper into the potable water, (2) formation of black 
layers of copper(II)-oxide; (3) formation of exopolymeric substances, and, (4) general attack 
and pitting at the same time. 

After two-and-a-half years of operating time, the simulation of the corrosion process was 
successful in both test rigs, but with a lower corrosion rate than in the damaged water 
distribution system of the hospital [5]. The corrosion rate in the rigs corresponds to that in 
the area with a low damage probability in the hospital. These results are within the spectrum 
of the results occurring in the hospital. It takes a certain period of time until the typical 
characteristic features are observed in the test rigs for the first time. 

Based on this knowledge, this paper will deal with the following questions: 

(1) Can typical induction periods be determined for the single characteristic features of 
this type of corrosion? 
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(2) Are the results obtained from the test rigs comparable with results of exposure tests 
and laboratory loops? 

(3) Is it possible to understand the spectrum of the observed corrosion behavior in terms 
of the influence of operating conditions? 

The results obtained from these investigations are also important in determining the 
relevant time period for investigating corrosion performance, because it is desirable to predict 
corrosion behavior from such investigations. 

Experimental Procedure 

The commissioning of the test rigs consisting of copper (German Standard: SF-Cu, F37; 
ISO-Standard: Cu-deoxidized high phosphorous (DHP) was performed in January 1990. 
Different operating conditions were simulated in parallel water lines by the use of: solenoid 
valves with time control, stop-cocks and flow-controls. These conditions were: (1) constant 
flow, (2) intermittent conditions, (12-h stagnation, with a water change every hour), and, 
(3) stagnation (water change every 24 h). The measurements in the test rigs during the last 
30 months relevant for this investigation are as follows: Copper tubes were collected after 
two- to four-month exposure. For regular controls, water samples were collected every one 
or two weeks from the test rigs to determine the copper concentration by atomic absorption 
spectroscopy (AAS). 

The occurrence of spots of black layers was determined using a stereo microscope, and 
exopolymeric substances (EPS) were detected performing the Periodic acid-Schiff reagent 
(PAS) test according to Chamberlain et al. [6]. Copper tubes were stained in 10% (w/w) 
citric acid to reveal pitting attack. Pit depth was measured using a stereo microscope by 
focusing on the non-attacked surface and then on the bottom of the obviously deepest pit. 

Starting in May 1991, exposure tests were performed in the laboratory, simulating stagnant 
conditions with water taken from the county hospital, and a laboratory loop was set up that 
worked under intermittent operating conditions with the same water. Further experimental 
details are described in Ref [7]. 

Results 

Uptake of Copper into the Potable Water 

The copper concentrations obtained from the different water samples are rated in Fig. 
la through f. The distribution of the obtained values is dividied into two domains, (1) copper 
concentrations of 0.3 m g / L  < c < 3 m g / L  and, (2) concentrations of more than 3 mg/L.  

Figure la shows the rating of all water samples obtained from the test rigs. From the 
initial installation, copper concentrations between 0.3 and 3 m g / L  were measured. After 
160 days of operation, the majority of all samples investigated were in this range. Critical 
values of more than 3 mg / L were obtained after an induction period of 200 days. A further 
increase could be observed during the following three months, then samples exceeded the 
critical value up to 560 days. No critical values could be observed in the time period of 600 
to 760 days. Values of more than 3 mg / L were found from 120 to 800 days and then vanished. 
Only one further excursion was observed after 960 days. 

Figures lb and lc compare the influence of the hospital installation on the uptake of 
copper ions. Samples taken at the place of the water inlet to the hospital show few con- 
centrations >3 m g / L  after 240, 520, 840, and 960 days. Water samples taken at the place 
where the water had passed many installations showed values beyond 3 mg / L continuously 
from 200 to 560 days. Two further excursions were noticed after 760 and 800 days (Fig. lc). 
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FIG. l--Rating of water samples concerning the uptake of copper into the potable water as a function 
of operation time: (a) rating of all samples; (b) samples taken from a place where the water is fed into 
the hospital installation; (c) samples taken from a place where the water has passed many of the installations 
of the hospital. Samples exposed to (d) Constant flow; (e) intermittent conditions and ( f)  stagnant 
conditions. 

The influence of the operating conditions on the uptake of copper can be seen in Fig. ld 
through lf. Under constant flow conditions, the concentration exceeded 3 m g / L  after 280 
and 320 days. Operating at intermittent conditions caused an uptake of copper of more than 
3 m g / L  in about 50% of the samplings after 240 and 280 days. Under stagnant conditions, 
an irregular uptake could be observed after 240, 280, 360, 560, 800, and 960 days. Using 
the concentration range of 0.3 mg / L < c < 3 mg/ L as a parameter for the uptake of copper, 
no influence of the hospital installation or the operating conditions on the corrosion process 
could be derived. 

Occurrence o f  Black Oxide Layers 

Figure 2 shows the occurrence of black deposits evaluated from all samples taken from 
the test rigs. Figs. 2a~ and 2a_, show the results obtained from the top and bottom halves of 
the copper tubes cut between the 3 and 9 o'clock position. The data in both diagrams have 
the same shape, indicating that no difference can be detected between the two halves of 
the copper tubes. So, no preferred orientation for the formation of the black spots can be 
seen. Therefore, in discussing the formation of EPS and pitting attack, the tubes are no 
longer separated into top and bottom halves in Figs. 3 and 4. 

Small black spots on a bare copper surface occur from the first sampling. After 240 days, 
about 80% of the samples show this behavior (Fig. 2al and 2a2). With further operation 
time, the bare surfaces were covered by black spots or stripes, or both, mixed with bluegreen 
alkaline corrosion products. The black spots were no longer detectable, but they did not 
vanish as indicated by the dotted line in Fig. 2. 
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FIG. 2--Rating of copper samples concerning the formation of black oxide layers as a function of 
operating time; (a) through ( f )  as described in Fig. 1. 

a] = Top halves of the copper tubes. 

a2 = Bottom halves of the copper tubes, 

The first occurrence of black spots mixed with alkaline corrosion products was detected 
after 200 days of operating time. The frequency of about 20% remained constant for a whole 
year. After  560 days, an increase up to 40 - 5% was noticed and continued to remain 
constant. After 870 days, black spots underneath blue-green tubercules were observed in- 
dicating continuation of the corrosion process. 

Black spots on a bare copper surface developed rapidly (Frequency 90%) on copper 
samples taken from the rig at a place where the water was fed into the hospital installation 
(Fig. 2b). Black spots mixed with bluegreen corrosion products were detected for the first 
time after 300 days for about 20% of the samples. This frequency remained constant. After 
the water had passed many installations of the hospital, it became more corrosive (Fig. 2c). 
The frequency of black spots on a bare copper surface was lower (50%) than in Fig. 2b 
because many more black spots mixed with bluegreen corrosion products could be detected. 
This is the case for the first time after 200 days with a frequency of 15%, then remained 
constant for nearly one year. In the time period of 490 to 570 days, an increase up to 60% 
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was observed. During further samplings until 870 days, 60% of the samples showed black 
spots mixed with bluegreen corrosion products. After this time, black spots underneath 
bluegreen tubercules were observed indicating the continuation of the corrosion process 
(Fig. 2c). This observation has not been made to date in samples taken from the rig at the 
place where the water is fed into the installation. 

The influence of the operating conditions on the formation of black spots mixed with 
bluegreen corrosion products that increase with stagnation time can be seen in Fig. 2d 
through 2f. The number of black spots on a bare copper surface decreased with increasing 
operation time. No clear influence can be derived for the constant flow conditions (Fig. 
2d). The black spots mixed with bluegreen corrosion products occurred first after 240 days. 
A slight increase could be seen after 570 days. A more significant effect was obtained under 
intermittent conditions. After about 200 days, approximately 5% of the investigated samples 
showed this effect for nearly one year. After 500 to 570 days the number of samples increased 
to 40%. The evaluation of the samples under stagnant conditions showed the same effect, 
but to a greater extent. Here, an increase from 20 up to 60% could be observed. Black 
spots underneath green tubercules were observed for the first time after 870 days during 
intermittent and stagnant conditions. 

Detection of Exopolymeric Substances (EPS) 

The detection of EPS is described by the occurrence of (1) single thin pieces and (2) 
patchy layers. Figure 3a shows the results obtained with all investigated samples. After 200 
days, single thin pieces of EPS were detected for the first time and then increased up to 
90% in these samples. Patchy layers were found after 570 days. To date (after three years 
operating time), about 25% of the samples showed this effect. 

The influence of the installation of the county hospital is shown in Fig. 3b and 3c. After 
200 days, in samples taken from the test rig at a place where the water was fed into the 
installation, only single thin pieces of EPS were found. The number of samples with a 
positive result increased with operating time up to 100% after 870 days (Fig. 3b). These 
single thin pieces of EPS were also found after 200 days in samples from the  rig at a place 
where the water passed many hospital installations (Fig. 3c). No significant differences were 
detected among the single thin pieces. After 570 days, patchy layers of EPS were detected 
and were also found during further samplings with a frequency up to 25% (Fig. 3c). 

An influence of the operating conditions on the EPS formation can also be noticed (Fig. 
3d through 3f). Only single thin pieces were found under constant flow conditions after 310 
days with an increasing frequency up to 100%. Single pieces occurred under intermittent 
and stagnant conditions after 200 days. With increasing time a higher number of samples 
also showed this effect. During one sampling patchy layers were detected after 700 days, 
under intermittent flow conditions, and after 560 and 870 days under stagnant conditions. 

Pitting Attack 

Because of the high number of pit depths in the range of 10 Ixm < lmax < 50 ~m, no trends 
were determined (Fig. 4). Pits were observed from the first sampling, In Fig. 4, the maximum 
pit depths are separated into two domains, (1) 50 Ixm < lm~ < 100 ~m and (2) lm~x > 100 
~m. No conclusions about pit propagation can be drawn from these results. Pits with l .... > 
50 txm occurred after 400 days operation time in a stochastic distribution. The influence of 
the hospital installation site on the formation of pits cannot be detected, although the pits 
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with lm~x > 100 Ixm occurred at the test rig at a place where the water had passed many 
installations of the hospital (Fig. 4b, c). 

A qualitative trend can be derived from the results with the different operating conditions 
(Fig. 4d through f ) .  No pits deeper than 50 I~m were found under constant flow conditions. 
Approximately the same number of pits at 50 Ixm < lm,x < 100 Ixm occurred under intermittent 
and stagnant conditions. Pits with lm~x > 100 Ixm were found only during one sampling under 
intermittent conditions. No dependence of the pit formation on the operation time of the 
rigs was observed. 

Discussion 

Four characteristics of MIC were used to determine the influence of operating conditions 
and design of the hospital installation on the corrosion process leading to the damage. The 
uptake of copper is rated in three different concentration ranges, (1) c < 0.3 m g / L ,  (2) 0.3 
m g / L  < c < 3 rag /L ,  and (3) c > 3 mg /L .  The limiting value of 3 m g / L  was chosen 
because it is recommended by the European Community as the maximum concentration 
acceptable in potable water; 0.3 m g / L  is discussed in Scandinavia as a maximum value. 
Values above 3 m g / L  are regarded as unacceptable in potable water while values between 
0.3 and 3 m g / L  are acceptable concentrations. The formation of black deposit layers is 
divided into (1) black spots on a bare copper surface, (2) black spots mixed with alkaline 
corrosion products consisting of posniakite and malachite, and (3) black spots underneath 
bluegreen tubercules. The occurrence of EPS is distinguished as (1) single thin pieces and 
(2) patchy layers. Pit depths are divided into the following classes: (1) 10 p,m < lm,x < 50 
~m, (2) 50 pLm < lm,x < 100 ~m and (3) lm,x > 100 p,m. Pit initiation with lm,x < 10 p,m 
cannot he detected because general attack occurs at the same time. So, these two measures 
cannot be used to assess the likelihood of corrosion. It is known from practical experience 
that pits with lm,x < 100 p,m tend to repassivate while pits with lm,x > 100 I~m tend to remain 
active leading to the perforation of the tube. 

The different extents of these four characteristics obtained as results of the test rigs will 
be used to discuss the dependence of operating conditions and the hospital installation on 
the likelihood of corrosion. The rating of the likelihood of corrosion is given in Table 1. 
The non-appearance of black spots and pieces of EPS, as well as copper concentrations 
<0.3 mg/ L show that no MIC is occurring. Black spots on a bare surface, pits of 10 p~m < 
lm,x < 50 p,m and copper concentrations 0.3 m g / L  < c < 3 m g / L  are not regarded as 
significant parameters because they do not indicate corrosion in the test rigs. Black spots 
on a bare surface can only he detected as long as no other corrosion products are formed 
covering the black spots. 

TABLE 1--Rating the likelihood of corrosion based on the extent of the manifestation characteristics. 

Corrosion Likelihood 

Parameter of 
Manifestation of Corrosion + + + 0 - 

Uptake of copper >3 rag/L" >3 mg/L 0.3 to 3 mg/L <0.3 mg/L 
Spots of black l ayers  underneath tubercules mixed with posniakite on a bare copper not detectable 

or malachite surface 
Formation of EPS patchy layers single thin pieces not detectable 
Pit depth (Ira,x) >100 p.m 50 to 100 p.m 10 to 50 Ixm 

" The concentration must be below 3 mg/L again for at least 200 days of operating time. 
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The occurrence of the characteristics of MIC (1) uptake of copper c > 3 mg/L,  (2) 
formation of single pieces of EPS, (3) black spots mixed with posniakite or malachite, and, 
(4) pit depths 50 ~m < lm,x < 100 p.m are regarded as a start of the MIC process. At least 
two or more of the above parameters must be met. A greater degree of these manifestations, 
(1) the formation of black spots underneath tubercules, (2) patchy layers of EPS, (3) hole 
depths/max > 100 ~l.m, and, (4) uptake of copper c > 3 mg/L,  when the concentration was 
below this value again for at least 200 days operating time, represents an increase of the 
likelihood of corrosion. For this assessment, at least one of these parameters and the con- 
ditions that are regarded as a start of the corrosion process, as described above, must be 
met. 

An evaluation of pitting attack shows that it can only be used as a qualitative measure 
not showing any trends in the MIC process. The maximum pit depth is used as a parameter. 
Only a very small area of a sample surface is investigated in this way, so no average values 
for rating the likelihood of corrosion are obtained from these results. The other three 
characteristics are much more representative of the likelihood of MIC. 

Table 2 shows an evaluation of the data based on the first occurrence of the parameters 
listed in Table I. The time difference between the commissioning of the test rig and the 
first occurrence is called the induction period. A further subdivision is performed concerning 
the black spots mixed with posniakite and malachite, that is, this manifestation occurring 
with more or less than 20% frequency for the evaluation of these induction times. 

The uptake of copper, spots of black layers and formation of EPS, show a first induction 
period of about 200 to 250 days corresponding to July through August 1990. Based on these 
three parameters, no influence of operating conditions and hospital installation on the 
induction period can be observed. As defined above, this induction period corresponds to 
the start of MIC. An increase in the likelihood of corrosion after 570 days (July 1991), which 
is indicated as a second induction period where at least one further parameter must be 
fulfilled, can be noticed for the lines working under intermittent and stagnant conditions, 
but not in the lines with constant flow. The same holds true for a third induction period 

TABLE 2--1nduction periods of the different extents of the single manifestation in days based on the 
rating shown in Table 1. 

Water Feeding Water has Passed 
into the Many Hospital Constant 

All Samples Installation Installations Flow Intermittent Stagnation 

Uptake of copper 200" 25ff' 200" 300' 200" 25& 
530 d 570 d 

Spots of black 200" 300" 200" 250 ~ 200" 200" 
layers 570" 570" 570" 570" 

880 r 880 r 880 r 880r 
Formation of EPS 210" 210" 210" 300" 210" 210" 

570" 570" 570" 
Pit depth lm~x 370" 370g 370" 

48{Y' 480 h 480 h 48@ 480 h 

" July 1990. 
h August 1990. 
' October 1990. 

June 1991. 
July 1991. 

r June 1992. 
January 1991. 

J' May 1991. 
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after 880 days (June 1992) using the spots of black layers underneath tubercules as an 
indicator. 

The first induction period of 200 days can be observed in both test rigs at a place where 
(1) the water was fed into the hospital installation and (2) the water had passed many 
installations. The latter one also shows the induction period in July 1991 and June 1992. In 
the rig at the place where the water entered the hospital, only the uptake of copper lets 
one assume an induction period in July 1991. This shows that the likelihood of corrosion is 
higher in the test rig installed at the place where the water had passed many hospital 
installations. 

It can be seen in Table 2 that the pit depths do not follow the trend described above. The 
values for this parameter vary. So, this parameter cannot be used as an indicator of MIC. 
To date, in the lines with constant flow, pit depths did not exceed 50 i~m which confirms 
the results described above concerning the influence of operating conditions. 

These results show a seasonal influence on this corrosion process. The highest likelihood 
of corrosion can be expected in the summer period from June to August. The likelihood of 
corrosion is smaller during the other seasons of the year. 

To get a quantitative measure of the extent of the individual manifestations of MIC, the 
frequency of occurrence is evaluated for the operation time of 870 days (Table 3a). It can 
be seen that the occurrence of MIC covers a broad spectrum of 0 to 78% and is dependent 
on operating conditions and location of the test rig. Pit depths > 100 p,m, patchy layers of 
EPS, and black spots underneath bluegreen tubercules cannot be evaluated because of the 
low frequency of occurrence. The frequency of the other parameters is rated in Table 3b 
(the highest frequency of each individual characteristic is equal to 100%) to show the 
influence of the operating conditions and the installation on the likelihood of corrosion. No 
significant influence can be assigned to the uptake of copper (0.3 to 3 mg/L), the formation 
of single pieces of EPS and pit depths (10 to 50 ~,m, 50 to 100 I~m). The black spots mixed 
with bluegreen corrosion products and uptake of copper (c > 3 mg/L) show a higher 
likelihood of corrosion at the place where the water has passed many installations of the 
hospital. Concerning the different operating conditions, pit depths of 10 to 50 txm and uptake 
of copper (0.3 mg/L < c < 3 mg/L) could not be differentiated. The other parameters show 
clearly that the line operating with intermittent and stagnant flow conditions has the higher 
likelihood of corrosion. Stagnant and intermittent operating conditions cannot be distin- 
guished based on these results. 

The results obtained from the laboratory loop and exposure tests in the laboratory after 
one year of operating time are rated in Fig. 5 according to the terms given in Table 1. It 
can be seen that EPS and pitting attack were detected in the exposure tests after only five 
days. Because these two parameters are fulfilled, the MIC process had already started after 
this period of time. In samples taken from the laboratory loop, two parameters were positive 
after fifty days of operating time: (1) the formation of spots of black layers mixed with 
posniakite and malachite, and, (2) the formation of single pieces of EPS. So, the MIC 
process started after this period of time. This indicates a reduction of the induction period 
and considerable acceleration of the corrosion process in the laboratory. 

Conclusions 

An induction period of about 200 days can be observed for three characteristics of MIC 
in the test rigs, (1) the uptake of copper, (2) the formation of spots of black layers and (3) 
the formation of EPS. These three characteristics, typical for MIC, occur at the same time 
and cannot be differentiated. The influence of these parameters on each other cannot be 
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FIG. 5--Results obtained from the laboratory loop (a) and exposure tests in the laboratory (b) con- 

cerning the different manifestations of corrosion as a function of operating time. 

separated. Formation of EPS shows that microbiology is an important parameter regarding 
MIC. 

The highest likelihood of corrosion was observed in the summer period of every year 
(June through August) and was correlated to the formation of EPS. During this period the 
water temperature was high in the reservoir from which the water was taken. A high level 
of microbiological activity in the water can be assumed for this period of time. During other 
periods of the year, the likelihood of corrosion is much lower. This can also be regarded 
as a possibility that microbiology is a parameter in the corrosion process. A seasonal influence 
on MIC can clearly be seen. 

The same process resulting in MIC occurred in the test rig at a place where the water 
feeds into the hospital installation and in the test rig at a place where the water has passed 
many installations of the hospital. The likelihood of corrosion was found to be higher in 
the latter which indicates the influence of horizontally installed copper pipework in the 
hospital. The same result occurred from the evaluation of damaged copper samples from 
the hospital. Therefore, the installation within the hospital seems to have an influence on 
the likelihood of corrosion. 

An influence of the operating conditions can also be observed. The likelihood of corrosion 
is higher during intermittent and stagnant conditions than during constant flow conditions. 
A separation of the influence of intermittent and stagnant conditions is not possible based 
on these results. These results also confirm the observations of the evaluation of damage 
in the county hospital. 

The results obtained from the evaluation of damage from the county hospital (the highest 
likelihood of corrosion for horizontally installed copper pipework with prolonged periods 
of stagnation was most susceptible to corrosion) were confirmed by the results of the test 
rigs. With two test rigs in the building, it was possible to separate the influence of the design 
installation and the operating conditions. The different results obtained by various operating 
conditions cover the spectrum of the observed corrosion behavior for copper pipes in the 
hospital. 

 



WAGNER ET AL. ON CORRELATION OF FIELD AND LABORATORY DATA 265 

Pit depths cannot be used as a specific parameter for predicting MIC or the lifetime of 
the installation, because no trends could be derived from pit depth data. 

The induction period can be reduced considerably in a laboratory loop and exposure tests, 
showing that it is possible to accelerate the corrosion process in the laboratory. This is a 
prerequisite for the evaluation of countermeasures and a more profound understanding of 
the mechanism. Within a very short period of time, MIC is established in the loop. If further 
loops are taken into operation, they will be inoculated with water from this loop which has 
now been operating for one year. With this procedure, it should be possible to overcome 
seasonal influences. 

It is shown that the likelihood of the occurrence of characteristics of MIC is very small 
during the start-up of a copper piping installation, but increases drastically after an induction 
period. All experiments that do not take into account this induction period are not necessarily 
relevant, because incorrect conclusions about the likelihood of corrosion may be predicted 
from the results of short-time experiments. 
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ABSTRACI': Corrosion of ductile cast iron in soils containing iron-oxidizing bacteria (lOB), 
sulfur-oxidizing bacteria (SOB), iron bacteria (IB), and sulfate-reducing bacteria (SRB), or 
both, was studied in the laboratory by applying electrochemical techniques such as EIS and 
corrosion potential measurement. Weight loss measurements were directly correlated to the 
EIS measurements, thereby establishing a good correlation to estimate the general corrosion 
rates from the EIS measurements. EIS technique provided information on the nature of 
corrosion processes involved in MIC phenomena. 

KEYWORDS: microbiologically influenced corrosion (MIC), ductile iron, soil, iron-oxidizing 
bacteria (lOB), sulfur-oxidizing bacteria (SOB), iron bacteria (IB), sulfate-reducing bacteria 
(SRB), electrochemical impedance spectroscopy (EIS) technique 

Since the first report by Kuhr and Vlugt [1] in 1934, sulfate-reducing bacteria (SRB) have 
been the focus of many investigations involving microbiologically influenced corrosion 
(MIC). In recent years, however, the roles of other species of bacteria (acid producing 
bacteria and metal depositing bacteria, among others), have increasingly been emphasized. 
The authors analyzed localized corrosion failures on buried ductile cast iron pipes and 
identified iron-oxidizing bacteria (IOB), sulfur-oxidizing bacteria (SOB), and iron bacteria 
(IB) as causing soil corrosion. The contribution of SRB was found to be small [2]. 

In the present study, ductile cast iron coupons were subjected to a series of laboratory 
tests involving soils containing lOB, SOB, IB, and SRB, or both. The extent of corrosion 
determined from weight loss measurements was correlated with the results of periodical 
electrochemical measurements. It was revealed that the electrical impedance spectroscopy 
(EIS) technique could provide direct information as to the rates of corrosion as well as the 
nature of corrosion processes. 

Experimental Procedures 

Burial Testing 

Each soil corrosion cell was prepared by burying a three-electrode probe in a 1 dm 3 Pyrex | 
glass cell that was filled with a particular soil. 

t Research engineer, research engineer, research engineer, and general manager, respectively, Tokyo 
Gas Co. Ltd., Fundamental Technology Research Laboratory, 16-25 Shibaura, 1-Chome. Minato-ku, 
Tokyo, 105, Japan. 
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A total of ten kinds of soil were collected from the Tokyo metropolitan district where the 
presence and high activities of bacteria (IOB, SOB, IB, and SRB, or both) had been 
recognized. Two additional burial tests were conducted in the soils sterilized with respect 
to IOB and SRB, or both, by treating for 36 ks in the autoclave at 383 K, at 100 kPa. 

The three-electrode probe was a triangularly-spaced type in which 30-mm long x 20-mm 
wide ductile iron and platinum plates were positioned in parallel, with a 15-mm spacing, as 
the working and auxiliary electrodes, respectively, and a commercial double-junction type 
of saturated Ag/AgCl electrode was used as the reference electrode. To simplify the cor- 
rosion system, an exposed surface area of 6 cm 2 was obtained for both working and auxiliary 
electrodes by applying waterproof paint leaving two surfaces opposite to each other. 

Each soil corrosion cell was held at 303 K in an incubator for a period of 7.78 Ms. During 
the testing period, the EIS and the corrosion potential measurements were taken at regular 
intervals. 

Electrochemical Measurements 

Electrochemical impedance data were determined with a three-electrode system comprised 
of a three-electrode probe, a potentiostat, and a frequency response analyzer by applying 
10 mV rms of sinusoidal waves over the frequency range from 10 kHz to 1 mHz. Electro- 
chemical impedance data were plotted on a Cole-Cole diagram, and from a charge transfer 
resistance, Re, was to be read. 

Corrosion Potential Measurements 

Corrosion potential was obtained by measuring the potential of working electrode by 
means of an electrometer relative to a Ag/AgCI reference electrode. All the Ag/AgCI 
potential measurements were corrected for the temperature and referred to Cu/CuSO4 
electrode at 298 K [3]. 

Environment Analysis 

Soils were investigated with respect to Eh(oxidation reduction potential), pH, the amount 
of FeS, and the number of bacteria both before and after the testing. Samples were collected 
from the immediate vicinity of each working electrode. Bacterial counts were made in 
accordance with the most probable number method. Details have been described in Ref 4. 

Corrosion Rate Calculations 

Upon conclusion of burial testing, every probe was removed from each soil corrosion cell, 
followed by cleaning and weight loss determination. The weight loss measurements were 
then converted into corrosion rates by applying Faraday's law. 

Corrosion rates estimation from Re, measurements was made according to the relationship 
in Eq 1 as follows [5] 

d = 4.12 • lO-13/(Rc,)av (1) 

where d (m/s) is the general corrosion rate and (Rc,),v (ohm m 2) is the charge transfer 
resistance averaged over extended periods. Several keys for increased accuracy of estimation 
will be discussed later. 
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Results  and Discuss ion  

Corrosion Rates Estimation 

Figures 1 to 3 show the typical electrochemical impedance data obtained in the presence 
and predominant activities of IOB, IB, and SRB, respectively. Tables 1 to 3 represent the 
results of environmental analyses to identify the predominant bacteria in the respective soil 
corrosion cells. Table 1 shows that obligately anaerobic SRB were isolated from the oxy- 
genated and acidic environments. The SRB were supposedly in association with the activities 
of IOB that could effectively consume oxygen in the immediate vicinity of SRB. In the case 
represented by Fig. 2 and Table 2, the activities of IB resulted in the tuberculation, followed 
by the evidence for this interpretation with SOB and SRB beneath the tubercles leading to 
enhanced corrosion. On the other hand, in the case of Fig. 3 and Table 3, SRB were the 
only species present. 

It can be seen from these figures that the majority of the electrochemical impedance data 
were characterized by the appearance of only one, though frequently depressed, capacitive 
semicircle, with the infrequent appearance of the two overlapping, depressed, capacitive 
semicircles. The capacitive semicircles were frequently accompanied by an inductive loop, 
as represented in Figs. 1 and 3. 

Since the impedance data were basically capacitive in nature, the corrosion rate could be 
estimated from the charge transfer resistance R,, determined from the diameter of each 
semicircle. If the impedance spectrum curve had no intersections with the - Im[Z] = 0 axis, 
extrapolations were made according to the procedures schematically represented in Fig. 4. 
Such procedures were devised on a trial-and-error basis so that the fit of the calculated 
corrosion rates to those from the actual weight loss measurements would become excellent�9 

Figures 5 to 7 show the time dependence of Re,- 1 and corrosion potential Eco,r for respective 
soil corrosion cells, as represented in Figs. 1 to 3. The charge transfer resistance averaged 
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TABLE 1--Results of environmental analyses under active 10B conditions in test soil. 

Number of Bacteria, per kg of Soil 
Location in Eh, V FeS, 

Time, Ms Soil Box versus NHE pH wt. ppm SRB IOB SOB IB 

0 bulk 0.655 2.82 1110 7 x 1@ 8 x 109 2 x 1@ 0 
7 .78 electrode/soil 0.409 3.36 549 4 • 104 3 x 10 s 0 0 

interface 

over extended periods was then determined by graphical integration, followed by the sub- 
stitution of Eq 1 for (R,)av to obtain the general corrosion rate. 

Corrosion Rates 

Figure 8 shows the results of laboratory MIC testing wherein the corrosion rate estimated 
from electrochemical impedance data was plotted against that determined from the actual 
weight loss measurement. 

Although whole data for 10 kinds of soils with varying soil properties and microbial 
activities were plotted together, all data fell closely around the 1:1 line. This 1:1 relationship 
was achieved by manipulating the EIS data to fit the desired result. 

In connection with Fig. 8, the following is also noteworthy: 

(1) Corrosion in the presence of IB was localized and accompanied by the tuberculation 
leading to the enhanced corrosion rates as high as 1 • 10 -~ m/s. Four data points 
fell concentrically around the same spot. 

(2) Corrosion rates in the presence of IOB ranged from 1.87 • 10 -u m/s (the highest 
corrosion rate observed in the present testing) to 1 x 10 -~2 m/s. 

(3) Measured corrosion rates in the presence of SRB remained at levels more than one 
to two orders of magnitude lower than those of lOB, SOB, or lB. 

(4) Sterilization resulted in a decrease in corrosion rates from 1.87 • 10 -H m/s to 1 • 
10 -~-' m/s with respect to lOB; likewise, from 3.23 • 10 ~-" to 3,17 • 10 -~ m/s, with 
respect to SRB. 

Impedance Spectra and Bacterial Species 

Bacterial species dependence of the impedance spectra is schematically represented in 
Fig. 4. 

TABLE 2--Results of environmental analyses under active IB conditions in test soil. 

Number of Bacteria, per kg of Soil 
Location in Eh, V FeS, 

Time, Ms Soil Box versus NHE pH wt. ppm SRB IOB SOB IB 

0 bulk 0.519 8.22 5 2 • 10 ~ 0 4 x 10 ~ + +~ 
7 .78  electrode/soil 0.559 4.06 8 7 x 107 0 5 x l& + + +~ 

interface 

" As one-by-one counting of IB is not easy because these bacteria usually form agglomerated strings, 
a 3-level semiquantitative indicator system, +, + +, and + + + is employed here to classify the IB 
population. 
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TABLE 3--Results of environmental analyses under active SRB conditions in test soil. 

Number of Bacteria, per kg of 
Soil 

Location in Eh, V FeS, 
Time, Ms Soil Box versus NHE pH wt. ppm SRB IOB SOB IB 

0 bulk 0.591 5.91 116 2 • 106 0 0 0 
7.78 electrode/soil 0.254 7.14 253 1 x 10 TM 0 0 0 

interface 

In the presence and high activities of IOB and SOB, or both, in the acidic soils of pH 2 
to pH 3, frequently encountered in Neogene strata or reclaimed lands containing higher 
concentration of sulfate ion as 1400 wt. ppm, severe microbiologically accelerated corrosion 
was observed without producing any protective corrosion products. A small diameter, hence 
a small R,  of capacitive semicircle was frequently accompanied by an inductive loop, which 
is characteristic of environments containing high levels of sulfate [6]. Marked decrease in 
the corrosion rate was evident at around 3 Ms (Fig, 5), together with the decrease of the 
amount of FeS and the number of SOB (Table 1). This indicated the possibility that high 
activities of lOB brought about the death of SOB. The lOB also died, due to the lack in 
the nutrients required to maintain the bacterial proliferation in the soil corrosion cell. A 
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FIG. 4--Schematic EIS spectra characteristic of corrosion of ductile cast iron resulting from the activity 
of the cited classes of bacteria in soils. 
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sharp reduction in Ec .... observed immediately after the beginning of exposure in Fig. 5, 
was a feature common to the corrosion cells. Both soils and solution media were affected 
by the presence and high activities of lOB. Reflecting the loose and less protective nature 
of the corrosion products, Ecorr remained at relatively low levels around - 0 . 7  V versus Cu/ 
CuSO4. 
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under active SRB 

In the presence and high activities of IB in a neutral environment, only capacitive semi- 
circles appeared throughout the testing period, as evident in Fig. 2. Increased IB counts 
with relatively high levels of SOB and SRB counts and decreased soil pH (Table 2) indicate 
that the dense tuberculation created differential aeration cells that effectively excluded 

I I I I 

lO-~e 

U) 

:E'; 
~ 10-" �9 

o #  w Z  
~ 1,1,,i < ~ ;  
r,." i, u 

~ 1 0  -1~ Q �9 

o • 

/ o lob active 
0 SRB active 

10 -;s / X I011 sterile 
zl SRR sterile 

I I I L 
10 -~s 10 -l~ 10-;;' 10 -1~ 

C O R R O S I O N  R A T E  F R O M  W E I G H T  LOSS(ms -~) 

FIG. 8--Relationship between corrosion rate predicted from E1S measurements and that determined 
from weight loss measurements. 

 



274 MICROBIOLOGICALLY INFLUENCED CORROSION TESTING 

oxygen from the area immediately beneath the tubercles. The removal of oxygen thereby 
accelerated the synergistic proliferation of SOB and SRB beneath the tubercles that lead 
to enhanced corrosion rates. In response to such an observation, the form of corrosion on 
the working electrode was characterized as referred to graphitic corrosion. It is to be noted 
that ennoblement of corrosion potential with time, ultimately rested at around - 0 . 6  V 
versus Cu/CuSO~, as shown in Fig. 6. This was probably due to the production of dense 
tubercles comprised of FeOOH and FeCO3. 

In the presence of active SRB, an inductive loop characteristic of the sulfate containing 
environments appeared at the early stage of exposure. The indicative loop was replaced in 
due time by a strongly increased R ,  of semicircles supposedly due to the blocking of active 
sites by thin and continuous FeS films [7]. Although the production of such FeS films led 
to low corrosion rates, corrosion potentials were maintained at extremely low levels at around 
- 0 . 8  V versus Cu/CuSO~ as evident in Fig. 7. This suggests that - 0 . 8  V sites can act as 
macroanodes in the dissimilar soil corrosion cell. 

The relationship between the corrosion rates associated with certain bacteria and the 
levels of corrosion potential suggest that there can be, for each type of bacteria, a threshold 
potential for the initiation of MIC and an optimum potential range for MIC in the soil. This 
demonstrates that the bacteria can tolerate a wide range of environmental conditions. 

Conclusions 

Laboratory MIC testing of ductile cast iron was conducted by applying the EIS technique. 
The conclusions based on the test are as follows: 

(1) Microbiological activities enhanced the rates of corrosion of ductile cast iron in the 
soils in approximately the following ascending order: SRB, lOB, and IB in symbiosis 
with SOB. 

(2) Rates of MIC of ductile cast iron in the soils could be estimated based on the EIS 
measurements according to the equation d = 4, 12 • 10-13/(R,)av, where d is the 
general corrosion rate (m/s),  and (R,)av is the charge transfer resistance (ohm m 2) 
averaged over extended periods. 
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ABSTRACT: Unexpected pitting of copper pipes in drinking water installations has appeared 
mainly in public buildings (often in hospitals) at a small number of places around the world 
(for example, Germany, Scotland, Saudi-Arabia). Experience and scientific based knowledge 
about pitting corrosion of copper does not indicate a remarkable susceptibility in the respective 
drinking water installations. Because substances of biological origin were mixed with the solid 
corrosion products, the following hypothesis was generally accepted: microbiologically influ- 
enced corrosion (MIC). 

Though the mechanism of MIC is by no means clear in detail, promising countermeasures 
have to be developed, substantiated and introduced into practice to protect existing installa- 
tions. In this paper, the arguments for qualified actions are described and, when available, 
the success of these measures are mentioned. It can be stated that the likelihood of MIC in 
copper can be reduced to technically acceptable or even to negligible values by a combination 
of some well-known methods of corrosion protection. 

KEYWORDS: microbiologically influenced corrosion (MIC), pitting corrosion, copper, drink- 
ing water, corrosion protection 

Background 

In 1986 and 1987, we were confronted with pitting of copper plumbing networks (German 
Standard: SF-Cu; ISO Standard: Cu-DHP). Four different cases were investigated. A brief 
summary of the relevant facts is listed in Table 1. 

All four cases have one fact in common: the solid corrosion products are mixed up with 
a gelatinous acid-insoluble film. Chemical analysis of the gelatinous films elucidates that 
they consist of polysaccharides [1,2] or polysilicates or both [3]. The polysaccharides must 
be of biological origin. We investigated the chemical composition of the solid corrosion 
products for the German case in more detail and found other chemicals, for example, lactate 
and pyruvate, indicating biological activity [2]. 
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TABLE 1--Observations of corrosion damage. 

Country, Type of Building Composition of the Gelatinous Film Shape of the Pits 

Germany, hospital polysaccharide semihemispherically 
shaped 

Saudi Arabia, hospital polysaccharide semihemispherically 
shaped 

Scotland, hospital polysaccharide, partially w i t h  semihemispherically 
polysilicate shaped/pin-hole-sized 

Sweden, private houses polysilicate semihemispherically 
shaped 

The second fact that all four cases have in common is the composition of the water: it is 
soft, weakly buffered, with a low salt content prepared from surface water. Water treatment 
is briefly described in Table 2. These corrosion damages could not be explained by referring 
to the scientific based knowledge and experience from practice as described in [4-9], or as 
laid down in DIN 50930, Part 5, Corrosion Behaviour of Metallic Materials in Water; Copper 
and Copper Alloys. 

In addition to the polysaccharides, an exceptional level of biological activity within the 
pitted pipes was established, in the German case, by the metabolic or degradation products 
mentioned previously, and, in the Scottish cases, by tremendous oxygen consumption during 
periods of stagnation. 4 However, in the Swedish case, the influence of microbiology to the 
corrosion damage was not significant. 

Therefore, a first hypothesis for the mechanism may be substantiated by these facts: 

The physical and chemical properties of the gelatinous films in combination with meta- 
bolic and degradation products of biological origin influence the nature and chemistry 
of the electrolyte at the phase boundary with the metal. The increase of pitting is 
determined by this change in the water composition at the phase boundary. 

Especially in the Swedish and German cases, some surface areas, although completely 
covered by the gelatinous film, had a shiny appearance without detectable signs of electrolytic 
attack. This situation arose when either the chemical or physical or both (for example, status 
of adherence) properties of the gelatinous films were not uniform or when the chemical 
composition of the electrolyte in and underneath these films caused and stabilized pitting. 
The different manifestations of the electrolytic attack for the different cases are summarized 
in Table 3. Though the surface is completely covered by the gelatinous film, the manifestation 
of the electrolytic attack may differ. 

A model for the explanation of pitting is described in Ref 10. Geesey demonstrated the 
chemical interaction of polysaccharides with copper ions and the transport of these ions 
through the gelatinous film. Since no validated, generally accepted model for the description 
of the relevant pitting corrosion is available, no specific types of microorganisms can be 
suspected, although it has been suggested that some bacteria will attack the copper and 
some others will not when they become sessile on the copper surface [10-13]. A physical 
model for the explanation of pitting corrosion taking into account the transport properties 
of the gelatinous films is described in Ref 14. 

4 W. Keevil, personal communication, CAMR Consultancy, Salisburg, UK. 
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TABLE 2---Description of water sources and treatments. 

Case Water Source Water Treatment 

Germany storage lake 

Saudi Arabia seawater 

Scotland boggy lake 

Sweden mixture lake and well water 

pH-adjustment: COs + lime, disinfection: 
C12 + CIO2 

distillation, mixture with well water, partially 
demineralized by reverse osmosis, 
disinfection: C12 

flocculation, pH-adjustment: lime, 
disinfection: CI~ 

pH-adjustment: CO2 + lime, disinfection: no 
information 

Aspects for the Evaluation of Countermeasures 

Several parameters influence the MIC susceptibility of copper to microbiologically influ- 
enced corrosion (MIC). As shown in Fig 1: the quality of the copper surface; operating 
conditions, design, and commissioning; the chemical composition of the water; and the 
corrosion-relevant biological activity have to be taken into account. 

The potential for corrosion can be classified based on the corrosion rate or the expected 
extent of the manifestation of corrosion, especially by the end of the expected time of use. 
Copper pipes are delivered in the following conditions: hard, halfhard, and soft. Though 
the different qualities are installed in different quantities, no influence of the hardness of 
the tube on the likelihood corrosion is detectable. For this reason, the influencing quality 
of the copper surface cannot be used for the evaluation of countermeasures. 

In setting up a new copper installation, generally accepted recommendations concerning 
commissioning and design of the installation and the operating conditions should be followed 
to avoid MIC. Pressure testing and operating conditions determine the likelihood of corrosion 
as well as pipe size, actual flow rates, storage vessel size, conditions of maintenance and 
cleanliness, and temperature control. The likelihood of corrosion remains small even in 
bigger municipal buildings, where the system is designed to include more vertical than 
horizontal runs. There is significant evidence that large plumbing systems are most prone 
to corrosion [15]. The highest rate can occur when a high degree of branching and a lot of 
horizontal runs are present. The likelihood of corrosion in domestic water distributions is 
small. Nevertheless, the signs of MIC may be detectable, although the number of corre- 
sponding failures remains very small. 

A long period of time following installation and pressure testing can increase the likelihood 
of corrosion, especially when the water used for pressure testing stays in the copper tubing. 

TABLE 3---Manifestations of electrolytic attack. 

General Attack 
(Roughening of Appearance as 

Case Pits the Surface) Electropolished 

Semi- 
hemispherical Pin Hole 

Germany X" X X 
Saudi-Arabia X X 
Scotland X or X X 
Sweden X X X 

a X: influence detectable. 
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FIG. 1--Parameters influencing the fikelihood of MIC. 

The introduction of water into the system for pressure testing and other purposes can be 
harmful unless the system can be flushed on a regular basis. The possibility of stagnant 
pockets of water and partly filled pipes must be avoided. 

The likelihood of corrosion is very small when a constant flow of water is established. 
Corrosion is at a maximum under intermittent flow conditions when periods of stagnation 
are prolonged [15]. 

All of these arguments can be considered when setting up a new copper installation. Only 
a few can be applied as a basis for countermeasures in potable water supplies that have 
already been operating for a certain time and where damage has occurred. To save a damaged 
installation, one has to focus on two parameters: (1) corrosion-relevant biological activity 
and (2) chemical composition of the water. 

Corrosion-Relevant Biological Activity 
The corrosion relevant biological activity is influenced by several parameters as shown in 

Fig. 2: the type of microorganisms; their metabolic state, that is, alive or dead; their motility, 
that is, planctonic or sessile; and their growth rate and input from the water source into the 
potable water supply. As mentioned previously, different types of microorganisms have 
different influences on the likelihood of MIC, but there is no general information available 
about the properties of specific microorganisms within a consortium. So the development 
of specific and sensitive countermeasures, for example, influencing nutrients, is not yet 
possible. The most important goal is to decrease the quantity of microorganisms in potable 
water supplies. 

Several possible countermeasures and their influence on the parameters previously men- 
tioned are listed in Table 4. All of these countermeasures may be applied in affected potable 
water installations. 

Ultraviolet (UV) irradiation was applied in some of the four cases. The observation of 
the corrosion behavior shows that this measure applied alone is not sufficient. Filtration can 
be used in two ways: to influence the nutrients and the microorganisms. Filters that are not 
maintained regularly may become a source of infection, therefore, the specialists responsible 
for the hygienic aspects of the water do not recommend the use of filters. FIoeculation 
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FIG. 2--Main parameters determining corrosion-relevant biological activity. 

should affect biological activity like filtration, but the authors have no experience with this 
countermeasure. 

It has been observed in the field that an installation is much more susceptible to pitting 
when exposed to a water supply that is increasingly contaminated by sources of infection. 
All sources for pollution that can increase the number of microorganisms should be avoided, 
such as, open water tanks, open reservoirs and dirty or irregularly maintained filters. Tubes 
leading into taps that are seldom used should be cut off from the installation. 

Within the temperature range of 25 to 45~ the generation rate of microorganisms reaches 
a maximum. Most of the microorganisms occurring in potable water can be killed by keeping 
the temperature above 55~ Below 12~ the growth rate is reduced considerably. It has 
been shown in laboratory experiments that no relevant corrosion could be observed on 
copper samples exposed to water above 55~ [16]. 

Besides disinfection by filtration, no relevant experience from practical applications is 
available concerning this countermeasure. Laboratory investigations show that the number 
of colony-forming units can be decreased remarkably by chlorination. This countermeasure 
is not applicable in hospitals. 

Since sessile microorganisms are especially likely to be involved in the corrosion mech- 
anism, all countermeasures to decrease the number of sessile colonies are promising. Sessile 
microorganisms and the gelatinous film can be removed by a special hot citric acid treatment 

TABLE 4---Possible measures and their effect on the corrosion-relevant biological activity. 

Countermeasure Type Quantity Metabolism Motility 

UV irradiation X ~ X 
Filtration X 
Flocculation X 
Removal of X X 

sources of infection 
Water temperature X X X 
Disinfection X X X 
Rinsing or pressure cleaning X X X 

of the tube surface 

" X: influence detectable. 
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FIG. 3--Main factors determining the corrosion behavior of copper in water distribution related to 
the chemical composition of the water. 

with high flow rates, as performed in the German case. The cleaning procedure as described 
in the German standard DIN 1988 Technical Rules for Potable Water Installations can be 
applied regularly and removes weakly adherent or sedimented corrosion products and mi- 
croorganisms. 

Corrosion behavior is improved by the countermeasures discussed in this section, but 
these countermeasures are not sufficient to solve relevant corrosion problems. Therefore, 
these measures obviously have to be supported by others that change the chemical com- 
position of the water. 

Chemical Composition of the Water 

Pit initiation may be caused by localized changes in physical or chemical properties or 
both of an existing protective layer or by establishing localized conditions that inhibit the 
formation of a protective film. Besides the corrosion potential, pit initiation depends on the 
chemical composition of the potable water. Figure 3 shows several parameters determining 
corrosion behavior that can be related to the chemical water composition, mainly to the 
anions in the potable water. These anions influence the pitting potential, the precipitation 
of protective solid corrosion products, repassivation, and pit initiation and cause an activation 
of the corrosion process by complexing or chelating effects. 

The influence of different anions on the induction of pit initiation, repassivation and 
precipitation of protective layers is summarized in Table 5. Chloride was detected to cause 
pit initiation [17]. Repassivation is supported by chloride and bicarbonate and inhibited by 
sulfate2 Therefore, the likelihood of pitting is mainly determined by the ratios of chloride/ 
bicarbonate and chloride/sulfate. The pH is another important factor for repassivation; 

W. R. Fischer, unpublished results. 
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TABLE 5---Influence of anions on pitting of copper and uptake likelihood of copper ions in the water. 

Induction Precipitation 
of Pit of Protective 

Initiation Repassivation Layer 

Activation by 
Complexing 

Agents 

C u  + C u  2 + 

pH X a X 
HCO3 - X X 
CI- X X+ b X+ 
CI- / SO42- X - c 
HCOc/5042- X -~- X - 

X 
X 

a X: influence detectable. 
b X + : beneficial influence. 
" X -  : detrimental influence. 

when pH stays below 3.8 within the pit, repassivation is inhibited [18]. 5 The pit growth rate 
depends on potential, pit depth, and the chemical composition within the occluded corrosion 
cell. The pH change from the bulk water to the electrolyte within the occluded corrosion 
cell depends mainly on the buffering capacity of the water, for example, the bicarbonate 
concentration. The formation of a protective layer of the copper in the water distribution 
system is affected by pH, bicarbonate, and chloride. 

This is a first attempt to discuss the influence of the chemical composition of the electrolyte 
on the likelihood of pitting by common parameters of water composition as described in 
Ref 19. Two other important factors must be recognized, complexing and chelating agents. 
Bicarbonate forms complexes with copper(II)-ions and chloride forms complexes with cop- 
per(I)-ions [20]. 

The increase of bicarbonate concentration was successfully used in the Swedish case and 
improved corrosion behavior in a German MIC case. 6 The ion exchange of sulfate for chloride 
was used successfully in Germany to stop pitting corrosion by facilitating repassivation [21]. 
There is no reason that this countermeasure should not show the same beneficial effect 
under conditions that promote MIC. 

Combinations of Different Countermeasures 

UV irradiation, addition of bicarbonate, and their combination were used successfully to 
improve corrosion behavior. The permanent increase of water temperature above 55~ 
solved the corrosion problem in warm water supply systems. Further possible combinations, 
such as flocculation and ion exchange, are expected to show comparable beneficial effects, 
but, to date, no practical experience can be used to validate these suggestions. 

Many well-known and economical countermeasures have been discussed in this contri- 
bution. It can be shown by field experience and theoretical considerations that a combination 
of different methods should be applicable in each case to protect existing copper installations. 
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ABSTRACT: Microbes recovered from sediments, slime, tubercles, or corrosion coupons 
were characterized into functional groups, identified by fatty acid patterns and used in a flow- 
through test system. Test solutions were prepared as field conditions and supplemented with 
nutrients for the growth of microbes. Four-sided working electrodes were fabricated to simplify 
experimental design by combining four steel disks from the same stock into one probe. Con- 
centric electrodes were made to simulate localized corrosion and study the effect of bacteria 
upon stability of localized corrosion. Electrochemical techniques such as: open circuit potential, 
electrochemical impedance spectroscopy, and galvanic current measurements were performed 
to evaluate the corrosion of mild steel in solutions containing different combinations of bacteria. 
Actual microbial community on the electrode surface was recovered by culture methods for 
viable counts upon termination of experiments. Preliminary results indicated that this test 
system provided an accelerated testing to simulate field exposures. 

KEYWORDS: microbiologically influenced corrosion (MIC), accelerated testing, multi-elec- 
trode, concentric electrode 

Biofouling of industrial cooling water systems, marine fouling on offshore structures, and 
sulfide contamination of oil and gas reservoirs have emphasized the need for a better 
understanding of microbiologically influenced corrosion (MIC). Recently, there has devel- 
oped a greater recognition of the complexity of the MIC process. It was proposed [1-3] that 
the mechanisms of MIC can be categorized into three groups: (1) production of differential 
aeration and concentration cells by biofilm formation resulting from the availability of 
dissolved oxygen at the metal/solution interface, (2) production of acidic metabolities, that 
is, organic and inorganic acids, or both, or the end products of fermentation growth by 
bacteria, and (3) interference in the cathodic process under oxygen-free conditions by ob- 
ligate anaerobic bacteria and their metabolic sulfide products. However, the use of pure 
strains of bacteria in experiments has been criticized as being nonrepresentative of actual 
field situations. Therefore, it is necessary to develop an accelerated test system that can 
simulate field conditions with known ecological, physiological, and nutritional requirements 
for bacteria involved in corrosion processes. This paper describes the use of a flow-through 
system, electrochemical monitoring methods, and bacterial cell counts to evaluate MIC of 
mild steel in seawater and cooling water systems. 

L Post-Doctoral research associate, research associate, and executive director, respectively, University 
of Tennessee, Center for Environmental Biotechnology, Knoxville, TN 37932-2567. 
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Experimental Procedure 

Preparation of Microbial Cultures 

Bacteria used in experiments were isolated from field solutions and corrosion coupons. 
Corrosion products were aseptically transferred to a test tube containing 10 mL of me- 
dium consisting of (in g/L): glucose 2, sodium lactate 2, NH4CI 0.5, KH2PO4 0.1, and 
MgSO4. 7H20 [4]. This medium was then inoculated into three different types of solutions 
designed to be enriched for aerobic, fermentative, or sulfate-reducing microbial consortia. 
Total fatty acid composition of the consortia was measured after saponification in methanol 
to form the methyl esters. A Microbial Identification System including a Hewlett-Packard 
5980A capillary gas chromatograph, autosampler, and computer with microbial identification 
database (Microbial ID, Inc., Newark, DE) was used to identify the consortia. Prior to 
starting an experiment, each culture was transferred to, and incubated in, a fresh culture 
medium for desired periods, centrifuged at 5000 rpm for 20 min and resuspended in a test 
solution. Test systems were inoculated with bacteria several times during the duration of an 
experiment to achieve adequate microbial populations and accelerate MIC testing. 

Electrochemical Cell 

A sterilizable, flow-through electrochemical cell, as shown in Fig. 1, consisting of a 600 
mL glass beaker included: (1) a working electrode, (2) a Pt coated Nb mesh counter electrode, 
(3) a saturated calomel reference electrode, (4) a 0.2 l~m sterile filter ventilation port, (5) 
a magnetically driven, Teflon| stir bar, and (6) a test solution inlet and outlet. A 

FIG. 1--Electrochemical cell arrangement. 

 



LUO ET AL. ON A FLOW-THROUGH SYSTEM 285 

FIG. 2--Schematic illustration of a four-sided electrode probe. 

four-sided working electrode [5] was fabricated to simplify experimental design by combining 
four 16-mm diameter AISI 1020 carbon steel disks into one probe, as illustrated in Fig. 2. 
It was reported that no interferences or crosstalk were observed between electrodes, and 
the interfacial chemistry at the metal/solution interface was reproducible [5]. In addition, 
a concentric specimen, as shown in Fig. 3, of AISI 1020 carbon steel was constructed to 
investigate localized corrosion (pitting) influenced by micro-organisms, where two circum- 
ferential steel electrodes were separated by a Teflon insulator ring and embedded in epoxy. 
The surface area ratio between the large circumferential electrode (25.4-mm diameter) and 
the small central electrode (2-mm diameter) was about 160:1. Under ambient atmospheric 
conditions, localized corrosion was simulated by cathodically polarizing the large electrode 
to - 1200 mV Standard Calomel Reference Electrode (SCE) for 3 h, while the small electrode 
was left at its open circuit potential of -530 mV (SCE) [6]. After this preconditioning 
phase, the galvanic current between the cathode and the anode was monitored to determine 
the influence of bacteria upon pitting corrosion. 

Test Solutions 

Test solutions consisted of both synthetic seawater and cooling water. The preparation 
of synthetic seawater was based on ASTM Standard Specification for Substitute Ocean 
Water (ASTM Dl141) with several modifications. The solution included (in g/L): NaC133.2, 
MgClz 1.11, CaClz �9 2H20 1.32, Na2SO4 4.09, NaHCO3 0.21, KC1 0.695, KBr 0.101, NaF 
0.003, and SrCIz �9 6H20 0.025. Additional nutrients for marine bacteria growth (in g/L): 
NH4CI 0.1, yeast extracts 0.01, sodium lactate 0.05, glucose 0.01, vitamins 1 mL and KH2PO4 
0.05 were added to accelerate the growth of inoculated bacteria. A simulated cooling water 
contained (in g/L): NaCI 0.073, NH4NO3 0.05, Na2SO4 0.12, MgCI2 �9 6H20 0.154, KH2PO4 
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FIG. 3--Schematic illustration of  a concentric electrode. 

0.038, K2HPO4 0.124, FeCI3 �9 6H_,O 0.33 mL of a 10 mM solution and Hutner's salt solution 
1.0 mL was also prepared. Total organic carbon content of the cooling water was adjusted 
to about 0.35 g/L by adding sodium lactate 0.8 g/L and sodium succinate 0.5 g/L. 

Test Procedures 

Prior to the start of each experiment, all specimens were wet polished in sequence with 
240,400, and 600 grit SiC paper, ultrasonically cleaned with distilled water, degreased with 
acetone, and sterilized with 70% alcohol for 20 rain. The electrochemical cell was sterilized 
with ethylene oxide using the precautions defined previously [4]. All inlets and outlets for 
the cell were autoclaved to achieve sterilization. Test solutions were autoclaved at 121~ 
for 2 h and solution pH values were adjusted to 7.8 and 7.2 for the synthetic seawater and 
simulated cooling water, respectively, using either 0.2 M NaOH or HCI. During the test 
period, the solutions were maintained at ambient temperature, and the flow rate was con- 
trolled at 60 -+ 5 mL/min by a dual-channel peristaltic pump. 

Open-circuit potential (OCP) of test specimens was monitored at intervals of 1 h by a 
Hewlett-Packard model 3458A multimeter via a Keithley model 706 scanner controlled by 
a computer. Electrochemical impedance spectroscopy (EIS) analysis was performed by using 
the Zplot |  software (Scribner Associates, Inc.), a Solartron model 1255 frequency response 
analyzer, and a potentiostat/galvanostat model 273 from EG & G Princeton Applied Re- 
search. Sinusoidal potentials of 5 mV were applied between 5 mHz and 10 KHz at 5 steps/ 
decade. For cathodic polarization and galvanic current measurements, a Sycopel model 
DD10M potentiostat was used. 

Total bacterial cell counts from bulk solutions and specimen surfaces were enumerated 
by acridine orange direct counts (AODC) after fixation in 2.5% glutaraldehyde [7]. Ad- 
ditionally, viable plate counts and the most probable number technique (MPN) [8] were 
employed to estimate specific aerobes and sulfate-reducing bacteria, respectively. 
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Results and Discussion 

Microbial Activity Monitored by Open-Circuit Potential Measurement 

MIC of mild steel in cooling water systems was studied by placing a four-sided electrode 
probe in the solution containing Pseudomonas fluorescens (Lux), hereafter referred to as 
5RL, and Desulfovibrio gigas (D. gigas) for a time up to 200 h. 5RL was selected on the 
basis of its ability to reduce oxygen concentrations in the lower layers of the biofilm as the 
biofilm develops [9]. D. gigas is an anaerobic, dissimilatory sulfate-reducer. It was detected 
that 1.0E + 08 cells/mL 5RL and 1.0E + 06 cells/mL D. gigas existed in the culture media 
after 3 days of incubation. It is believed that the established 5RL biofilm on the metal 
surface may provide prerequisite anaerobic environments for D. gigas growth. Hence, in- 
ocula of 5 mL of 3-day old 5RL and D. gigas cultures into the electrochemical cells were 
performed at specimen exposure times of 0 and 96 h, respectively. 

Typical open-circuit potential (OCP) versus time plots for specimens in the sterile and 
5RL + D. gigas solutions are given in Fig. 4. For the sterile control, the OCP of specimens 
remained steady at -230  mV (SCE) for approximately 80 h and then decreased gradually 
to -350  mV (SCE). While in the solution containing 5RL, a rapid potential drop occurred 
after about 30 h of exposure and then maintained a -750  mV (SCE) for 10 h, followed by 
an abrupt increase in potential toward -300  mV (SCE) and kept increasing steadily until 
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FIG. 4--OCP versus time plots for specimens in the sterile simulated cooling water with and without 
inoculation of bacteria. 
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D. gigas was added (at specimen exposure time of 96 h). The addition of D. gigas caused 
a gradual decline in potential from approximately - 3 0 0  to - 5 0 0  mV (SCE) throughout 
the rest of the experiment. 

It is generally recognized that localized corrosion occurs when environmental effects induce 
heterogeneities on the metal surface. The physical presence of microbial cells on the surface, 
in addition to their metabolic activity, modifies electrochemical behaviors of the metal at 
the metal/solution interface. Adsorbed cells grow, reproduce, and form colonies that are 
physical anomalies on the metal surface, resulting in local anodes and cathodes. Under 
aerobic conditions, areas under respiring colonies become anodic and surrounding areas 
become cathodic [2]. Therefore, it is possible to infer that the colonization of 5RL on the 
steel surface, followed by nucleation of localized attack, caused a sudden drop in OCP. 
Subsequent sustained potentials at about - 750 mV (SCE) indicated the propagation of the 
local attack, However, a mature biofilm could prevent the diffusion of corrosive species, 
such as oxygen, to the metal surface, thereby reducing the metal corrosion [10]. Hence, a 
relatively sharp increase in OCP (Fig. 4) could imply a uniform 5RL biofilm covered on the 
metal surface. In the presence of D. gigas, changes of OCP correlated to both activities 
of 5RL and D. gigas on the metai surface, that is, D. gigas modified the biofilm produced 
by 5RL so as to affect D. gigas colonization rates. Since 5RL has been frequently cited as 
a typical genus of slime forming bacteria, the established 5RL biofilm provided the prereq- 
uisite anaerobic habitat for D. gigas metabolic activity and growth. This was confirmed by 
viable counts, which showed 5.0E + 06 cells/cm 2 5RL and 1.0E + 03 celis/cm 2 D. gigas 
on the coupon surface at specimen exposure time of 120 h, while 1.0E + 08 cells/cm 2 5RL 
and 1.0E + 05 ceils/cm-' D. gigas were detected after 200 h of exposure. 
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FIG. 5--Bode plots for a specimen in the sterile simulated cooling water at various immersion times. 

 



LUO ET AL. ON A FLOW-THROUGH SYSTEM 289 

Prediction of  Biofilm Formation by EIS Technique 

The activity of the biofilm estimated as volatile fatty acid production correlates with the 
average corrosion rate in terms of charge transfer resistance measured by EIS [11]. It was 
reported [12] that EIS can be used to study mechanisms of MIC with little or no damage 
to the numbers of viable bacteria in a biofilm, or to the activity of the bacteria. However, 
when corrosion reactions are complicated by diffusion constraints, that is, bacteria strongly 
adhered to metal surface and introduced diffusion gradients [13], Nyquist plots do not permit 
a reasonably accurate extrapolation of charge transfer resistances. Moreover, it was rec- 
ognized [14] that the combination of microbial films and corrosion products often encoun- 
tered in MIC causes the impedance to become very high at low frequencies, thus shifting 
the maximum phase angle to lower frequencies. As a result, an increase of the phase angle 
at the lowest frequency may reflect the formation of biofilms. Figures 5 and 6 present the 
phase angle versus frequency plots for four-sided specimens in the sterile cooling water with 
and without inoculation of 5RL § D. gigas at various immersion times. It is apparent that 
in the sterile control (Fig. 5), no significant changes of phase angle at the lowest frequency 
(5 mHz) occurred, while in the 5RL + D. gigas solution (Fig. 6), a steady increase in the 
angle (at 5 mHz) was observed. AODC from the coupon surfaces confirmed that the for- 
mation and aging of 5RL and D. gigas biofilms resulted in an increase of the phase angle 
at the lowest frequency. 
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FIG. 6--Bode plots for a specimen in the simulated cooling water containing 5RL + D. gigas at 
various immersion times. 
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Effect o f  Sulfate-Reducing Bacteria Upon Pitting Corrosion 

It is generally recognized that major field failures due to sulfate-reducing bacteria (SRB) 
are often in the form of localized corrosion, such as pitting. Pitting corrosion can be described 
as galvanic cells electrically short-circuited through the body of a metal. In the presence of 
active pits, galvanic currents between corroded areas and noncorroded sites should be 
persisted. In order to address these features, the galvanic currents of the preconditioned 
concentric specimens in the aerobic synthetic seawater containing Vibrio natriegens, De- 
sulfovibrio vulgaris, and both were monitored. V. natriegens is a slime-forming, acid-pro- 
ducing heterotrophic aerobe, and D. vulgaris is a dissimilatory, sulfate-reducing anaerobe, 
which is ubiquitous in natural seawater. Since hydrogen evolution from cathodic polarization 
is beneficial to the growth of D. vulgaris [15], inoculation of bacteria into the flow-through 
electrochemical cells was performed before cathodically polarizing the large electrode to 
- 1200 mV (SCE). 

Figure 7 shows the galvanic current density between the anode and the cathode at open 
circuit as a function of time for concentric specimens exposed to aerobic synthetic seawater 
with different bacteria inocula. In all cases, a relatively sharp decrease in current density 
was followed by a steady final current density. In the presence of D. vulgaris alone, a higher 
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FIG. 7--Galvanic current density between the anode and the cathode for concentric electrodes exposed 
to the synthetic seawater containing different types of bacteria. 
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final current density (10 ixA/cm 2) was obtained in comparison with that of sterile control 
or solutions with V. natriegens. It is possible to infer that the formation of a V. natriegens 
biofilm could make the anode and the cathode identical and that the galvanic currents 
between them became infinite. However, biofilms composed only of D. vulgaris are able 
to sustain the localized corrosion created by preconditioning the specimens. It was noticed 
that A O D C  of anodic and cathodic surfaces showed equivalent amounts (1.0E + 06 cells/ 
cm 2) for the V. natriegens monoculture and the coculture but elevated numbers (2.0E + 07 
cells/cm 2) of D. vulgaris on the anodic surface in the condition where the coupling current 
persisted. Consequently, the value of the galvanic current established between the anode 
and the cathode after the preconditioning phase can be a criterion to evaluate localized 
corrosion influenced by microorganisms [16]. 

Conclusions 

(1) The utilization of the flow-through electrochemical cell associated with inoculation of 
bacteria accelerated MIC testing. 

(2) In the presence of bacteria, changes in specimen open-circuit potential correlated 
with changes in the Bode plots from EIS measurements, which revealed the devel- 
opment of biofilms. 

(3) Galvanic current measurements between the separated anode and cathode of the 
concentric electrode can be a useful technique to determine localized corrosion in- 
fluenced by microorganisms. 
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