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ABSTRACT

An assessment of the potential for microbially influenced corrosion (MIC) of copper
nuclear fuel waste containers in a Canadian disposal vault is presented. The
assessment is based on a consideration of the microbial activity within a disposal
vault, the reported cases of MIC of Cu alloys in the literature and the known corrosion
behaviour of Cu.

Because of the critical role of biofilms in the reported cases of MIC, their formation and
properties are discussed in detail. Next, the literature on the MIC of Cu alloys is
briefly reviewed. The various MIC mechanisms proposed are critically discussed and
the implications for the corrosion of Cu containers considered. In the majority of
literature cases, MIC depends on alternating aerated and deaerated environments,
with accelerated corrosion being observed when fresh aerated water replaces stagnant
water, e.g., the MIC of Cu-Ni heat exchangers in polluted seawater and the microbially
Influenced pitting of Cu water pipes. Finally, because of the predominance of
corrosion by sulphate-reducing bacteria (SRB) in the MIC literature, the abiotic
behaviour of Cu alloys in sulphide solutions is also reviewed.

The effect of the evolving environment in a disposal vault on the extent and location of
microbial activity is discussed. Biofilm formation on the container surface is
considered unlikely throughout the container lifetime, but especially initially when the
environmental conditions will be particularly aggressive. Microbial activity in areas of
the vault away from the container is possible, however. Corrosion of the container
could then occur if microbial metabolic by-products diffuse to the container surface.
Sulphide, produced by the action of SRB are considered to be the most likely cause of
container corrosion.

It is concluded that the only likely form of MIC of Cu containers will result from
sulphide produced by SRB diffusing to the container surface. A modelling procedure
for predicting the extent of corrosion is presented. A preliminary analysis suggests
that the depth of uniform corrosion may only be ~1 mm in 106 a.
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CORROSION D'ORIGINE MICROBIENNE

DES CONTENEURS DE DECHETS DE COMBUSTIBLE NUCLEAIRE EN CUIVRE
DANS UNE INSTALLATION DE STOCKAGE PERMANENT CANADIENNE

par

F. King

RESUME

Dans le present rapport, I'auteur fait une evaluation du risque de corrosion microbienne (CM)
des conteneurs de dechets de combustible nucleaire en cuivre dans une installation de
stockage permanent canadienne. Cette evaluation est fondee sur un examen de I'activite
microbienne a I'interieur d'une installation de stockage permanent, des cas de CM des alliages
de cuivre signales dans la documentation scientifique et des elements connus de la tenue a la
corrosion du cuivre.

Etant donne I'importance cruciale des films biologiques dans les cas de CM signales, on y
examine en detail le processus de leur formation et leurs proprietes. Ensuite, on procede a un
bref examen de la documentation scientifique sur la CM des alliages de cuivre. Les divers
m6canismes de CM proposes sont examines de fagon critique et leurs consequences pour la
corrosion des conteneurs en cuivre a I'etude sont prises en compte. Dans la plupart des cas
signales dans la documentation, la CM varie en fonction de I'alternance des milieux aer6s ou
d6saer6s. On observe une acceleration de la corrosion lorsque de I'eau douce aer6e remplace
de I'eau stagnante, par ex., la CM d'echangeurs de chaleur en Ni-Cu exposes a I'eau de mer
pollute et la piquration d'origine microbienne des canalisations d'eau en cuivre. En dernier lieu,
en raison de la predominance de la corrosion par les bacteries sulfatoreductrices dans la
documentation concernant la CM, on examine egalement le comportement abiotique des
alliages de cuivre dans les solutions sulfurees.

L'auteur examine les effets de revolution du milieu dans une installation de stockage permanent
sur I'importance et la localisation de I'activite microbienne. La formation d'un film biologique a la
surface du conteneur est considered peu probable pendant la duree de vie du conteneur, mais
surtout au debut, lorsque les conditions ambiantes seront particulierement hostiles. Cependant,
I'activite microbienne dans les zones de ('installation eloignees des conteneurs demeure
possible. Si des sous-produits metaboliques de micro-organismes diffusent jusqu'a la surface
des conteneurs, la corrosion de ces derniers pourrait s'ensuivre. Les sulfures produits par
Faction des bacteries sulfatoreductrices sont consideres comme la cause la plus probable de la
corrosion des conteneurs.

II en conclut done que le seule forme vraisemblable de CM des conteneurs en cuivre proviendra
des sulfures produits par la diffusion des bacteries sulfatoreductrices jusqu'a la surface des
conteneurs. II presente une m6thode de moderation destinee a prevoir I'importance de la
corrosion. Une analyse preiiminaire indique que la profondeur de corrosion uniforme pourrait
£tre restreinte a ~1 mm en 106 a.
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1. INTRODUCTION

The potential for microbial activity in a Canadian nuclear fuel waste disposal vault has
been assessed in terms of the microbiological energy and nutrient requirements, and it
has been concluded that some activity is inevitable (Stroes-Gascoyne 1989).
Microbes may have several effects in a disposal vault (Stroes-Gascoyne and West
1994, 1995,1996), one of which is the microbially influenced corrosion (MIC) of the
containers. Based on the expected variation of environmental conditions, King and
Stroes-Gascoyne (1995) have assessed the likelihood of MIC of both Cu and Ti
containers. This review is a more detailed and up-to-date consideration of the
potential for MIC of Cu containers in a Canadian-design disposal vault.

The review is written from the perspective of a corrosion scientist, and thus does not
include discussion of energy balances, microbial life cycles and detailed biochemical
reaction mechanisms common to microbiological treatise on the subject. Instead,
emphasis is placed on the effects of microbial activity on the electrochemical aspects
of corrosion. It is not intended to be a detailed discussion of MIC, since other reviews
are available (e.g., Geesey 1993; Little et al. 1991a; Pope et al. 1984, 1989).
Wherever possible, however, detailed reaction mechanisms are presented, because, if
MIC is shown to be a possible degradation mechanism for nuclear fuel waste
containers, its effects must be included in any mathematical model for predicting
container lifetimes. As in the case of abiotic corrosion reactions, the most justifiable
long-term predictions of MIC are based on a detailed understanding of the corrosion
mechanisms involved.

First, the formation, structure and properties of biofilms are reviewed, because of the
overriding importance of biofilms in reported cases of MIC. Then, the literature on the
MIC of Cu and Cu alloys is discussed, with particular reference to the behaviour of
these alloys in seawater and potable water. Next, because of the importance of
sulphate-reducing bacteria (SRB) in the MIC of Cu, the electrochemistry and corrosion
behaviour of Cu in sulphide solutions is summarized. Finally, the potential for MIC of
Cu containers in a Canadian disposal vault is considered from the perspective of the
effects of the evolution of vault conditions on microbial activity and the consequent
effects on container corrosion.

Virtually all forms of MIC can be understood, or at least discussed, in terms of
well-established abiotic corrosion mechanisms. Thus, microbes can:

(i) form occluded regions, analogous to the formation of occluded cells in abiotic
crevice corrosion. In the case of microbially formed occluded cells, the
microbes can both alter the microenvironment within the occluded cell, by, for
example, consuming O2 and producing H+, and also form the occluded region
itself, through the production of a biofilm consisting of extracellular polymeric
substances (EPS).
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(ii) produce aggressive metabolic by-products. Microbes produce a wide range of
inorganic and organic species as a result of their metabolism. Examples
include: reduced sulphur species, organic acids, ammonia and nitrite (Pourbaix
and Marquez Jacome 1988).

(iii) participate in electron-transfer reactions. Microbial participation in
electron-transfer reactions may be either direct, involving internal redox
reactions within the cell wall, or indirect, involving redox reactions with excreted
electroactive metabolic by-products.

(iv) inhibit mass-transport processes. Biofilm formation on a metal surface will
restrict the rate of transport of reactants to, and of products away from, the
corroding surface. This may have beneficial effects, such as limiting the
transport of O2 to the surface, as well as detrimental effects, such as
occluded-cell formation.

(v) act as catalysts. Microbes and their by-products can accelerate the rate of
certain inorganic reactions, such as the reduction of SO*' and O2.

(vi) interact with corrosion products. The EPS in biofilms contain negatively
charged functional groups that can adsorb dissolved cations and enhance the
dissolution of precipitated corrosion products.

An added complexity with MIC, however, is that, because the effects described above
are caused by living organisms, they will vary in time and space in a manner that
appears to be more difficult to predict than purely physical/chemical reactions.

2. THE STRUCTURE AND PROPERTIES OF BIOFILMS

All instances of MIC in the literature involve corrosion of the metal substrate
underneath a biofilm. A biofilm is a hydrated matrix of organic polymeric material
composed of polysaccharides that contains immobilized microbes, nutrients, corrosion
products and other material from the environment (Costerton and Geesey 1986). The
presence of the biofilm enables conditions different from those in the bulk environment
to be established at the metal surface. In this sense, the biofilm is no different from
other, non-biological surface features that can lead to the formation of an occluded
region, such as cracks or pores in welds, crevices formed by mating surfaces or
deposits. In common with some abiotic crevice-formers, biofilms can also affect the
chemical conditions within the occluded region through adsorption, redox and chemical
processes. Unlike non-biological occluded cells, however, the characteristics and
properties of biofilms can change in an unpredictable fashion because they contain
living organisms.
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There are a number of advantages for microbes associated with the formation of
biofilms (Costerton and Boivin 1990). Biofilms offer protection for the trapped
microbes from aggressive chemical species in the bulk fluid, such as biocides or toxic
elements. The formation of a protective layer also prevents water loss under
desiccation conditions. Microbes often respond to dry or contaminated environments
by producing thicker biofilms containing more EPS. Biofilms help immobilize nutrients
to aid microbial growth. Finally, biofilms also enable microbes to grow in moving
water, and can withstand shear forces associated with flow rates of up to 1.8 ms"1

(Schiffrin and de Sanchez 1985).

2.1 THE FORMATION AND GROWTH OF BIOFILMS

Biofilm formation occurs in a sequence of steps, Figure 1 (Costerton and Geesey
1986; Mueller et al. 1992; Schiffrin and de Sanchez 1985; Videla et al. 1988). The
duration and extent of biofilm formation will depend on the environment, in particular
the microbial population in the bulk fluid, the nature of the surface and the availability
of nutrients. Typically, biofilm formation occurs over periods ranging from a few hours
to a few weeks. After being immersed in the solution, the "clean" metal (or other)
surface will adsorb organic material, Figure 1.1 (Bremer et al. 1992). Attachment of
microbes to the surface then occurs (Figure 1.2), possibly via tendril-like glycocalyx
fibres (Costerton and Geesey 1986). At this stage, microbial attachment is believed to
be reversible (Costerton and Geesey 1986; Marshall et al. 1971; Schiffrin and
de Sanchez 1985). Instead of reversible attachment via glycocalyx polymeric bridging,
Marshall et al. (1971) suggest that the process is a balance between attractive van der
Waals forces and repulsive electrostatic forces associated with the substrate double
layer. Thus, the number of "attached" surface cells of Achromobacter spp. on glass
increased with increasing ionic strength, or when divalent cations were substituted for
monovalent cations in electrolyte solutions of the same ionic strength. Both of these
factors reduce the double-layer thickness, permitting closer approach of the cells to the
surface. According to Marshall et al. (1971), "attached" cells were located at a small
but finite distance from the surface due to this balance of attractive and repulsive
forces.

Following initial colonization, nutrients adsorbed on the surface promote the growth of
the attached microbes, resulting in increasing colonization (Figure 1.3). The growing
microbes exude EPS, which cements the microbes to each other and to the substrate
surface. Bremer and Geesey (1991) have demonstrated that microbial attachment
precedes EPS formation in a series of experiments using attenuated total
reflection/Fourier transform infrared (ATR/FTIR) spectroscopy. In this technique,
described in more detail below, FTIR spectra of the near-interfacial region
(-0.1-1.0 urn from the interface) can be obtained. Bremer and Geesey (1991)
observed amide absorption bands associated with the presence of proteins in
microbes prior to the appearance of the C-0 stretching bands characteristic of
polysaccharides. Colonization by a number of different microbes leads to the
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establishment of microcolonies with differing microbial activities on the surface
(Figure 1.3). After significant EPS formation, the microbes are irreversibly attached to
the surface (Costerton and Geesey 1986), and mechanical means are then required to
remove the biofilm. In the presence of mixed microbial colonies in natural seawater,
stainless steel and glass surfaces are colonized by a range of microorganisms,
including bacteria, fungi, choanoflagellates, diatoms, ciliates and microalgae
(Marszalek et al. 1979). In contrast, the surfaces of brass and Cu-Ni samples are
preferentially colonized by bacteria, which can produce EPS that adsorbs toxic
dissolved Cu. The extent of EPS formation on the Cu alloys was found to be much
greater than on stainless steel or glass (Marszalek et al. 1979).

Several authors have measured the rate of microbial attachment to surfaces.
Attachment rates of 1-2 x 105 cells-cm"2-h"1 were reported for Pseudomonas and
Desulfovibrio on C-steel and stainless steel surfaces from direct counting (Gaylarde
and Beech 1988). Nivens et al. (1990) used a quartz-crystal microbalance to measure
mass changes associated with the attachment of Caulobacter crescentus bacteria on
quartz over a 24-h period. No attachment was observed for the first 4 h, but then
microbes attached at a constant rate of ~5 x 104 cellscm'2h*1, before the surface
population plateaued at ~3 x 105 cells-cm"2. Each bacterium was estimated to have a
mean mass of ~2 x 10"12 g, which, for the quartz crystal used, corresponds to a
sensitivity of ~104 cells-cm"2 (for a frequency sensitivity of 1 Hz).

The true attachment rate can be difficult to determine, however, because the overall
measured rate is a net rate resulting from microbial attachment, detachment, growth
and predation processes (Baker 1984). Mueller et al. (1992) divided the colonization
process into separate adsorption, desorption, growth and erosion steps. Each process
was described by a specific rate equation. The rates of adsorption and desorption
were assumed to be independent of surface coverage and first order with respect to
the microbial population in the solution. Conversely, the rates of growth and erosion
were assumed to be first order with respect to the surface microbial coverage, but
independent of the population in the bulk solution. The rate of adsorption of the
marine bacterium Pseudomonas aeruginosa on Cu was found to be
~3 x 105 cellscm"2h"1. The probability of desorption was 21%, resulting in a rate of
irreversible adsorption of -2.4 x 105 cellscm"2h"1. Unlike Si, glass and stainless steel
surfaces, no growth was observed on Cu until a complete monolayer of cells
(~106 cells-cm"2) had formed. Growth of outer layers was possible because the inner
layer and associated EPS protected the outer layers from the toxic effects of dissolved
Cu. Mueller et al. (1992) also observed that different microbes attached in different
ways. Pseudomonas a. was present in solution and adsorbed and desorbed as single
cells. Pseudomonas fluorescens, on the other hand, existed in solution as single cells,
but tended to form aggregates on the surface.

There is no clear consensus about the effects of surface properties on biofilm
formation. Mueller et al. (1992) report that the rate of adsorption increases with
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increasing surface free energy, hydrophobicity of the attaching cells and surface
roughness. Adsorption was not affected by large surface defects, but rather by a
degree of surface roughness that was smaller than the size of the bacteria
themselves. Several other studies, however, suggest that microbes first attach
themselves to surface defects (Bremer et al. 1992) or in depressions formed at grain
boundaries in oxide films on stainless steel (Geesey et al. 1996). It is not known
whether microbial colonization at grain boundaries is a physical effect associated with
the surface depression or a chemical effect associated with some heterogeneity at
these locations (Geesey et al. 1996). Little et al. (1988) have suggested that surface
pores and irregularities lead to preferential microbial population in weld regions on
Cu-10Ni. These studies suggest that the initial colonization is non-random
(Figure 1.2b). This preferential colonization may be associated with local stagnant
regions, since these studies were performed in flowing solutions. Others (Videla et al.
1988), however, have found no effect of surface finish on biofilm formation on Cu,
brass, Cu-30Zn, Al, stainless steel and Ti surfaces polished with 320, 600 and 1200
grit or 1-um alumina paste (equivalent to particle sizes of 1 to 50 urn).

The microbial population in the biofilm develops to optimize the growth conditions for
all species within the film. Thus, anaerobic bacteria flourish in anaerobic
microenvironments created by the action of aerobes, Fe-reducing bacteria survive on
the by-products of Fe-oxidizing bacteria, and so on (Figure 2). The entire community
exists in a symbiotic relationship, with one type of microbe using the by-products of
another. This not only sustains the growth of the first type of microbe, but also
prevents the death of the second due to the build-up of toxic by-products. It is often
found that a given microbe will grow faster in the presence of other microbes that
enhance the conditions required for its growth (Angell and Chamberlain 1991).

2.2 PROPERTIES OF BIOFILMS

A major feature of biofilms is that their structure and properties are not uniform.
Spatial gradients in the [O2], pH and concentration of various metabolic and corrosion
products develop both across and normal to the metal surface. Spatial concentration
gradients normal to the surface result from the restricted mass-transport conditions
within the film, causing the formation of occluded regions at the metal surface.
Figure 2 illustrates the possible consequences of an [O2] gradient normal to the plane
of the surface on the distribution of microbial processes within the biofilm. Reactions
involving aerobic bacteria take place in the outer part of the biofilm, closest to the
interface with the bulk aerated solution. Facultative bacteria and anaerobes are
operative closer to the metal surface, where redox conditions are less oxidizing.

Perhaps a more significant factor for MIC is the spatial inhomogeneity of the biofilm
across the surface. This inhomogeneity results in the "patchiness" characteristic of
most biofilms formed on metal surfaces. This patchiness, and the consequent
concentration gradients across the surface, are the result of colonization of different
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parts of the surface by different microbes (Figure 3). Since different species consume
and produce different metabolites, the distribution of [H+], [HS], [OAc'], etc., across the
surface is non-uniform, resulting in ideal conditions for localized corrosion. In fact,
most practical cases of MIC reported in the literature involve localized corrosion, most
often pitting, caused by the patchy coverage of the surface by the biofilm and the
microbes it contains. The patchiness of the biofilm has been directly observed and
quantified using atomic force microscopy (AFM) on a bacterium (identified by the code
CCI-8) isolated from pitted Cu water pipes (Bremer et al. 1992).

Recent measurements on biofilms suggest that the uniform coverage by a layered
structure suggested by Figures 1.4, 2 and 3 is misleading. Although many of the
processes included in these models of biofilm formation are still valid, Lewandowski et
al. (1995) suggest that the morphology of the biofilm is more variable than would be
suggested by these figures. Figure 4 shows the structure of the biofilm suggested by
Lewandowski et al. (1995), which consists of a number of cell clusters along with open
voids between the clusters which form channels through which convective mass
transport is possible in flowing systems. In contrast to the model in Figure 3, the
entire surface is not necessarily covered by the cell clusters (which comprise microbial
colonies and EPS), and relatively bare patches may exist in which the surface is only
covered by adsorbed organic material and a thin layer (perhaps several 10s-of-um
thick) of firmly attached microbes. The height of the cell clusters and the number of
attachment sites may vary (Figure 4), resulting in a biofilm whose "thickness" and
density varies across the surface. The outer regions of the biofilm are weakly
attached to the surface, so that high shear stresses will result in thinner films with
fewer cell clusters, whereas a thicker and more populated biofilm will form under
quiescent conditions (Dexter 1996).

The mechanism of mass transport of species to the surface is different for the
"layered" and "clustered" biofilm models. In the layered model, typified by Figure 3,
mass transport of species to the surface occurs by diffusion across the thickness of
the film. Transport parallel to the metal surface will also occur by diffusion. In the
clustered model (Figure 4), however, mass transport normal and parallel to the surface
can occur by both diffusive and convective processes. In regions occupied by the
biomass, e.g., within the cell clusters, diffusive mass transport will dominate, as in the
layered-biofilm model. However, in the voids between cell clusters, convective
transport will be more significant, increasing the rate of supply of O2 to relatively bare
areas of the surface or the supply of nutrients to, and removal of metabolites from,
active microbes in the cell clusters.

Several workers have investigated the effect of [O2] gradients across the biofilm on
MIC. Lewandowski et al. (1989) used a miniature O2 probe to make direct
measurements of the [O2] gradient in an agar film (simulating EPS) on a stainless
steel surface, the inner portion of which was spiked with a mixed culture of unspecified
microbes. An [O2] gradient was observed (Figure 5) with microbes present, but not
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when the microbes were killed by adding glutaraldehyde or if they were not included in
the agar at all. These experiments unambiguously demonstrate that the respiration of
microbes produces anaerobic conditions near the metal surface. Profiles such as that
shown in Figure 5(a) would be observed at all locations on the surface for the layered-
biofilm model, but only within cell clusters for the clustered model. On areas of the
surface not covered by a cell cluster, the [O2] profile normal to the surface might be
more like that shown in Figure 5(b) or 5(c), resulting in relatively high interfacial [O2].
L'Hostis et al. (1995) have used steady-state and hydrodynamically modulated
rotating-disc electrode (RDE) measurements to estimate the porosity and thickness of
model and natural biofilms. The experiments were based on measurements of the
transport-limited current for O2 reduction on film-covered Au RDE. For a model biofilm
composed of a gelatine layer, a film thickness of 9 urn and a porosity of 0.7 were
reported. (L'Hostis et al. (1995) used a relationship between the porosity (e) and bulk
solution and biofilm diffusion coefficients (Do and DF, respectively) attributed to West
(1993), DF = e15D0. The porosity of 0.7 quoted above was calculated based on the
expression DF = ED0, usually used for diffusive transport through porous media (King
et al. 1996)). Experiments with the natural biofilm were less successful, but L'Hostis et
al. (1995) were able to deduce a maximum value for the biofilm thickness of 5 um
after 18 d immersion in natural seawater.

Schiffrin and de Sanchez (1985) have explained the increased corrosion rate for
Cu-10Ni in seawater observed in the presence of a biofilm in terms of the effects on
the cathodic reduction of O2. It was suggested that the oxygen-reduction reaction
(ORR) was catalyzed by some unidentified metabolic by-product. (In abiotic
experiments, NH£ and HS" were found to catalyze the ORR, implying that one of these
species may be responsible). In the presence of a mixed culture of Pseudomonas,
Micrococcus and Corynebacterium, the cathodic Tafel slope was found to be ca.
-70 mV, compared with a typical value of -120 to -180 mV in bulk solution. Unlike the
situation in bulk solution, in which the ORR is under interfacial control, the ORR in the
presence of a biofilm was mass-transport limited (Schiffrin and de Sanchez 1985).
Thus, the biofilm had two effects on the ORR; the ORR was catalyzed by an unknown
metabolite to such a degree that it then became transport limited under the more-
restrictive mass-transport conditions in the biofilm. Based on RDE measurements
only, Schiffrin and de Sanchez (1985) were able to deduce that the mass-transfer
coefficient kM was a factor of 4 higher in bulk solution. Therefore, the biofilm thickness
is either 4 times greater than the diffusion-layer thickness in bulk solution, or the
diffusion coefficient of O2 is four times lower (due to the reduced porosity of the
biofilm). Alternatively, the biofilmed surface might be partially blocked (Schiffrin and
de Sanchez 1985). On the assumption of equal surface areas for the filmed and non-
filmed electrodes, and using the value of 0.7 for e given above, the reduction in kM of
a factor of 4 is equivalent to a biofilm thickness of 0.95 mm, for the electrodes used by
Schiffrin and de Sanchez (1985). Unfortunately, no independent measurement of the
biofilm thickness was given. If such a value were available, the degree of surface
blockage by the biofilm and the effective cathodic surface area could be estimated.
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As stated above, the patchy surface coverage by the biofilm is ideally suited for
initiating localized corrosion. Geesey and coworkers have studied the impact of biofilm
formation on the pitting of Cu water pipes in some detail, using a number of surface
analytical techniques to determine the relationship between biofilm formation and Cu
corrosion. The most direct evidence linking the biofilm to Cu corrosion comes from
ATR/FTIR experiments using thin Cu layers (Bremer and Geesey 1991). In these
tests, the development of biofilm formation and corrosion were monitored by following
the time-dependent changes in the intensity of the absorption bands for amide groups
(indicative of protein-containing microbes), C-0 stretching bands (characteristic of
polysaccharides) and H2O (related to the thickness of the Cu layer). The intensity of
the H2O absorption band is sensitive to the Cu-layer thickness on the Ge internal-
reflection element, giving a resolution of 2-3 A, equivalent to 2-3 monolayers of Cu.
As well as demonstrating that bacterial attachment precedes EPS formation, Bremer
and Geesey (1991) also found that corrosion of the Cu (indicated by an increase in
the H2O absorption band) coincided with the formation of EPS, and lagged behind the
initial microbial attachment phase. Therefore, the corrosion of Cu and, by inference,
the pitting of Cu water pipes, is more likely to involve the EPS than the microbes
themselves. For this reason, it has been suggested that the adsorption of dissolved
Cu(ll) by the EPS is the driving force for the corrosion of Cu and that patchy coverage
by the biofilm results in the localized attack seen in Cu water pipes (Bremer and
Geesey 1991; Jolley et al. 1989). Localized corrosion, therefore, was caused by a
differential [Cu(ll)] cell. The amount of Cu lost from the Cu-plated Ge sample was
correlated with the amount of Cu in the EPS-containing solution, which the authors
claimed supported their conclusion that Cu(ll) adsorption played a role in the corrosion
process. However, Bremer et al. (1992) present AFM evidence that indicates pits
occur in areas not covered by an extensive layer of EPS.

Some studies have been performed on the adsorption of Cu(ll) by EPS (Geesey et al.
1986; Mittelman and Geesey 1985). Langmuir-type adsorption isotherms were
observed for Cu(ll) on EPS isolated from a Pseudomonas-Wke bacterium. The
maximum surface coverage by adsorbed Cu(ll), sMAX, decreased with increasing pH,
leading the authors to conclude that uncomplexed Cu2+ ions were more strongly
adsorbed than hydrolyzed species such as Cu(OH)+. This trend with pH also suggests
that H+ displaced from adsorption sites by Cu2+ will tend to auto-catalyze Cu(ll)
adsorption by locally depressing the pH and suppressing hydrolysis. The sMAX values
for the unrefined EPS varied from 49 mmol(kg dry weight)"1 at pH 7.0 to
263 mmol-kg"1 at pH 5.0 (Geesey et al. 1986), although slightly different values were
given by Mittelman and Geesey (1985). In contrast, the sMAX value for the adsorption
of Cu(ll) on Na-bentonite clay is 330 mmol-kg'1 (Ryan and King 1994). Angell et al.
(1995) also claim that Cu(ll) adsorption by EPS plays a role in Cu corrosion, in this
case for the marine bacterium Oceanospirillum.

Despite the claims that Cu(ll) adsorption drives Cu dissolution, the key experiments
linking the extent of adsorption to the corrosion rate have yet to be performed. It is
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quite possible that Cu(ll) adsorption could increase the rate of corrosion as suggested
by Geesey and coworkers, under certain circumstances. A similar claim has been
made for the effect of the adsorption of Cu(ll) by Na-bentonite (King et al. 1992).
Adsorption can only accelerate the corrosion reaction if the interfacial dissolution of Cu

Cu * Cu2+ + 2e" (1)

(this overall reaction will be composed of a number of intermediate steps), is reversible
and if the anodic reaction is the rate-determining step (rds) in the corrosion reaction.
This was claimed to be the case for Cu corrosion in compacted Na-bentonite under
aerated conditions (King et al. 1992), and quite possibly could be the case for Cu
pipes in aerated tap water. However, just as in the case of compacted clay (King et
al. 1996), the overall corrosion reaction could become controlled by the transport of O2

to the Cu surface if extensive biofilm formation occurs. Then, corrosion would be
cathodically controlled and there would be no effect of adsorption on the corrosion
rate. Even under aerated conditions, Cu(ll) adsorption will only act as a driving force
for corrosion for a limited period. Eventually, all the adsorption sites on the EPS will
be occupied and no further adsorption will occur unless some adsorbed Cu(ll) is
removed (by precipitation, for instance) or unless more EPS forms.

The localization of corrosion underneath biofilms on Cu has been studied by a number
of other workers. Angell et al. (1995) used a scanning vibrating reference electrode to
correlate local anodic and cathodic areas on Cu and stainless steel with microbial
populations of Oceanospirillum. Distinct anodic regions ("pits") were observed and
were found to correspond to the areas on the surface with the highest density of
microbes. In this case, therefore, the direct correlation is between pitting and microbial
population, rather than between pitting and Cu(ll) adsorption by EPS. This
observation does not rule out an effect of Cu(ll) adsorption by EPS, however, since
the amount of EPS would be expected to be correlated with the microbial population.
In a separate study (Wagner, P.A. et al. 1990, 1991), no localized corrosion of Cu by
Oceanospirillum was reported, although Cu(ll) adsorption by EPS was one of the
mechanisms proposed to account for the higher uniform corrosion rate.

Non-uniform coverage by the biofilm may also lead to direct localized interactions
between the surface film and microbes. For instance, Geesey et al. (1996) suggest
that the preferential colonization by microbes at grain boundaries on oxide films on
stainless steel may cause some form of unspecified local weakening of the oxide. The
defected film would then be more prone to attack by aggressive species such as Cl\
which could result in localized corrosion initiated at grain boundary sites. Another
example is the formation of calcareous deposits (Ca(OH)2, CaCO3) in regions of high
local pH associated with cathodic regions of the surface (White et al. 1986). These
deposits could then function as crevice-formers, leading to localized attack.
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Biofilm formation, therefore, is an important consideration in MIC. The biofilm serves
to localize and concentrate microbial metabolic by-products at the metal surface and
inhibit the mass transport of species to and from the corroding interface. In addition,
the extracellular polymeric material produced by the microbes can participate in
corrosion reactions via adsorption processes, as well as through their effect on mass
transport. More importantly, non-uniform coverage of the surface by the biofilm
creates concentration gradients which induce localized corrosion of the substrate.

3. REVIEW OF THE MICROBIALLY INFLUENCED CORROSION OF COPPER

Copper and Cu alloys are resistant to macrofouling (by barnacles, crustaceans, etc.)
but are susceptible to microfouling (by microbes). As described in the previous
Chapter, microbes can, and do, colonize Cu surfaces which, through the excretion of
EPS, results in biofilm formation. Biofilms are extremely important for microbially
influenced corrosion processes and, indeed, Little et al. (1991a) have specifically
defined MIC as corrosion occurring underneath such films. On most materials, MIC
usually manifests itself as pitting (Geesey 1993). Microbes are thought to be most
important in the initiation of pits, through the formation of chemical, pH, [O2] and
differential metal-ion concentration cells due to inhomogeneous or patchy coverage by
the biofilm (Geesey 1993). Here, however, we are careful to consider all aspects of
microbial activity, since although slow uniform corrosion induced by microbes may not
be important in most applications, it could be significant over the long timescales
involved in nuclear fuel waste disposal.

The good corrosion performance of Cu alloys results from the formation of protective
Cu2O and basic Cu(ll) layers (CuCI2-3Cu(OH)2 in Cl' solutions). Nearly all instances of
MIC of Cu are associated with the disruption of the formation, and interference with
the properties, of these films by microbes. The specific mechanisms of MIC will be
discussed in relation to the effect of microbes on: (i) the anodic reaction, (ii) the
cathodic reaction, or (iii) the anodeicathode surface area ratio.

Care should be taken in applying the results of MIC investigations in near-surface
waters to the prediction of the possibility of MIC of Cu containers because the two sets
of environmental conditions are significantly different. Surface-water environments
(seawater and fresh potable water) differ from the environment in a disposal vault in
the following respects:

(i) the availability of water. As discussed in the Chapter 5.2, the availability of
water will determine the extent and diversity of microbial activity. Surface
waters with water activities (aw) between 1.0 (fresh water) and 0.98 (typical of
seawater) will contain more active and more diverse microbial populations than
a disposal vault, where the water activity could be <0.9 (Chapter 5). (See
Chapter 5 for the definition and a more detailed discussion of water activity).
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(ii) the availability of 02 and the variation of redox conditions with time. The
aerated conditions in seawater and fresh water will support both aerobic and,
underneath biofilms, anaerobic bacteria. Although aerated conditions will exist
in a disposal vault initially, the consumption of the trapped O2 within the vault is
expected to eventually lead to anoxic conditions. Under these circumstances,
aerobic activity will cease and the microbial population will be dominated by
anaerobic and facultative anaerobic microbes. In addition, many of the
literature reports of MIC of Cu alloys are associated with the periodic cycling of
the [O2] in tidal areas and in water distribution systems. In contrast, the [O2] in
a disposal vault will decrease monotonically with time and will not vary
periodically.

(iii) the presence of compacted clay-based sealing materials in a disposal vault.
Because of the high surface area:volume ratio, all microbial activity within a
disposal vault will be sessile, i.e., associated with a biofilm. In bulk seawater
and fresh water, periodic sloughing of biofilms results in some planktonic
microbes. Aggressive metabolic by-products formed in the bulk solution are
then rapidly transported to the solution/biofilm interface on the metal surface. In
contrast, by-products produced under biofilms on clay or rock surfaces away
from the container must first enter the bulk environment before they can be
transported to the container. Even then, transport of metabolic by-products will
be severely restricted in the disposal vault because of the compacted clay
materials.

(iv) the availability of nutrients. Similarly, the restrictive mass-transport conditions in
compacted clay, and in soils in general, are known to limit the rate of supply of
nutrients to microbes, resulting in lower growth rates (Geesey 1993). In
addition, deep underground disposal vaults are likely to contain fewer nutrients
than near-surface environments (Stroes-Gascoyne 1989).

Despite these limitations on the relevance of MIC investigations in surface waters, the
literature on MIC of Cu has been reviewed and will be discussed in terms of its
relevance to Cu containers. The review is divided into three areas; seawater, pitting in
fresh water and miscellaneous instances of Cu MIC.

3.1 COPPER AND COPPER ALLOYS IN SEAWATER

Copper alloys are most often used in seawater applications in the form of heat
exchangers on board ships and in coastal power and industrial plants. Most of the
literature on MIC of Cu alloys in seawater refers to Cu-Ni alloys, particularly Cu-10Ni
(UNS C70600) and Cu-30Ni (UNS C71500), and, to a lesser extent, Al-bronze and
Al-brass. In some studies, Cu was also included for comparison. Many of these
studies are concerned with the behaviour of these materials in "polluted" seawater,
which is a euphemism for water containing reduced sulphur species or SRB. The
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reports in which inorganic HS" has been used to simulate the activity of SRB are
discussed in Chapter 4 and only those studies that actually included SRB are
considered here. Polluted coastal and estuarine environments have been found to be
particularly aggressive because the conditions change periodically, as the tides
remove or dilute polluted seawater and replace it with fresh aerated water.

The aggressive action of SRB is due to the production of metabolic by-products,
namely reduced S species. There are many possible reduction products of sulphate
(SO2"), including sulphite (SO2), thiosulphate (S2O

2"), elemental sulphur (S) and
sulphide (HS~) (Pourbaix and Pourbaix 1992). Davis et al. (1981) report HS"
concentrations in solution of between 2 and 26 ugg"1 (6 x 10'5 to 8 x 10"4 moldm"3) as
a result of SRB activity. McNeil et al. (1991a) report that the concentration of total
reduced sulphur species may reach 320 ug-g"1 (10"2 moldm'3) underneath biofilms.
Little et al. (1988) give a sulphide (presumably as HS') production rate of
0.5 ugcm"2d"1 for an SRB population of 104 cells-cm"2.

All reported cases of MIC of Cu alloys by SRB are a result of sulphide production.
There are no reports of thiosulphate-induced corrosion of Cu in the literature. The
formation of inorganic SgO2," has been shown to be deleterious to stainless steels and
Ni alloys in dilute aqueous solutions (Newman et al. 1989; Roberge 1988). In Iow-[CI]
abiotic systems, S2O

2' is aggressive because it can migrate into acidic pit
environments under a potential gradient to balance the charge produced by proton
formation from the hydrolysis of dissolved metal ions. Sulphide species, however, are
neutral at low pH (in the form of H2S) and are not effectively transported into the pit
(Webster et al. 1990). Unlike sulphide, S2O

2" ions will not promote the reduction of
H2O on Cu, because S^2." is not stable at potentials corresponding to H2O reduction
(Pourbaix and Pourbaix 1992) and because S2O

2" does not promote Cu dissolution.

The effect of periodic aeration on the corrosion of Cu alloys (oxygen-free Cu,
UNS C11000; Cu-10Ni and 6%AI-bronze) in the presence of SRB has been studied by
Davis et al. (1981) in natural (microbe-containing) and filtered (microbe-free) seawater.
In both biotic and abiotic environments, the corrosion rate increased when the samples
were switched from deaerated to aerated solutions, but the degree of the increase was
greater for the natural seawater (an increase of a factor of 15 for Cu in natural
seawater compared with a factor of 6 for filtered seawater). This effect was
associated with the presence of bacteria in the biotic systems (mean bacterial
population ~3 x 105 organisms-cm"3 compared with <3 x 103 cm"3 in the filtered abiotic
media). In the abiotic and aerated biotic solutions, a surface film of Cu2O was formed
and the observed corrosion potentials (EC0RR) were in the range -0.22 to -0.27 VSCE.
In the deaerated biotic solution, however, a Cu2S film was formed and EC0RR was
—0.95 VSCE. The shift in EC0RR is thought to be a consequence of the change in
cathodic reaction from the reduction of residual O2 in deaerated filtered seawater to
the evolution of hydrogen in deaerated natural seawater (King and Stroes-Gascoyne
1995). Hydrogen evolution becomes thermodynamically possible in this latter



-13-

environment because the presence of sulphide species produced by SRB stabilizes
dissolved Cu species (in the form of Cu2S) at very negative potentials.

The Cu2S film formed in deaerated natural seawater appears to be quite protective in
that environment, since the corrosion rate in deaerated solutions was lower in the
biotic system than in the abiotic filtered seawater (Davis et al. 1981). This lower
corrosion rate may also reflect slower H2O (or HS') reduction kinetics compared with
the rate of reduction of trace levels of O2. The Cu2S film is unstable, however, if the
surface is transferred from a deaerated solution to an aerated environment. Then, the
Cu2S film was observed to transform to a Cu2O film and spall away from the electrode.
This loss of protectiveness of the film may explain the greater increase in the corrosion
rate associated with the deaerated-aerated transfer in the biotic system, compared
with that observed in the filtered solution. These results are very similar to the
conclusions presented by Syrett (1981) on the effects of inorganic sulphide, which are
discussed in more detail in Chapter 4.

Chamberlain et al. (1988) also studied the effects of SRB and alternating redox
conditions on Cu alloy corrosion. Three forms of SRB isolated from a polluted
seawater harbour were found to colonize and grow in biofilms formed on Cu-10Ni.
Over a 14-day period, a S-containing film grew, which resulted in a thick, loosely
adherent black deposit (presumably a Cu or Ni sulphide), that was partly stabilized by
the EPS produced by the microbes. Corrosion rates increased in going from
deaerated to aerated conditions, as might be expected, but when the solution was
subsequently deaerated again, although the corrosion rate decreased, it did not
decrease to the original value in deaerated solution. This suggested some persistent
effect of the switch to aerated solution, possibly because of the transformation of the
Cu2S film to Cu2O.

Chamberlain et al. (1988) also measured the anodic and cathodic Tafel slopes in
aerated and deaerated seawater. In both cases, the anodic Tafel slope was in the
range 40-90 mV, consistent with Cu dissolution as Cu(l) (King 1996a). The cathodic
Tafel slope was very large in aerated solution, -400 to -1500 mV, but much smaller in
deaerated solution, -75 to -160 mV. Oxygen reduction was the cathodic reaction in
both cases, since ECORR was in the range -0.16 to -0.27 VSCE. The decrease in the
Tafel slope (in absolute terms) for O2 reduction in deaerated solution may have
resulted from a more catalytic Cu2S surface film in deaerated solution compared with a
Cu2O film in aerated solution.

Corrosion by SRB is often associated with pitting, although the work described above
by Davis et al. (1981) and Chamberlain et al. (1988), as well as that by Gomez de
Saravia et al. (1990), does not appear to have lead to localized corrosion. A particular
case of SRB-induced pitting of Cu-10Ni in seawater has been reported by Little et al.
(1991b) and P.A. Wagner et al. (1990). A high concentration of SRB (105 cm"2) was
found in the corrosion-product filled pit, with a lower density (10 cm"2) on the



-14-

surrounding unpitted surface. The SRB population in the seawater was 10-100 cm'3.
The exact role of the SRB was not established, but it was suggested that a differential
aeration mechanism caused the localized attack.

MIC often occurs at welds and Little et al. (1988) have reported a study of
SRB-induced pitting on welded Cu-10Ni. Pitting just downstream of welds in Cu-Ni
heat exchangers has been a problem in naval vessels. Little et al. (1988) simulated
this situation using three different weld configurations with different geometries and
material thicknesses (which affects the rate of heat loss and, hence, the size of the
heat-affected zone (HAZ)). The weld-filler material was Cu-30Ni (UNS C71000). The
surface composition of the weld, HAZ and parent material was determined by
energy-dispersive X-ray analysis. In Cu-rich areas near the weld zone and on the
parent metal, adherent Cu2S films were formed upon exposure to SRB. The films
formed on Ni-rich areas, especially at the outer part of the HAZ, were less adherent
and were found to flake off under flowing conditions resulting in exposure of the bare
metal underneath.

The adherence of corrosion-product films on Cu alloys in SRB environments was also
studied by McNeil et al. (1991b). Sulphide films formed on Cu were not adherent,
whilst those formed on Cu-10Ni and Cu-30Ni were. Together with the results of Little
et al. (1988) described above, these observations suggest that corrosion products are
not adherent on pure Cu or Ni-rich surfaces, but are adherent on surfaces with an
intermediate Cu/Ni content. McNeil et al. (1991b) did observe some differences
between the composition of the sulphide phases formed on Cu and Cu-Ni alloys, but
on neither was a single crystalline phase formed that might be expected to be more
adherent than a mixture of crystal phases. Instead, on both Cu and the Cu-Ni alloys,
Cu2S was found in addition to varying amounts of Cu-deficient sub-stoichiometric Cu(l)
sulphides. The factors determining whether sulphide films will be adherent or not are
not well understood. In general, especially in alternating aerated and deaerated
conditions when the volume changes accompanying transformation between Cu2S and
Cu2O causes spallation, sulphide films on Cu are considered to be poorly protective
(Little et al. 1991a).

McNeil et al. (1991a,b) have suggested that MIC involving SRB leads to certain types
of corrosion products that can be taken as indicative of microbial involvement. On Cu
alloys, corrosion products other than chalcocite (stoichiometric Cu2S) are believed to
indicate that corrosion occurred underneath a biofilm.

There have been a number of studies of MIC of Cu alloys in seawater that have not
involved SRB. Two studies involved a marine bacterium Oceanospirillum that has
often been found on U.S. naval vessels in various parts of the world (Angell et al.
1995; Wagner, P.A. et al. 1990,1991). This microbe requires NaCI for growth, is
Cu-tolerant and can be isolated from surfaces covered with anti-fouling
Cu2O-containing paint. P.A. Wagner et al. (1990, 1991) observed a five-fold increase
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in corrosion rate and a 145 mV increase in EC0RR in the presence of Oceanospirillum.
Anodic and cathodic Tafel slopes were the same in biotic and sterile solutions (20 to
30 mV and -25 to -35 mV, respectively) and suggest Cu dissolution as Cu(ll), possibly
supported by the cathodic reduction of Cu(ll). Cupric species would be an unusual
dissolution product of Cu in seawater (King 1996a), unless the [CIJ was depleted
within the biofilm. Corrosion was uniform and the dissolved Cu was bound by the
bacteria and/or EPS in the biofilm. The authors suggested that the increase in both
EC0RR and the corrosion rate was consistent with catalysis of the cathodic reaction.
Alternatively, the production of acidic EPS may have been involved.

Angell et al. (1995) studied the effect of Oceanospirillum on the localized dissolution of
Cu using a scanning vibrating electrode technique. Anodic regions were detected on
the Cu surface after -48 h exposure to an inoculated solution, and remained local
anodes for the duration of the 180-h experiment. The surface coverage of bacteria
was also localized on the surface, with higher numbers associated with the localized
anodic regions. Analysis of EPS removed from the surface showed significant Cu
absorption by the biofilm, which X-ray absorption near-edge spectroscopy (XANES)
studies confirmed to be Cu(ll). These results suggest that Oceanospirillum catalyzes
the anodic reaction.

An electrochemical study of the effects of biofilm formation on five Cu alloys (Cu,
Cu-10Ni and Cu-30Ni, admiralty brass and Al-bronze) has been reported by Little and
Mansfeld (1991). Mass-transport effects were studied using rotating cylinder
electrodes and the corrosion behaviour was investigated using electrochemical
impedance spectroscopy (EIS), polarization resistance (Rp) measurements and the
variation of EC0RR. On pure Cu, ECORR was not found to change significantly with time
in natural seawater, but a gelatinous biofilm containing numerous bacteria and loosely
adherent corrosion products was formed. Anodic Tafel slopes were in the range 40
to 60 mV, suggesting Cu dissolution as Cu(l) (King 1996a), but cathodic Tafel slopes
varied widely between -20 and -350 mV. Impedance spectra for Cu alloys were
complicated, with an increase in impedance at high frequencies and the appearance of
two time constants when the surface was covered by a biofilm. The authors were
unable to explain the EIS spectra on the basis of existing equivalent-circuit models for
the electrochemical interface, but did point out that the frequency dependence of the
impedance for biofilm-covered surfaces was similar to that observed for surfaces
covered by porous polymers.

A mechanistic study of the MIC of Cu alloys in seawater has been published by
Schiffrin and de Sanchez (1985). They studied the corrosion behaviour of Cu-10Ni
and Cu-30Ni, Al-brass and Al-bronze in the presence of mixed and pure cultures of
Pseudomonas, Micrococcus and Corynebacterium and with HS\ NH4 and
trimethylamine as abiotic analogues for microbial by-products. Rotating-disc
electrodes were used to study the effects of mass transport. Weight-loss corrosion
rates were higher (by a factor of ~3) in a mixed culture of all three species than in a
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sterile control. The enhancement in corrosion rate was attributed solely to
Pseudomonas, since this species alone increased the corrosion rate by a factor of
-20. Although not suggested by the authors, these results may indicate some
inhibitive effect of Micrococcus and Corynebacterium, perhaps due to competition for
the same nutrients required for growth by Pseudomonas. Addition of the microbes
caused an increase (by a factor of between 5 and 100) in the rates of the anodic and
cathodic reactions after 6 d exposure, whereas abiotic additions of 1 ugg"1 HS' or
10 ug-g"1 NH^ only catalyzed the cathodic reaction. In the presence of microbes, and
presumably of a biofilm, there was evidence for mass-transport control of the cathodic
reaction at all potentials up to and including ECORR.

Schiffrin and de Sanchez (1985) concluded that, in general, microbes can influence
the corrosion behaviour of Cu in seawater by four possible mechanisms:

(i) Microbes and/or biofilms can increase the rate of the anodic reaction by
complexing Cu(l). No evidence from biotic experiments was presented to
support this mechanism, but it was speculated that microbial by-products, such
as NH3, might catalyze anodic dissolution by complexing Cu(l). However, the
absence of any effect of 10 ug-g'1 NH4 indicated that the microbially produced
ligand must either form strong complexes with Cu(l) or be present at high
concentrations in order to compete with Cl". No mention was made of the
complexation of Cu(ll) by microbes and/or EPS. The cause for the increase in
dissolution rate in the mixed culture was not given.

(ii) The formation of Cu2S may inhibit anodic dissolution by producing a less
ionically conductive surface film. This mechanism was suggested by the slight
decrease in the rate of anodic dissolution caused by the addition of
1 ug-g"1 HS". Copper dissolution as CuClj continues through the surface films
in seawater because of the porous and defected structure of the Cu2O or Cu2S
layer. This is clearly not the cause of the increase in the rate of anodic
dissolution in the mixed culture used by Schiffrin and de Sanchez (1985).

(iii) Microbes can catalyze the cathodic reduction of O2. Catalysis of O2 reduction
was clearly shown by Schiffrin and de Sanchez (1985) by the addition of HS"
(presumably due to the formation of a catalytic Cu2S or Cu2O/Cu2S layer) or
7 x 10"3 mol-dm'3 trimethylamine. Cathodic Tafel slopes for O2 reduction
decreased from -150 mV in sterile seawater to -70 mV in the presence of
bacterial slimes.

(iv) The formation of a biofilm may reduce the rate of the cathodic reaction by
limiting the supply of O2 to the surface. The steady-state mass-transfer
coefficient for O2 reduction kM, where kM = D/5 (D is the diffusion coefficient of
0 2 and 8 is the diffusion-layer thickness), on a clean electrode was 4 times
higher than on a fouled surface. It was not known whether the biofilm on the
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fouled electrode caused a decrease in D, an increase in 8 or if it caused partial
blockage of the surface.

The authors concluded that, in their experiments, the most likely mechanism involved
both the catalysis of the interfacial reduction of O2 and transport limitation of the
cathodic reaction because of the lower kM in the presence of a biofilm. Their quoted
corrosion rates for seawater containing Pseudomonas are equivalent to the
transport-limited rate of O2 reduction across a 600-um-thick biofilm, if D is the same in
the biofilm as in the bulk solution. These calculations assume a uniformly accessible
electrode surface, which as the authors pointed out, is often not the case in the
presence of a biofilm.

3.2 MICROBIALLY INFLUENCED PITTING OF COPPER IN FRESH WATER

Several instances of microbially influenced pitting of Cu water pipes have been
reported, and have been extensively studied in Germany (Fischer et al. 1988, 1992,
1995; Wagner, D. et al. 1992, 1995) and the United Kingdom (Angell and Chamberlain
1991; Chamberlain and Angell 1990; Walker et al. 1991). These forms of pitting,
which have certain characteristics that distinguish them from the classical Types 1 and
2 pitting of Cu pipes described by Campbell (1974), appear to be mainly limited to
so-called "institutional" buildings, such as hospitals, schools and government offices.
Consequently, there must be some factor associated with the operation of such
facilities, for instance, periodic stagnant periods at weekends or overnight, that renders
them susceptible to this unusual form of pitting.

Fischer et al. (1992) and D. Wagner et al. (1992) describe a form of pitting that they
ascribed to MIC that occurred in a hospital in Germany. A cross section of the pit
structure is shown in Figure 6. The pitting was characterized by: (i) hemispherical pits
beneath mounds of precipitated corrosion products (CuO, malachite (CuCO3Cu(OH)2)
and posniakite (CuSO4-3Cu(OH)2H2O); (ii) the occurrence of pitting and uniform
corrosion of the pipe; (iii) the formation of Cu2O and black CuO within the pit and on
the unpitted tube wall; (iv) a layer of EPS that underlay the CuO layer outside the pit
and was present within the corrosion product mound covering the pit; and (v) periodic
random increases in the [Cu] in the water. The water was soft and pitting occurred in
both cold and warm water, unlike Type 1 pitting which is restricted to cold hard waters
or Type 2 pitting which is observed in warm soft waters (Campbell 1974). Pits were
most frequently observed in extensively branched parts of the system, in horizontal
sections in which extended stagnation occurred.

Samples of the EPS and corrosion products within the occluded region were subjected
to extensive chemical and biochemical analyses (Fischer et al. 1988). A wide range of
organic acids, amino acids and sugars were associated with the EPS, which contained
-SO3 and -CO2 functional groups capable of binding metal cations. The complexation
of Cu(ll) by the EPS was studied in CI' solutions, and it was concluded that anionic
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polynuclear cupric-chloro complexes were bound by protonated amino acid groups.
The rationale for studying anionic Cu(ll) species was not clear given the presence of
negatively charged functional groups. The stoichiometry of the Cu(ll)-CI" complexes
was given as both [Cu2CI2]

2' and [Cu2CI2]n, neither of which are clearly Cu(ll)
complexes. Anionic Cu(ll)-CI' complexes, such as CuClg and CuCI2', are only formed
in bulk solution at [CuCI2] > 3 molkg'1 (Ellis et al. 1983; Rode and Islam 1992), from
which it can be concluded that significant concentration of Cu(ll) and CI" must occur
beneath the biofilm for the stabilization of these species. Since the oxidation state of
the adsorbed Cu was not established, it is possible that anionic cuprous-chloro
complexes, such as CuCI2, may have been the species bound by the +N-R4 amino
acid groups, rather than the anionic cupric-chloro complexes suggested by the
authors.

A wide range of inorganic substances was also identified within the occluded corrosion
cells, a location that was not clearly defined. Cuprous oxide was the major corrosion
product, although CuCI, CuO, Cu2O3 and Cu3+ were also reported (Fischer et al.
1988). The identification of the Cu(lll) species must be considered questionable, since
Cu(lll) is not thermodynamically stable within the stability field of water (Delhez et al.
1962). Other inorganic species identified were Fe3+, Mn2+, Mg2+, Al3+, Ca2+, silicate,
carbonate and two peroxide species, O2,' and HOj. This bewildering list of species
represents an unlikely mixture of oxidized and reduced forms of various electroactive
species along with Cu(l) corrosion products and two highly reactive peroxide species.

These authors have recently made electrochemical measurements in simulated and
natural waters and have tried to reproduce the pitting phenomenon in loop
experiments (Wagner, D. et al. 1995). They also addressed the mechanism of the
random increases in [Cu] in the water, which they simulated by anodically polarizing
Cu samples. Under freely corroding conditions, they found that EC0RR was in the
range 0.28 to 0.32 VSHE (0.04 to 0.08 VSCE) in biotic and sterilized natural waters, as
well as in a synthetic water of a similar composition but with a different organic
composition. This range of potentials is within that found to induce Type 1 pitting
(Campbell 1974), but suggests that neither the organic composition of the water nor
the formation of EPS is responsible for shifting EC0RR into a pitting region. However,
results from steady-state potentiostatic experiments in the natural and synthetic waters
suggested that the pitting potential EPIT was -0.22 V lower in natural water compared
with the synthetic water (0.28 VSHE in natural water against 0.50 VSHE in synthetic
water). Both of these waters contained microbes and stimulated EPS formation. The
difference in EPIT was ascribed to the difference in the composition of the organic
material in the waters, even though the total organic carbon content of the waters was
about the same. Although not discussed by the authors, these results would tend to
suggest that any effect of microbes is secondary to the effect of organic matter
adsorbing on the pipe surfaces.
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Fischer et al. (1995) also investigated the relationship between [Cu] and the amount of
EPS. Increasing anodic polarization was used to produce dissolved Cu. It was found
that more positive potentials resulted in higher [Cu] in solution but lower levels of
planktonic microbes. At the same time, more EPS was formed on the Cu surfaces,
apparently as a microbial defence mechanism to protect themselves against the toxic
effect of dissolved Cu.

In the papers reviewed, there is relatively little discussion about the mechanisms of pit
initiation and propagation or about the role of the biofilm. Pitting is thought to initiate
when the biofilm underlying the CuO deposit is breached, allowing an increased rate
of anodic dissolution (Wagner, D. et al. 1995). Chloride ions are also said to be
important, but their exact role is unclear. Siedlarek et al. (1994) suggest that the EPS
layer acts as a semi-permeable membrane, allowing cations, H2O and O2 to diffuse to
and from the surface, but not CI' ions. Then, because CI" is not able to complex Cu(l)
at the surface, the hydrolysis of Cu+ creates locally acidic conditions at the Cu/biofilm
interface. In some unexplained manner, the local acidity leads to pitting. This
argument, however, ignores the corresponding cathodic reaction, the reduction of O2

to OH', which must also take place at this interface because the surface is taken to be
uniformly accessible. The overall reaction is

4Cu + O2 -» 2Cu2O (2)

which would produce no change in pH. What is clear from this work is that pitting of
Cu pipes is observed under conditions atypical of those associated with either Type 1
or 2 pitting (Campbell 1974), and that a biofilm is invariably found on the surface of the
pipes. Whether this is sufficient for the authors to claim "The presence of a biofilm
indicates microbially influenced corrosion" (Fischer et al. 1992) is questionable. More
direct evidence for microbial involvement and a consistent mechanistic description of
the pitting process is necessary.

Chamberlain and Angell (1990) examined sections of pitted Cu pipe from hospitals in
England, as well as samples from the German hospital described above. In areas
where pitting occurred, the surface was covered by adherent black CuO and a thicker
biofilm than was found on other parts of the tube. It was suggested that the presence
of the biofilm or microbial activity caused the formation of CuO, which would otherwise
not be expected to form under these conditions. The structure of the pits was similar
to that for the Type 1 pitting of Cu. Three strains of Pseudomonas were isolated from
the tube surface (Angell and Chamberlain 1991). These species were found not to
grow at temperatures above 50°C, a finding which is consistent with that for isolates
from Cu pipes from hospitals in Scotland (Walker et al. 1991), but growth was not
affected by up to 150 ugg'1 Cu(ll) at the optimum temperature of 35°C. As with the
Fischer and Wagner studies, however, no clear explanation of the role of the biofilm or
of microbial activity in the pitting process was given.
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In conclusion, although much effort has gone into the study of the apparent microbially
influenced pitting of Cu water pipes, there is a lack of mechanistic information that
would allow us to determine whether such attack was possible on Cu nuclear waste
containers.

3.3 OTHER FORMS OF MICROBIALLY INFLUENCED CORROSION OF COPPER

Ammonia is a microbial by-product (Figure 2) and is known to cause the SCC of Cu
alloys (King 1996b). Although the possibility of microbially influenced SCC is
recognized (Geesey 1993), there is only one, albeit widely referenced, report of
ammonia-induced SCC in the MIC literature (Pope 1986). Admiralty brass condenser
tubes are reported to have failed by ammonia-induced SCC at an unnamed nuclear
power plant in the U.S. (it was not stated whether seawater or fresh water was used
for cooling). The only evidence presented in this report was a photograph of the
outside of a tube (no metallographic cross-sections of the tube wall were given to
indicate the path of the crack) and the statement that ammonia-producing bacteria
were isolated from the scale and organic material sampled from the tube. No further
details or reference to more detailed reports were given (Pope 1986).

There are fewer reports of MIC of Cu alloys in soil than in water, although this may
simply reflect the limited use of Cu alloys in direct contact with soil. Alanis et al.
(1986) report the pitting of a-brass (Cu-8Zn) pipes in clay soils, which they associated
with the presence of SRB in soil samples. Hallberg et al. (1984) investigated the
corrosion of three Cu lightning conductor plates buried in silt and clay soils for periods
> 50 a and measured the activity of SRB at all three sites. Of the three Cu plates,
one was covered by non-adherent Cu2S (and traces of CuS) and the others by Cu2O.
The SRB activity (as measured by the rate of SO2.' reduction) was greater in the clay
soil removed from the Cu2S-covered sample (18 nmol SO* •cm'3d'1) than in the silt
and stiff clay soils from the other two plates (0.03 and 1.6 nmol SO2 'cm^d'1).
Strangely, the redox potential measured in the soil (presumably using a Pt electrode)
was most negative for that soil with the lowest SRB activity.

Microbes may also affect corrosion reactions by interacting with corrosion product
layers. Biofilm formation often interferes with the formation of the protective
Cu2O/basic Cu(ll) salt duplex structure formed in the absence of microbial activity
(Gomez de Saravia et al. 1990), and there are many photomicrographs in the literature
illustrating the intergrowth of corrosion products, microbes and EPS. Microbes can
also dissolve precipitated corrosion products. Francis and Dodge (1988) found that an
anaerobic N-fixing Clostridium species was capable of dissolving a number of
transition metal oxides directly or indirectly. Oxides such as Fe2O3 and MnO2 were
dissolved directly via a reductive mechanism that involved electron transfer as part of
the microbial process, whereas others, including CuO, were dissolved indirectly due to
the lowering of the pH by the production of organic acids.
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In conclusion, many instances of MIC of Cu alloys have been reported in the literature
and a number of mechanisms have been proposed to explain the detrimental, and
sometimes beneficial, effects of microbes. By far the most prevalent microorganisms
in these reports are SRB. SRB undoubtedly accelerate corrosion processes on Cu
and their action is easily observed because of the formation of insoluble Cu sulphide
corrosion products. The action of other types of microbe is less obvious, unless a
visible biofilm is present. However, there is a tendency in the literature to use the
presence of a biofilm as a sufficient indication of MIC. Many of the reports are simply
reports of observations of "MIC" and do not include rigorous experimental
investigations under inoculated and sterile conditions. Studies under controlled
conditions are necessary to unequivocally identify a corrosion process as a case of
MIC.

4. ABIOTIC CORROSION OF COPPER IN SULPHIDE ENVIRONMENTS

Many of the reports of the MIC of Cu described above involved SRB. Many workers
have simulated the action of SRB using "inorganic" sulphide, and this work is reviewed
here. In addition, thermodynamic and electrochemical aspects of Cu in S-containing
environments will be considered.

4.1 THERMOPYNAMIC AND ELECTROCHEMICAL KINETIC CONSIDERATIONS

4.1.1 Thermodynamic Behaviour

The thermodynamics of the S/H2O and Cu/S/H2O systems are important in the
corrosion of Cu and the mineralogy of Cu-bearing ores. Despite the extensive use of
equilibrium E/pH diagrams, the usefulness of such figures is complicated by the
sluggish kinetics typical of reactions involving the various forms of S (Pourbaix and
Pourbaix 1992). The thermodynamically stable forms of S are sulphide, elemental
sulphur and sulphate. In addition a number of metastable forms are known, including
sulphites, hyposulphites, hydrosulphites, di-, tri-, tetra- and pentathionates.

Figure 7 shows E/pH diagrams for the S/H2O system at 25°C for a total S
concentration of 1 moldm'3 (Pourbaix and Pourbaix 1992). Only elemental sulphur (S;
oxidation state 0), sulphides (H2S, HS", S2"; -2), thiosulphate ( S ^ " ; +2), tetrathionate
(S4Oe"; +2.5) and sulphites (H2SO3, HSO3, SO2,"; +4) are considered in Figure 7(a), and
only sulphur, sulphides and sulphates (HSO;, SO2,'; +6) in Figure 7(b). Pourbaix and
Pourbaix (1992) considered the reactions in Figure 7(a) because of the irreversibility of
inorganic SO2' reduction, but stated that Figure 7(b) may be more appropriate when
dealing with SRB that can catalyze this reaction. Metastable species are thought to
be produced during microbially influenced SO2/ reduction, and S2O

2' has been
implicated in the pitting of stainless steel (Newman et al. 1989). If formed, these
species can only take part in MIC under aerated conditions, however, since they are



-22-

not stable under conditions in which H2O can act as an oxidant, i.e., below line (a) in
Figure 7. There are no indications in the literature that any of the metastable SO4-
reduction species lead to the MIC of Cu. Therefore, the focus of the rest of this
chapter will be on the effect of sulphide.

Figure 8 shows the E/pH diagram for the Cu/S/H2O system at 25°C for a total aqueous
Cu activity of 10"6 and a total aqueous S activity of 10* (McNeil and Mohr 1993). The
major Cu-S solids are Cu2S (chalcocite) and CuS (covellite), although non-
stoichiometric forms of Cu(l) sulphide (e.g., C ^ 96S, djurleite and Cu175S, anilite) also
have regions of stability within the Cu2S field (Woods et al. 1987). It is interesting to
note that metallic Cu has two zones of stability, one below the Cu2S field and one
above it. This would suggest that, on going from oxidizing to reducing waters, Cu2O
should first transform to Cu and then to Cu2S; however, this behaviour has not been
reported (see below). Both Cu2S and CuS are highly insoluble, having solubility
products of 10'47 mol3dm'9 and 10'44 mol2dm"6, respectively (CRC Handbook of
Chemistry and Physics 1982). McNeil et al. (1991a,b) have argued that the formation
of djurleite, spionkopite (Cu39S28) and hexagonal Cu2S are indications of microbial
activity since they are not formed abiotically. Furthermore, the formation of djurleite
(which was observed on Cu-10Ni, but not on 99Cu, McNeil et al. 1991a,b) produces a
more adherent and protective film.

In Cl"-containing waters, the E/pH diagram is modified because of the stability of CuClj
species (Figure 9). For Cu in seawater containing 4 ugg'1 total dissolved sulphide,
the stability fields of the solid sulphides (Cu2S and CuS) occur at more negative
potentials than those of Cu2O, CuO and CuCI2-3Cu(OH)2. Furthermore, Figure 9
suggests that dissolved Cu(ll) species will be unstable in the presence of sulphides, so
that only CuCI2 should exist in equilibrium with Cu2S or CuS in CI' solutions.

4.1.2 Electrochemical Behaviour

Arvia and coworkers (Gennero de Chialvo and Arvia 1985; Vasquez Moll et al. 1985)
have studied the formation of sulphide films on Cu using potentiodynamic and
potentiostatic techniques. Figure 10 shows the formation of successive surface films
on a Cu electrode starting from a clean surface at a potential of ca. -1.0 VSCE

(Vasquez Moll et al. 1985). The multilayer film consists of an thin, inner Cu2S layer
(peak I) and a thicker overlying layer of CuS (region II). Identification of the films was
based on a comparison of the potentials of peaks I and II with the reversible potentials
for Cu2S and CuS formation, rather than on direct XRD evidence. At more positive
potentials (E > Eb), the CuS film breaks down, resulting in pitting of the surface and
oscillations in the current. Eventually, a Cu2O layer forms at more positive potentials
(peak III).

Vasquez Moll et al. (1985) investigated the mechanisms involved in the growth of the
various layers. The inner Cu2S layer was found to be 25 to 50 nm thick, although
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previous work suggested a thinner film only 0.4 nm thick (Gennero de Chialvo and
Arvia 1985). It is possible that the Cu2S layer consists of two layers, an interfacial
layer grown via a solid-state process involving adsorbed Cu(HS)ads or Cu2S species
and a second layer grown via a three-dimensional nucleation and growth process
(Vasquez Moll et al. 1985). Lamache and Bauer (1979) suggest that non-
stoichiometric sulphides Cu2.xS form (x = 0.08, 0.23, 0.40 and 0.69) during the
conversion of Cu2S to CuS. Similar non-stoichiometric sulphides were included in the
E-pH diagrams of Woods et al. (1987). The thicker CuS layer is also thought to grow
via a three-dimensional nucleation and growth process, controlled by HS" diffusion to
the surface (Vasquez Moll et al. 1985). Breakdown of this layer occurs at a potential
(Eb) of -0.74 VSCE in 0.01 moldm*3 HS', the value of Eb decreasing with increasing
[HS]. At higher potentials, the surface undergoes simultaneous pitting and CuS film
formation, although the CuS formed at these more positive potentials is less adherent
and flakes from the electrode. The pits contain deposits of Cu2S.

The presence of the Cu sulphide layers affects the formation of Cu2O. The potential
at which Cu2O is formed is shifted to more positive potentials on sulphide-covered
surfaces than in HS'-free solutions and the current associated with peak III (Figure 10)
is larger. Gennero de Chialvo and Arvia (1985) explained this observation in terms of
the formation of a S-rich surface layer that prevented passivation of the surface by
Cu2O, although the mechanism was not discussed in detail.

An interesting observation was that the open-circuit potential (Eoc) is determined by
the nature of the surface film. Thus, for Cu2S-covered electrodes, the potential in
alkaline solutions was given by the equilibrium potential for the reaction (Gennero de
Chialvo and Arvia 1985)

2Cu + S2' * Cu2S + 2e" (3)

i.e., E = -1.13 - 0.0295 log[S2'] VSCE, and, for CuS-covered electrodes, by the reaction

Cu + S2' * CuS + 2e" (4)

i.e., E = -0.94 - 0.0295 log[S2'] VSCE. This would suggest that, in deaerated solution,
the rate of H2O reduction is not significant in determining the potential, and that Eoc

can be used as an indication of the interfacial [S2].

Absent from the literature are similar electrochemical studies in the presence of Cl\
which would be relevant to the conditions expected in a disposal vault. Neither are
there any studies of the kinetics of H2O reduction on Cu2S-covered electrodes, nor
detailed investigations of the effect of sulphide films on the catalysis of O2 reduction.
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4.2 ABIOTIC CORROSION OF COPPER IN SULPHIDE SOLUTIONS

There have been a number of studies of the corrosion of Cu alloys in sulphide
solutions, mainly aimed at the behaviour of Cu-Ni alloys in polluted seawater. From
the earliest work (Bates and Popplewell 1975; Gudas and Hack 1979a,b), it was
recognized that increased corrosion rates did not result from sulphide pollution alone,
but from a combination of exposure to sulphide-polluted water followed by exposure to
non-polluted aerated seawater. Bates and Popplewell (1975) observed severe
localized corrosion (in the form of pitting, intergranular attack and erosion) in flowing
seawater that was alternately aerated or polluted with sulphide, whereas the attack
was either less severe, albeit still localized, in aerated seawater alone or of a more
general nature in deaerated sulphide solutions. Differences were also observed in the
nature of the corrosion products; protective Cu2O and CuCI2-3Cu(OH)2 in aerated
water, less protective Cu2S in deaerated polluted seawater, and non-protective Cu2O,
CuCI2-3Cu(OH)2 and Cu2S in aerated/polluted water. Qualitatively similar behaviour
was observed by Gudas and Hack (1979a,b) in flowing seawater contaminated by as
little as 0.007 ugg'1 HS". These latter authors observed accelerated pitting and
uniform corrosion of Cu-10Ni and Cu-30Ni in flowing seawater following pre-exposure
to sulphide-contaminated water for various time periods. Analysis of their data
suggests that pitting factors ranged from 5 to 24 for Cu-10Ni and 0 to 15 for Cu-30Ni.
In general, Cu-30Ni was less susceptible than Cu-10Ni, as observed in practice.

In a series of papers, Syrett and coworkers (Eiselstein et al. 1983; Macdonald et al.
1978, 1979; Syrett 1977, 1981; Syrett and Macdonald 1979; Syrett and Wing 1980;
Syrett et al. 1979) studied the behaviour of Cu-10Ni and Cu-30Ni in flowing aerated
and polluted seawater. In early studies (Macdonald et al. 1979), sulphide pollution
was found to increase the corrosion rate of these alloys in deaerated seawater. The
increase in corrosion rate (by a factor of 8 for Cu-10Ni) and negative shift in ECORR (by
-0.5 V for Cu-10Ni) was explained in terms of the formation of a less-protective Cu2S
film when exposed to polluted water. Both polarization and impedance measurements
indicated that the electrical resistance of this film was lower than that of Cu2O. The
sulphide film had a duplex structure, consisting of an inner layer grown by a solid-state
mechanism (the composition of this layer depended on the Ni content of the alloy and
the [HS] of the solution) and an outer, precipitated layer of Cu2S. It was also
suggested that the higher corrosion rate in polluted deaerated solution could be a
result of the reduction of H2O, which could act as an additional cathodic reaction at the
potentials observed in polluted water, but which would not occur at the more positive
potentials in non-polluted deaerated solution. These authors also report some data
Lhat shows that EcORR decreases by 29 mV per decade increase in [HS'] ([HS] is
proportional to [S ] at a given pH), in support of the supposition of Gennero de
Chialvo and Arvia (1985) that the potential of Cu2S-covered surfaces is controlled by
redox processes involving Cu2S (Equation 3). However, other data either show larger
variations of ECORH with [HS~] or no significant change at all. Macdonald et al. (1979)
did not consider redox control of EC0RR (Eoc), and infer that the H2O-reduction reaction
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contributes to EC0RR in deaerated solution. Many of the conclusions derived from
studies of these alloys should equally apply to unalloyed Cu.

In practical situations, the extent of corrosion observed on Cu-Ni alloys exposed first to
polluted seawater and then to unpolluted aerated seawater is greater than that
reported by Macdonald et al. (1979) in deaerated solutions. Syrett (1981) suggests
that the more extensive corrosion observed under alternating conditions results from
the additional effect that sulphide has on the growth of the usually protective Cu2O
film. The corrosion product films formed in polluted seawater displayed the same
duplex structure observed by Macdonald et al. (1979). The inner layer was found to
be primarily Cu2O formed during the early stages of exposure to the polluted
environment, but also contained traces of both Ni and S. This film did not grow so
rapidly at sites corresponding to grain boundaries in the underlying metal because of
compositional and microstructural variations at these sites. Consequently, the Cu2O-
based layer is defective and displays trenches or cracks at grain boundaries. At this
stage, a thicker cuprous sulphide layer forms by the precipitation of Cu(l) diffusing
through the inner oxide layer. The sulphide layer consists of orthorhombic and cubic
Cu2S, as well as non-stoichiometric C ^ 8S. Water reduction may occur at the
Cu2O/Cu2S interface, with the localized increased pH causing growth of the Cu2O
layer. When this surface is then exposed to aerated seawater, O2 reduction replaces
H2O reduction as the major cathodic reaction and Cu2O becomes the stable corrosion
product. At the same time, the Cu2S layer is slowly transformed to Cu2O and either
SO4" or elemental S. This transformation is accompanied by a volume reduction of
4.5 cm3-mol'1 (-16%), which causes some of the thick Cu2S layer to spall off, along
with particularly defected areas of the inner Cu2O-rich layer. These bare areas
become repassivated by the growth of Cu2O free of S inclusions. Eventually, the
surface becomes covered by more protective, less-defected Cu2O and the high
corrosion rates observed when the Cu2S-covered surface is first transferred to an
aerated environment decrease and remain low unless the sample is re-exposed to a
polluted environment. It is the periodic exposure of the surface to polluted and
aerated environments, then, that causes the accelerated corrosion rates observed in
practical cases of the corrosion of Cu-Ni alloys in polluted seawater.

Other workers have considered the effect of sulphide contamination on the cathodic
reaction. Kato et al. (1984), Manfredi et al. (1987), de Sanchez and Schiffrin (1982)
and Schussler and Exner (1993) attribute the increased corrosion rate of Cu alloys in
polluted seawater to the catalysis of the Cyreduction reaction (ORR) by a precipitated
copper sulphide film, de Sanchez and Schiffrin (1982) found that the rate of O2

reduction on Al-brass, Al-bronze, Cu-10Ni and Cu-30Ni increased by a factor of
between 8 and 24 times in seawater containing 1 ugg'1 HS' compared with sulphide-
free water. Although the O2-reduction current at a given potential increased in polluted
seawater, so too did the Tafel slope, indicating that the catalytic effect of the sulphide
film was entirely due to an increase in the standard rate constant for O2 reduction.
Alternatively, the increase in the rate of O2 reduction could result from a change in
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mechanism (from the 4-electron reduction of O2 to OH' to the 2-electron reduction to
HO2), although there is no evidence for a second wave in the polarization curves
presented. Similar behaviour for the effect of sulphide on the cathodic kinetics and
Tafel slope was observed by Manfredi et al. (1987). Schussler and Exner (1993)
found that the rate of O2 reduction on a Ni-AI bronze was increased by a factor of up
to 50 times by 1 ugg'1 HS' in synthetic seawater.

The extent of catalysis of the ORR depends on the time of exposure of the electrode
to the polluted seawater. The ORR current increases over a period of 1-2 days, as S2'
is incorporated into the pre-existing Cu2O film. Following a return to unpolluted water,
the catalytic effect of the converted film is maintained for several days. Schussler and
Exner (1993) claim that the effect is permanent (at least up to 50 d), resulting in a
tenfold increase of the corrosion rate compared with that observed before exposure to
the polluted environment.

Catalysis of the ORR is accompanied by an increase in both iCORR and ECORR. Both of
these effects are consistent with cathodic control of the overall corrosion reaction.
Schussler and Exner (1993) suggest that the ORR is catalyzed to such an extent by
sulphide that the cathodic reaction is transport limited at ECORR, as opposed to being
under kinetic control in unpolluted seawater. This, they claimed, accounted for the
effect of flow on the rate of corrosion.

The nature of the corrosion product films formed and their impact on the ORR were
considered by Kato et al. (1984) and Schussler and Exner (1993). Kato et al. report
the formation of an outer mixed Cu2S/CuCI2-3Cu(OH)2 corrosion product layer on
Cu-9Ni-2Fe in sulphide-containing NaCI solution. Oxygen reduction occurred on this
outer layer. Schussler and Exner observed a duplex layer structure on Ni-AI bronze,
consisting of an inner layer (150-200 nm thick) of Mg, Al, Fe and cuprous sulphide,
and an outer layer (-500 nm thick) of covellite (CuS), that they claimed was a Cu(l)
phase. (There is strong independent spectroscopic evidence that, indeed, CuS is a
Cu(l) species, with S in the form of a polysulphide (Perry and Taylor 1986). If so, this
casts doubt on the identification of CuS by Vasquez Moll et al. (1985) based on the
equilibrium potential for a cupric sulphide species (Reaction (4)). The inner layer
grows by ionic transport via a solid-state mechanism, whereas the outer porous layer
grows by a dissolution/precipitation mechanism controlled by solution transport in the
pores.

Although the effect of the sulphide film on the kinetics of the ORR explains the higher
corrosion rates, it does not, in itself, account for the localized nature of the attack
observed in practice, de Sanchez and Schiffrin (1982) considered that localized attack
resulted from mechanical damage to the surface films caused by the flowing seawater.
Then, localized anodic dissolution at defects in the film are supported by increased
rates of O2 reduction on sulphide-covered areas of the surface. For Cu-Ni alloys,
Manfredi et al. (1987) observed a decrease in the difference between EPIT and ECORR
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in polluted waters. According to Schiissler and Exner (1993), some localization could
be caused by preferential dissolution at the base of the pores in the porous cuprous
sulphide layer.

The studies discussed above present two opposing explanations for the increased
corrosion rate of Cu alloys in sulphide-polluted waters. The proponents of the "anodic"
mechanism (Gudas and Hack 1979a,b; Syrett 1981) suggest that the formation of a
less-protective sulphide-containing film is responsible, whereas the proponents of the
"cathodic" mechanism favour an explanation based on catalysis of the ORR. In either
case, the accelerated attack relies upon the periodic exposure of the sample to
polluted and unpolluted, aerated solution. These conditions will not prevail during the
long-term anoxic period expected to develop in the disposal vault, so that accelerated
corrosion of the nuclear fuel waste containers by these mechanisms will not occur.
Oxygen will be present during the initial warm, oxidizing period, but biofilm formation,
and SO2" reduction by SRB within the biofilm, are not expected to occur during this
period. In the long-term, corrosion of Cu in sulphide-containing environments is
expected to be coupled to the cathodic reduction of H2O or HS". Unfortunately, none
of the studies reviewed in this chapter considered hydrogen-ion reduction in any detail.

Less work has been carried out on the corrosion of unalloyed Cu in sulphide-
containing environments. Mor and Beccaria (1975) report that the corrosion rate of
tough-pitch Cu increased with increasing pH in sulphide-containing seawater, as
opposed to the usual trend of decreasing with increasing pH found in sulphide-free
solution. They attributed this behaviour to a possible aggressive effect of S2", even
though this species is present at 10"9 to 10"8 the concentration of HS' or dissolved H2S.
King and Stroes-Gascoyne (1995) report measurements of ECpRR of oxygen-free
electronic Cu (OFE, UNS C10100) in O2-containing 1 mol-dm NaCI and in deaerated
solution containing various [HS] for an RDE and an electrode covered by a layer of
compacted clay (Figure 11). These studies were performed to determine the possible
effects of microbially produced HS' during the long-term cool, anoxic period expected
in a Canadian disposal vault. In bulk solution, EC0RR of the RDE decreased by
approximately 40-60 mV for each factor of 10 decrease in [O2]. Immediately upon the
addition of 10 ugg"1 HS', however, EC0RR decreased by -0.5 V, to a value of
-0.90 VSCE. This decrease was interpreted in terms of a change in the cathodic
reaction from the reduction of O2 to the reduction of H2O, although the possibility that
EC0RR is governed by a redox reaction involving Cu2S or CuS cannot be excluded
(Gennero de Chialvo and Arvia 1985). Increasing the [HS'] to 100 ug-g'1 resulted in
an instantaneous decrease in EC0RR to -0.96 VSCE. The decrease in ECORR caused by
a change in [HS"] is consistent with potential control by a redox process (Equation 3 or
4), but, on the assumption that the change in [S2] is proportional to the change in total
dissolved sulphide species, the 60 mVdec"1 dependence is not consistent with
Equation (3) or (4). Therefore, the most likely potential-determining reactions are the
anodic dissolution of Cu to produce Cu2S and the cathodic evolution of hydrogen.
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The clay-covered electrode experiments (King and Stroes-Gascoyne 1995) were
designed to simulate the diffusion of HS" through a layer of compacted buffer to the
container surface. Diffusion coefficients in compacted clay are -2 orders of magnitude
lower than in bulk solution due to the porosity and tortuosity of the porous medium.
Under these conditions, EC0RR decreases as the [O2] is decreased as in bulk solution,
but more slowly because of the more restrictive mass-transport conditions (note the
different timescales for curve (a) and curves (b) and (c) in Figure 11). When 10 ugg'1

HS" is added to a deaerated environment, only a small effect on ECORR is observed
within a period of 40 h (between points D and E on curve (c)), compared with the
instantaneous decrease in EC0RR observed in bulk solution. The slight decrease in
EC0RR is possibly associated with a decrease in the residual [O2] in the clay layer by
reaction with HS'. In addition, HS" may precipitate with Fe(ll) species naturally present
in bentonite clay. A larger decrease is observed when the [HS"] is increased to
100 ug-g"1 (point E, curve (c)), after which EC0RR stabilizes for a period of -40 h.
There is then a sudden decrease in EC0RR by -0.6 V, with the final potential similar to
that observed in bulk solution of the same [HS"]. The length of the stabilization period
is proportional to L2, where L is the thickness of the clay layer. Consequently, it is
assumed that this period corresponds to the time required for the diffusion of HS" from
the bulk solution to the electrode surface. Since the interfacial [HS"] (which will differ
from the bulk [HS"]) is not known, it is not possible for the clay-covered electrode to
determine whether the cathodic reaction contributing to EC0RR is the reverse of
Reactions (3) or (4) or the reduction of H2O or HS".

Similar negative shifts in EC0RR have been observed for Cu by other workers. Alhajji
and Reda (1994) report that ECORR is independent of [HS'] for concentrations
< 10 ug-g'1 and decreases by 7 mV-(ugg"1)"1 for [HS"] > 10 ug-g'1, but unfortunately do
not give a value of dECORR/dlog[S2'] for comparison with Equations (3) and (4). The
independence of EC0RR on [HS"] at low concentrations is consistent with H2O reduction
as the cathodic reaction, although Alhajji and Reda propose that the reduction of HS"
followed by protonation of S2' is a more probable cathodic reaction

HS" + e -» Hads + S2- (5)

S2' + H2O -» HS" + OH" (6)

the overall reaction being

H2O + e" -> Hads + OH" (7)

Thus, the results of King and Stroes-Gascoyne (1995) could be reinterpreted in terms
of Reaction (5) as the cathodic reaction. This reaction is more consistent with the
observed dependence of EC0RR on [HS"] of -60 mV per decade, than potential control
by a redox process (Equation (3) or (4)), which would result in a 30 mV potential
dependence on [S2]. Although the overall cathodic reaction involves the reduction of
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H20 (Reaction (7)), the reaction is [HS']-dependent since it proceeds via the reduction
of HS".

Mor and Beccaria (1975) found differing dependencies of EC0RR on [S2] in artificial
seawater, depending upon the pH and time of immersion. For 6.5< pH <7.9, the
potential dependence of EC0RR on log[S2"] was between -29 and -34 mVdec"1 after 2 h
immersion. This range of values is consistent with potential control by a redox
reaction involving Cu2S or CuS, both of which would give a potential dependence of
-29.5 mVdec"1. At pH 8.6, or at all pH values after 48 h immersion, the potential
dependencies were between -40 and -60 mVdec"1, which Mor and Beccaria (1975)
interpreted in terms of the formation of a complex corrosion-product layer.
Alternatively, the increase in the dependence of EC0RR on [S2] could indicate an
increasing contribution from the cathodic reduction of H2O or HS".

5. MICROBIAL ACTIVITY IN A CANADIAN DISPOSAL VAULT

The potential for microbial activity in nuclear fuel waste disposal vaults has been
reviewed by a number of workers (Geesey 1993; Geesey and Cragnolino 1995;
Pedersen and Karlsson 1995; Stroes-Gascoyne 1989; Stroes-Gascoyne and West
1994, 1995, 1996; West et al. 1985). Here, we will briefly review various aspects of
microbial activity relevant to MIC and attempt to predict the effects of the evolution of
the environmental conditions within the vault on microbial activity.

Microorganisms, or microbes, are simply organisms too small to be seen with the
naked eye (Little et al. 1991a). Microbes are classified in a number of different ways,
but include protozoa, algae, fungi and bacteria. Most of the discussion here will be
concerned with bacteria, which can be classified in terms of their O2 requirements.
Obligate aerobes require O2 for survival and growth, obligate anaerobes cannot
tolerate O2 under any circumstances, microaerophilic bacteria require low [O2]
conditions, and facultative anaerobes prefer aerobic conditions but can function under
anaerobic conditions (Little et al. 1991a). Another way in which bacteria are classified
is in terms of their nutritional requirements. Heterotrophic bacteria derive their energy
from reactions with a wide range of organic molecules, whereas autotrophic bacteria
oxidize inorganic species as their source of energy. Phototrophic bacteria derive
energy from light.

This variation in the use of O2 and organic and inorganic nutrients results in a wide
variety of microbial behaviour. Aerobes, which use O2 as the final electron acceptor
outside the cell of the organism, will cause O2 depletion. Anaerobes, which donate the
electrons formed from oxidative metabolic reactions to inorganic substrates, will
reduce, for example, SO2" to HS". Pourbaix and Marquez Jacome (1988) have listed
some of the various redox reactions involved in microbial processes in order of their
standard potentials, Ec-o
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Because of the high surface area of solids (container, sand and clay particles) within a
disposal vault, the vast majority of microbes will be sessile, i.e., they will be attached
to a surface. Attachment to the surface is aided by biofilm formation. Biofilms
comprise a number of different microbes held together by EPS. Figure 2 shows the
structure of a conceptual biofilm, indicating some of the processes that may occur
within the various layers of the film. The size and diversity of the microbial population
in the biofilm will change in response to changes in the environment within the film.
For instance, the production of reduced nitrogen species from NOj by denitrifying
bacteria will stimulate the growth of nitrifying bacteria which can oxidize these reduced
N species. Biofilms, therefore, contain a mixed colony of microbes in a symbiotic
relationship.

Based on a knowledge of the corrosion behaviour of Cu and on an inspection of
Figure 2 and of the reactions listed by Pourbaix and Marquez Jacome (1988), several
potential forms of MIC of Cu containers can be identified (King and Stroes-Gascoyne
1995). In the presence of sulphide, Cu becomes thermodynamically unstable in H2O.
Therefore, the production of HS' by sulphate-reducing bacteria (SRB) could result in
container corrosion in the absence of O2. In addition, Cu and Cu alloys are known to
be susceptible to stress-corrosion cracking (SCC) in NH3-containing environments
(King 1996b). Other species that have been shown to cause SCC of Cu, and which
may be produced by microbial activity (Figure 2), are NO2 (Aaltonen et al. 1984;
Benjamin et al. 1988; Cassagne et al. 1990; Pednekar et al. 1979; Yu and Parkins
1987) and acetate (Cassagne et al. 1990; Escalante and Kruger 1971). However, the
presence of an aggressive species is just one of the prerequisites for SCC, as
discussed in more detail in Chapter 6.1.

In general, any or all of the reactions shown in Figure 2 may occur in a disposal vault.
Geesey (1993) has concluded that the only environmental factors that will stop the
growth of all microbes are temperatures in excess of 100°C and water activities of
<0.6 (see below). (Others (Horn and Meike 1995; Reeve 1994) argue that 120-150°C
is a more realistic upper temperature limit). Even these extreme conditions may not
kill all microbes, since microbes are able to survive in a dormant state over a wider
range of environmental conditions than that in which they grow. Other adverse
environmental factors, such as the presence of y-radiation or high-salinity
groundwater, will only limit all microbial activity at extreme levels, since microbes
capable of surviving in irradiated (Booth 1987) and saline (Geesey 1993) environments
are known.

The environment within a disposal vault is expected to change with time as the activity
of the fuel decays, as the temperature decreases, as the vault saturates and as the O2

trapped in the clay-based sealing materials is consumed. The impact of these
changes on the abiotic corrosion of Cu containers has been assessed (King and Kolar
1995, 1996; King et al. 1994; Kolar and King 1996). In the same way that this
evolution of conditions is expected to affect the nature of abiotic corrosion reactions, it
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will also influence the nature and extent of microbial processes and of MIC. In
particular, four aspects of the vault environment will be considered: (i) the decrease in
[O2] with time and the effect on the bacterial reactions possible, (ii) the availability of
H2O and the effect on the growth of all microbes, (iii) the effects of nutrient availability
on microbial growth, and (iv) the effects of y-radiation.

5.1 THE EFFECT OF DECREASING [Q2]

The [O2] within the vault will decrease with time as O2 is consumed by corrosion of the
container, by reaction with Fe(ll) minerals and because of microbial action (Kolar and
King 1996). It has been estimated that the O2 trapped in the pores of the buffer and
backfill materials will be consumed by either container corrosion or by Fe(ll) oxidation
in between 6 and 1600 a (Johnson et al. 1994; King and Kolar 1995; Kolar and King
1996; Werme et al. 1992; Wersin et al. 1994). Preliminary calculations suggest that
the microbially mediated oxidation of organic carbon, a reaction that was not taken into
account in the above estimates, will also cause significant O2 consumption (Kolar and
King 1996). Although Figure 2 was developed to illustrate the possible reactions
inside a biofilm, it also serves to illustrate how the nature of microbial reactions would
change with time in an evolving disposal environment. At early times, when the vault
environment is relatively oxidizing, all reactions in Figure 2 would be possible in
principle, because the gradation in [O2] across the film supports the growth of both
aerobes (near the biofilm/environment interface) and anaerobes (near the metal/biofilm
interface). When the O2 in the vault has been depleted, however, aerobes would no
longer be viable because of the absence of O2 to act as a terminal electron acceptor.
Then, only anaerobes may be active, possibly resulting in the formation of CH4, CO2,
various organic acids and reduced sulphur and Fe species (Figure 2).

5.2 THE AVAILABILITY OF H2O

The availability of free H2O will be a significant limiting factor for microbial growth in a
disposal vault. Water will be added to the vault in the form of fresh water, used to
prepare the buffer and backfill materials, and will enter the vault as saline
groundwater, which will eventually saturate the vault and the clay-based sealing
materials. The minimum water activity (aw) for the growth of various microbes is listed
in Table 1 (Brown 1990). In Table 1, *F is the water potential (defined below). Most
non-specialized microbes will not grow below a water activity of 0.90-0.95. Some
specialized osmotolerant (so-named because they can withstand high osmotic
pressures) and halophilic ("salt-loving") organisms grow at lower aw, and require a
certain salt content in order to grow (Brown 1990). Fungi and yeasts demonstrate the
highest tolerance to desiccation. For all except the Halobacteriaceae, the microbes in
Table 1 will grow over a range of aw from -1.0 to the respective values given in the
Table. No microbes can survive at aw <0.6, since DNA becomes disordered at lower
water activities (Brown 1990). This decrease in microbial activity with decreasing aw is
the reason foodstuffs are preserved by drying or by adding sugar or salt, all of which
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decrease aw. One bacterial defence mechanism against desiccation is the production
of acidic polysaccharides (EPS) which help to retain water (Geesey 1993). Water
availability is important for microbial growth not only because water is required for
metabolic processes but also because the supply of nutrients is linked to how much
water is available.

There are three factors that will affect the water activity in a disposal vault: the suction
potential of the clay-based buffer and backfill materials, the presence of saline
groundwaters and the hydrostatic pressure. As discussed below, each of these
factors can be expressed in terms of an equivalent water potential (vy), the sum of
which equals the total water potential OF) given by (Brown 1990)

where v|/m is the matric water potential produced by the porous soil, \j/s is the solution
water potential and yp describes the effect on aw due to the hydrostatic pressure
(there is also a gravitational contribution to *F which can be ignored here, Brown
1990). The total water potential (which has a negative sign) is related to aw by

V = (RT In aw)/Vw (9)

where R is the gas constant, T is the absolute temperature and Vw is the partial molar
volume of water.

A suction potential arises because of the capillary pressure exerted by the pore
structure of the unsaturated compacted buffer and backfill materials and because of
the hydrophillic nature of the clay minerals. The suction potential, which is measured
as a pressure and is of opposite sign to the equivalent water potential i|/m, increases
with decreasing moisture content (Wan 1996). Therefore, the water activity decreases
with decreasing moisture content (m). The high suction potential generated by clayey
soils in general may explain why, of the various soil types, clays are found to have the
smallest and least diverse microbial population (Geesey 1993).

Since the moisture content of the buffer and backfill materials will vary with time, so
too will the availability of water for microbial growth. Figure 12 shows the variation of
aw with m for compacted buffer material (a 1:1 mixture by dry mass of Na-bentonite
clay and silica sand compacted to a dry density of -1.65 gem'3) calculated from
Wan's suction potential data, for pore fluids corresponding to water and 2 molkg'1

CaCI2 (see below), but in the absence of any hydrostatic pressure. Also marked on
the figure are some of the water tolerances for various microbes from Table 1. When
first emplaced, the moisture content of the buffer will be -18%, equivalent to a water
activity of 0.97 at 298 K in the absence of an osmotic potential. Decay heat produced
by the used fuel is expected to drive moisture away from the container surface,
resulting in a decrease in m. Inhibition of the growth of most bacteria (aw = 0.95),
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however, would require a suction potential of ~7 MPa, equivalent to m < 14% (Wan
1996). The results from a comprehensive microbial sampling and analysis program on
the Buffer/Container Experiment at the Underground Research Laboratory (URL)
revealed that no viable microbes could be cultured on various media from samples of
buffer material with moisture contents <15% (aw < 0.956) (Stroes-Gascoyne et al.
1996a,b). These results, obtained from a full-scale experiment, confirm the value of
aw at which most bacteria cease to flourish. Furthermore, Pedersen et al. (1995)
carried out a series of experiments in which the survival of SRB was studied in
compacted bentonite. Results showed that SRB did not survive in compacted
bentonite with aw < 0.98. At this time, the extent and time dependence of the
desiccation of the buffer material in various parts of the disposal vault is not known
but, in general, will depend on the rate of heat production from the container and on
the rate of water influx from the rock. As the container cools, water will saturate the
buffer and the suction potential will decrease, falling to zero (aw -» 1.0) when fully
saturated.

The water potential due to the presence of the solute (ys) is related to the osmotic
pressure and arises because of the tendency of water to move from regions of low
ionic strength to regions of high ionic strength. Thus, since the outer cell wall of a
microbe acts as a permeable membrane, water will be withdrawn from the body of the
cell if the ionic strength outside the microbe exceeds that inside. Halophilic bacteria
counter this effect by producing high internal concentrations of solutes. The osmotic
pressure increases, and aw decreases, with increasing solute concentration.
Figure 12 shows the additional decrease in aw if the water, assumed to comprise the
pore fluids in compacted buffer material for the calculation of \ j /m as a function of m
above, is replaced by 2 molkg'1 CaCI2. The effect of the solute alone causes a
decrease in the water activity in saturated buffer material (zero suction potential) to
0.86 at 298 K (Robinson and Stokes 1959). Such a high solute concentration is only
likely if the vault is constructed in relatively unfractured rock in which saline rock mass
fluids with concentrations up to -100 gdm"3 can develop (Gascoyne et al. 1995). In
more fractured rock, solute concentrations will be lower and similar to those measured
in samples taken from large fracture zones, but could be as high as ~1 moldm'3 at
depths of 1000 m (Frape et al. 1984). Although Figure 12 was constructed on the
assumption that \ j /m and ys are independent, increasing salinity will lead to a decrease
in clay swelling pressure, which may in turn lower the suction potential if the size of
capillaries increases. In general, however, ys will increase, and aw decrease, as
saline groundwaters replace the fresh water in the pores of the buffer material.

Hydrostatic pressure also affects water activity because of the pressure dependence of
the free energy, AG. The activity of water increases with increasing water pressure.
Thus for a hydrostatic pressure of 5 MPa , equivalent to a vault depth of 500 m, aw

increases by -4% over the value at atmospheric pressure. At a vault depth of
1000 m, the increase is -8%. Different parts of the vault will experience this effect of
pressure on aw at different times as the vault slowly saturates, with the container



-34-

surface being the last area to be subject to the hydrostatic pressure and, hence, the
increase in aw.

The variation of aw in time and space, therefore, is a complicated function of a number
of variables. In the buffer material, conditions will initially be reasonably favourable for
microbial activity because of the high value of aw (-0.97). Soon after emplacement of
the containers, however, conditions will become less favourable as the buffer dries out
and as solutes dissolving from mineral impurities in the clay and diffusing in from the
surrounding rock increase the pore-fluid salinity. These stringent conditions will
decrease both the total number of microbes and the diversity of microbial activity. The
extent of the decrease in the microbial population will vary across the buffer, but at the
container surface it is likely that no activity at all will be possible until the buffer
saturates. The results of the Buffer/Container Experiment provide direct evidence to
support this claim (Stroes-Gascoyne et al. 1996a,b). As the buffer saturates with
saline groundwater, the increase in aw due to the decrease in the suction potential and
the increase in hydrostatic pressure will be offset by the decrease in aw due to the
increase in osmotic potential. It is difficult to predict the net effect of these various
factors, but in a saturated vault (zero suction potential) at a depth of 500 m (increase
in aw of 4% due to \\fp) in unfractured rock (buffer pore-fluid salinity equivalent to
2 molkg'1 CaCI2), the water activity may be -0.89 at 298 K. This value is sufficiently
low that the extent and diversity of the long-term microbial activity would be limited
(Table 1). (In the above calculations, the effect of temperature on aw, both through
the direct dependence in Equation (9) and through the indirect effect of T on \ j /m , vj/s
and \|/p has been ignored.)

The discussion above has focussed on microbial activity in the buffer material, but the
effect of aw on microbial viability in the sand layer, backfill materials and rock should
also be considered. Figure 13 shows conceptual designs for the two emplacement
configurations developed in the Canadian Nuclear Fuel Waste Management Program
to date. The sand layer closest to the container in the borehole-emplacement
configuration (not shown in Figure 13(a)) will be the hottest and the driest part of the
vault until full saturation occurs. Because the pore size of the sand is much larger
than that in the buffer material, the suction potential of the sand is much lower, so that
the sand will not take up water until the buffer material is virtually saturated
(C. Onofrei, personal communication). Therefore, microbial activity is unlikely in this
layer until some time after closure of the vault. Stroes-Gascoyne et al. (1996a,b) were
unable to culture any significant number of microbes from sand that had been exposed
to heat (maximum temperature of 85°C) from a simulated container for a period of
2.5 a during the Buffer/Container Experiment. It was concluded that the sand layer,
which had been completely dry over the course of the experiment, was virtually sterile.

The backfill layers filling the parts of the excavation rooms not filled by buffer will be of
two types. Upper or light backfill will have the same composition as buffer material but
a lower density because it will be emplaced hydraulically (in light backfill, granitic sand
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may be used instead of silica sand). Lower or dense backfill will consist of 70 wt.%
crushed rock and 25 wt.% glacial lake clay, with a small amount of Na-bentonite
(5 wt.%). Both of these materials will have a lower suction potential than buffer
material because of their looser pore structure or lower clay content. In addition,
although they would be emplaced only partially saturated like the buffer material, the
backfill materials will not desiccate to the same extent because they will be further
from the heat source and closer to the source of incoming water. Therefore, microbial
activity is more likely in the backfill materials, both because of the lower suction
potential and because of the earlier imposition of the hydrostatic pressure.
Counteracting the increase in aw due to these effects will be the increase in pore-fluid
salinity because of the incoming rock-mass fluids.

Water will be more plentiful in the rock itself and microbial activity might be expected
to be greater. However, in relatively unfractured rock or in rock that contains only very
narrow fractures, a suction potential could develop if the fractures are not entirely
saturated with groundwater. In addition, concentration of solutes in the rock-mass
fluids will decrease aw, possibly to very low levels (<0.8) if concentrated CaCI2
solutions form (Gascoyne et al. 1995). Solute concentration may also occur in the
excavation-disturbed zone in contact with the backfill materials if a "salt halo" is formed
due to evaporation of groundwater on the rock walls during vault operation (Gascoyne
et al. 1995).

5.3 NUTRIENT AVAILABILITY

As well as water, microbes need nutrients to grow. The required nutrients are C, N, P
and S. Compared to near-surface conditions, deep sub-surface environments are
relatively low in nutrients. Stroes-Gascoyne (1989) performed a nutrient analysis for a
Canadian disposal vault and concluded that N would be the nutrient in shortest supply.
Little et al. (1991a) report that in N-limited environments (C:N > 0.7) microbes tend to
reproduce slowly and form large amounts of EPS. The thickness of biofilms was
found to increase with C:N ratio, although Lappin-Scott and Costerton (1990) report
that starvation leads to less EPS production. Another response of microbes to a lack
of nutrients is dwarfism (Lappin-Scott and Costerton 1990). Starved cells may reduce
in size to < 0.5 urn, which aids penetration though rock and soil formations. Microbial
populations in nutrient-poor environments are found to be smaller and less diverse
than those under nutrient-rich conditions (Lappin-Scott and Costerton 1990).

5.4 THE EFFECT OF y-RADIATION

Another environmental factor that may limit the growth of microbes in a nuclear fuel
waste disposal vault is the presence of Y-radiation. Although irradiation is used to
sterilize medical equipment and preserve food, microbes that can survive in radiation
fields are known (Booth 1987; Geesey 1993; Stroes-Gascoyne et al. 1995).
Stroes-Gascoyne et al. (1995), however, found that irradiation reduced the number of
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viable cells of naturally occurring microbes in irradiated bentonite-sand mixtures. "Kill
curves" were constructed by plotting log10 (number of viable microbes or
colony-forming units (CFU)) against dose rate. The slope of these curves is the D10

value, the quantity of absorbed y-radiation required to reduce the microbial population
by a factor of ten. Based on these D10 values and a definition of sterility
corresponding to a reduction in the microbial population from 106 CFU-g"1 to
10~1 CFU-g'1, Stroes-Gascoyne et al. (1995) calculated that the surface of Cu and Ti
containers would be effectively sterilized in between 9 and 33 d. The difference in
these times reflects the difference in absorbed dose rates for the two container
designs. These calculations are based on the assumption that the observed decrease
in microbial activity was related only to the effects of y-radiation.

Taking these calculations a stage further, King and Stroes-Gascoyne (1995) attempted
to predict the effect of y-radiation on the microbial population in the buffer material
surrounding the container. These calculations were based on the D10 values
determined by Stroes-Gascoyne et al. (1995) and the known attenuation of the
absorbed dose by the buffer material. On the assumption that no microbial mutation
to more radiation-resistant strains occurs and that no microbial movement takes place,
King and Stroes-Gascoyne (1995) suggested that irradiation may produce a sterilized
zone around the container up to 40 cm wide.

In conclusion, it is possible to qualitatively predict the potential for microbial activity
within a disposal vault based on the effects of evolving redox conditions, water activity,
nutrient availability and y-radiation. In the early stages of the evolution of vault
conditions, microbial activity close to the container surface is likely to be limited
because of the low water activity, the presence of y-radiation and the lack of nutrients.
Further away from the container in the backfill materials and rock where water
availability is higher, where there will be no radiation field and where nutrient transport
in water will be faster, some microbial activity is possible. As the vault slowly
saturates with saline water, microbial activity will become more likely because of the
higher water activity and absence of y-radiation. These beneficial effects for microbial
growth will be offset to some degree by the increasing ionic strength of the pore fluids
in the buffer and backfill materials. If, by this stage in the evolution of vault conditions,
all the trapped O2 has been consumed, any bacterial activity will be limited to
anaerobes and facultative anaerobes.

Therefore, although the extent and diversity of microbial activity in a Canadian nuclear
fuel waste disposal vault is likely to be significantly smaller than that in near-surface
environments, it is not possible on the basis of a consideration of the environment
alone to exclude the possibility of all microbial activity and, therefore, of MIC of Cu
containers.



-37-

6. THE POTENTIAL FOR MIC OF COPPER CONTAINERS

The most important factor in determining whether Cu containers will be subject to MIC
is the extent of microbial activity within the vault in general, and at the container
surface in particular. The discussion in Chapter 5 clearly shows that there are a
number of environmental parameters that will limit the extent and diversity of microbial
activity within the vault. The parameters that will affect microbial processes are: the
limited availability of O2 and the gradual decrease in [O2] with time, the low water
activity, the lack of space, the general lack of nutrients and the presence of a
y-radiation field. Although the time dependence of all of these environmental
conditions is not known precisely, there is sufficient evidence to indicate that the
corrosive conditions within the vault will evolve from an initial warm, oxidizing period to
a long-term period of cool and anoxic conditions (Shoesmith et al. 1994, 1995).

Based on this expected evolution of conditions, it is possible to predict the likely extent
of microbial activity at various times and locations in the vault. Table 2 summarizes
the potential for microbial activity during the two periods in the evolution of vault
conditions and at two locations, the container surface and at a location away from the
container. This latter location is not specifically defined, but corresponds to a region of
the vault that is not affected by the y-radiation field and which is not subject to as high
a temperature or degree of desiccation as the container surface, so that aw remains
> 0.95 in this region. For the reasons given in Chapter 5, microbial colonization of the
container surface and subsequent biofilm formation is considered unlikely during the
warm, oxidizing period. However, microbial activity is possible in remote locations of
the vault away from the container surface, where the water activity will be higher and
the Y-radiation field lower. This activity would probably take the form of microbial
attachment to, and biofilm formation on, clay, sand or rock particles in the buffer and
backfill materials or on the rock walls themselves. The population of planktonic
microbes is likely to be extremely small because of the high surface area:volume ratio
in the vault.

Once cool and anoxic conditions become established in the vault, the potential for
microbial activity increases (Table 2). There will certainly be the possibility of microbial
activity away from the container surface, as during the warm, oxidizing period.
However, this activity could be limited by the lack of nutrients or by the low water
activity, if the vault is saturated by very saline rock-mass fluids. It appears unlikely,
however, that biofilm formation will occur on the container surface during the extended
cool, anoxic period. This assertion is based on the evidence that the aggressive
conditions during the warm, oxidizing period will create a sterile zone around the
container and that microbes will not repopulate this sterile zone once conditions
improve. The evidence that a sterile zone will form has been summarized in
Chapter 5 and discussed in more detail by King and Stroes-Gascoyne (1995) and
Stroes-Gascoyne et al. (1995). The claim that microbes will not repopulate this zone
is largely based on the fact that microbes (dimensions > 1 urn) are physically larger
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than the mean pore size of the buffer material (0.01-0.05 urn) (Stroes-Gascoyne and
West 1994). In addition, Geesey (1993) has suggested that the minimum water
potential (4*) below which microbial migration will not occur is between -0.05 MPa and
-0.5 MPa. This range of HP is equivalent to water activities between 0.9996 and 0.996
at 298 K (Equation (9)). If correct, this would suggest that microbial migration will not
occur in a disposal vault, because aw will always be below this range, either because
of drying of the buffer material or because of the osmotic potential developed by the
solutes in the pore solution.

Where the microbial activity is located has important implications for the form of MIC
that is possible. Certain types of MIC, and virtually all instances of MIC of Cu in the
literature, require the presence of a biofilm. For example, adsorption of Cu(ll) by EPS
and the development of localized differential-concentration cells on the metal surface
only occur when biofilms are present. Therefore, these mechanisms of MIC are not
feasible on Cu containers at any time, if the arguments given above are valid.
Alternatively, the same metabolic by-products found to cause localized corrosion
underneath biofilms could be formed at some remote location and then diffuse to the
container surface. Because of the slow rate of mass transport through the compacted
buffer, however, the accumulation of these species at the container surface will not
occur. In fact, the interfacial concentration of any reactant that has to be transported
from a location away from the container surface will be negligible because of the
restrictive mass-transport conditions.

Based on the expected evolution of microbial activity and environmental conditions
within the vault, it is possible to predict the types of MIC that might occur. Because of
the long times involved, it is necessary to not only consider those relatively short-term
cases of MIC reported in the literature, but also any conceivable mechanism that may
lead to container corrosion over periods of thousands of years. During the warm,
oxidizing period, localized forms of MIC must be considered because of the presence
of O2 and Cu(ll) species, even though it is unlikely that a biofilm will form. Of primary
concern are microbially induced pitting and SCC. Once the O2 in the vault has been
consumed, microbial activity will be restricted to anaerobic microbes. Of primary
concern during this period is the effect of SRB, because, in the absence of a biofilm
under which aggressive species can concentrate, HS' is the only metabolic by-product
that can cause corrosion of the container. If it is subsequently shown that microbes
can repopulate the sterile zone around the container and produce a biofilm on the
surface during the cool, anoxic period, the impact of other microbes, for example,
fermenting anaerobes (Figure 2), will have to be assessed.

6.1 MICROBIALLY INFLUENCED PITTING AND STRESS CORROSION
CRACKING

Microbially influenced pitting requires that a biofilm be present on th^ container
surface. The major argument against this form of MIC, therefore, is based on the
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evolution of environmental and microbial conditions which should prevent biofilm
formation on the container surface at all times. Without the biofilm, there is no
reported mechanism by which microbial activity can cause the permanent separation
of anodic and cathodic sites required for localized corrosion.

The same arguments that have been used against the abiotic pitting of Cu can also be
used as subsidiary arguments against microbially influenced pitting (King 1996a).
First, the predominance of C\~ in the groundwater will tend to maintain the container in
an active state, rather than the passive condition required for localized corrosion.
Consequently, the corrosion front tends to be uniform, with any surface roughness a
consequence of an underdeposit-type corrosion, in which shallow localized penetration
occurs via short-lived pits that die or coalesce before penetrating very deeply (King
1996a). Second, it can be argued that, even if pitting does occur, the amount of
available oxidant is insufficient to lead to localized failure of the container. If all the O2

in the vault caused uniform corrosion of the container, the maximum depth of attack
would be 176 um (based on 27 mol O2 per container and a container surface area of
4.36 m2). In order for a pit to penetrate the nominal 25-mm shell, the pitting factor (the
ratio of the pit depth to the depth of uniform corrosion) would have to be >140. Such
large pitting factors are not credible and have never been observed for Cu. In fact,
much of the O2 in the vault will be consumed by reaction with Fe(ll) minerals and by
aerobic bacteria (Kolar and King 1996), so that the pitting factor would have to be
>1000 for container penetration to occur.

As for pitting, it is assumed that microbially influenced SCC will only occur if
aggressive species are formed within, and concentrated underneath, a biofilm.
Therefore, as for pitting, the major argument against microbially influenced SCC is the
absence of a biofilm on the container surface at any period during the lifetime of the
containers.

In addition, various other arguments can be made against the possibility of microbially
influenced SCC. In all mechanisms proposed for the SCC of Cu alloys, a certain
amount of crack tip strain is required to induce cracking (King 1996b). Strain is
required to fracture the Cu2O layer at the crack tip, resulting in (i) crack advance by
dissolution of the film-free metal (film rupture/anodic dissolution model), (ii) crack
advance by tarnish rupture (tarnish-rupture model), or (iii) initiation of a brittle crack
(film-induced cleavage model). However, the container will only undergo strain for a
limited period of time during the imposition of the hydrostatic load as the vault
saturates (King 1996b). Therefore, deformation of the container should be complete
before the water activity is high enough at the container surface to support microbial
activity, even if microbes have survived the preceding period of desiccation and
y-radiation in a dormant state. Other arguments that have been made against SCC of
Cu containers include: the effect of CI* on film formation and the properties of Cu2O,
the lack of sufficient oxidant to support the cracking process, and the existence of a
threshold potential below which SCC does not occur (King 1996b).
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These arguments are strengthened by the practical observation that, even under
conditions in which biofilms form in aerated environments, there is only a single report
of microbially influenced SCC of Cu alloys, in spite of the fact that all of the known
SCC-causing agents (NH3, NO2 and OAc', King 1996b) can be formed by microbes
(Figure 2). In fact, the only evidence presented for microbial involvement in the one
case of SCC reported in the literature (Pope 1986) was the isolation of an NH3-
producing bacterium from a cracked pipe. No other supporting evidence was given.

6.2 EFFECTS DUE TO SULPHATE-REDUCING BACTERIA

For MIC by SRB, the most important consideration is the location of the microbial
activity. Given that biofilms will not form on the container, HS' can only be produced
in remote locations of the vault and then diffuse to the container. SRB could be active
during the warm, oxidizing period in anaerobic regions of biofilms on sand, clay or rock
surfaces. On the assumption that the HS' produced could diffuse from the biofilm
under which it is formed, it would be oxidized by the O2 still present in the pores of the
buffer and backfill materials. Stable and metastable sulphide oxidation products have
not been shown to cause corrosion of Cu. Sulphide produced by SRB during the cool,
anoxic period would not be similarly oxidized, however, and could conceivably diffuse
to the container surface. Even so, much of the HS" produced would precipitate with
Fe(ll) in the buffer and backfill materials or with Cu(l) or Cu(ll) corrosion products
diffusing away from the container surface.

Various mechanisms have been proposed to explain the SRB MIC of Cu alloys
(Chapter 3). Several of these mechanisms are based on the alternate exposure to
polluted (HS'-containing) and non-polluted (O2-containing) solution. Included amongst
these mechanisms are: (i) the disruption of the protective Cu2O film by conversion to
Cu2S and the accompanying spallation of corrosion products, (ii) the catalysis of the
ORR on sulphide-containing Cu2O films, and (iii) differential aeration. None of these
mechanisms are applicable to the MIC of Cu containers by HS' produced away from
the container surface because conditions will not exist under which the container will
be subject to alternating aerated and sulphidic environments. In fact, HS' may not
reach the container surface until most of the O2 in the vault has been consumed.

A fourth mechanism for the MIC of Cu by SRB involves the cathodic evolution of
hydrogen. In this mechanism, Cu dissolution is catalyzed by the formation of highly
insoluble Cu2S or CuS films and occurs at potentials sufficiently negative that the
anodic dissolution reaction can be supported by the reduction of H2O or HS". This
mechanism was suggested by Macdonald et al. (1979) for Cu-Ni alloys in seawater
and has been used by King and Stroes-Gascoyne (1995) to explain the decrease in
ECORR observed for Cu in nominally deaerated solutions containing biotic or abiotic
sulphide species. The effect of SRB on the hydrogen evolution reaction has also been
used to explain the deleterious effect of SRB on C-steel corrosion, a process that has
been studied in some detail. Details of this, and other, SRB mechanisms for C-steel
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can be found elsewhere (Duquette and Ricker 1986; Hamilton 1990; Pankhania 1988;
Videla 1990).

The most likely form of corrosion of Cu containers by SRB, therefore, is that caused
by HS* produced away from the container surface during the cool, anoxic period.
Although the rate of corrosion is likely to be low, it could conceivably occur indefinitely
and, hence, is a potential cause of container failure that must be taken into account.
From a philosophical standpoint, the formation of HS' invalidates the claim (King and
Kolar 1995, 1996; Shoesmith et al. 1994, 1995) that the amount of oxidant (otherwise
considered to be present only as trapped O2) in the disposal vault is limited, since H2O
or HS" could be in plentiful supply.

Literature studies of the corrosion of Cu in sulphide environments report both uniform
and localized (pitting) attack. The nature of the corrosion is determined by the
morphology of the precipitated corrosion product. At high [HS'], passive Cu2S films
form that protect the surface from extensive dissolution. However, as with other
passive layers, these films can be prone to breakdown leading to localized corrosion.
At lower [HS], the sulphide films that form are more porous and less protective.
Consequently, the surface undergoes more extensive general dissolution, but is less
susceptible to localized penetration.

Although the [HS'] at which a porous Cu2S film will form in preference to a passive
layer is not known, it is almost certain that the corrosion product formed on a Cu
container will be porous. Figure 14 illustrates, schematically, the formation of a porous
Cu2S layer on the surface of a container in contact with compacted buffer.
Superimposed on the figure is the sulphide concentration profile. Since the diffusion of
HS" through the buffer material and porous surface layer will be much slower than its
rate of reaction at the surface, the interfacial [HS"] is effectively zero. Consequently,
Cu dissolving from the surface will not immediately precipitate, but will diffuse through
the pores of the Cu2S layer before precipitating at some point away from the Cu/film
interface. In this way, the porous nature of the film would be maintained. If, however,
the rate of supply of HS" is increased such that the interfacial [HS"] at the Cu/film
interface is no longer zero, Cu2S would precipitate within the pores of the film and
eventually form a passive layer. The [HS"] necessary to cause this change in
behaviour could be predicted if the mass-transport properties of the porous layer and
buffer material were available and if the nature and rate of the corresponding cathodic
reaction was known. It seems unlikely, however, that the rate of supply of biotically
produced HS' (solution [HS"] of the order of 1-3 ugg"1) through 1 m of compacted
buffer would be sufficient to maintain a sufficiently high interfacial [HS"] to produce a
passive layer. Similar arguments have been used by Newman et al. (1992) to explain
the effects of porous corrosion layers on the corrosion of C-steel in HS-containing
NaCI solutions.
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In conclusion, based on currently available information, the corrosion of the container
due to the presence of HS' produced by SRB is the only credible form of MIC. Unlike
the situation in polluted seawater reported in the literature, the containers will not be
subject to rapid corrosion underneath biofilms driven by alternating aerated and
deaerated conditions. Instead, the container may be subject to slow uniform corrosion
at a rate determined by the rate of diffusion of HS* from a remote location in the vault.
If sufficient nutrients are available, this process could go on indefinitely once the O2

trapped in the vault has been consumed.

6.3 THE MODELLING OF MICROBIAL EFFECTS

Despite the renewed interest in MIC over the past 10 to 15 a, the subject has not yet
matured to the point at which detailed predictive models are available. Modelling of
the kinetics of microbial processes is a mature subject (Nielsen and Villadsen 1992)
and models to describe microbial migration are also available in the literature (see, for
example, Frymier et al. 1994). The only predictive modelling of MIC that has been
done relates to uniform processes, such as the diffusion of HS' through porous media
(King and Stroes-Gascoyne 1995; Marsh and Taylor 1988; Werme et al. 1992) or the
diffusion of O2 through biofilms (L'Hostis et al. 1995; Schiffrin and de Sanchez 1985).
None of these models or modelling approaches, however, address the problem of
localized corrosion underneath biofilms, which is the most important form of MIC
observed in practice. The modelling of abiotic localized corrosion in pits, crevices and
cracks has been studied extensively, and it may be that the future of MIC modelling
lies in coupling some of the abiotic localized corrosion models with models that
account for the limited mass transport in biofilms and the time-dependent changes in
the environment within the film due to the activity of various microbial species.

The modelling approach that should be taken for predicting the MIC of Cu containers
in a Canadian disposal vault is straightforward. On the assumption that biofilms do
not form on the container at any time, the problem of predicting the extent of MIC is
one of predicting the effect of HS' produced by SRB away from the container surface.
The rate of corrosion by SRB could then be predicted by solving a mass-balance
equation for HS'

e . — = — e.xD— +eaR+R' 00)
at 3x1 3xJ

where c is the pore-water HS" concentration, D its diffusion coefficient in bulk solution,
ea and ee are the accessible and effective porosities (King et al. 1996), T is the
tortuosity factor and R and R' are terms describing reactions between HS" and solutes
in the pore water. (Reactions involving precipitated sulphide phases are included in
the term R1 since the concentration of these species is based on the bulk volume,
whereas other reactions involving species whose concentration is referred to the pore
volume are included in the term eaR). Four pieces of information are required to solve
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this mass-balance equation: (i) the rate of formation of HS", (ii) the location at which
the HS' is produced, (iii) the extent of reaction between HS' and other species present
in the buffer and backfill, and (iv) the rate of the interfacial processes at the container
surface.

Some information is currently available regarding the amount of HS" produced by SRB.
Davis et al. (1981) reported HS" concentrations of between 2 and 26 ugg"1 as a result
of SRB activity in seawater. In our own experiments (King and Strandlund,
unpublished work), [HS] of between 1 and 3 ug-g'1 have been observed in
0.1 mol-dm"3 NaCI solution containing a nutrient solution. Sulphide has been detected
in a number of URL groundwater samples, suggesting some active SRB population,
but, in general, the number of SRB in the groundwater is small (Gascoyne et al.
1995). Given the low SRB population and the limited supply of nutrient deep
underground, a reasonable number for the maximum [HS"] produced by SRB is
3 ug-g"1. The actual concentration is likely to be lower because of the smaller amount
of nutrient available in the disposal vault compared with that in the experiment in which
this value was measured. The availability of SO4" is less likely to be limiting than the
availability of nutrients because of gypsum impurities in the clay and SO4" present in
the groundwater. Information is also required on the time dependence of this value.
Is HS" production continuous, or will SRB only be active for a certain length of time?
The actual boundary condition required for the solution of Equation (10), however, is
not the [HS"] but the rate of production of HS" (dc/dX), which is equivalent to the rate of
consumption of SO4". The rate of production of HS" is a direct measure of the rate of
microbial activity. The measured [HS*], on the other hand, is the net result of HS"
production and consumption in the experiment.

Of equal importance is the location in the vault at which this sulphide is produced.
Based on the contention (King and Stroes-Gascoyne 1995) that a virtually sterile zone
will be created around the container by the combined effects of desiccation and
^radiation and that repopulation of this zone by microbes is unlikely (Stroes-Gascoyne
and West 1994), SRB activity will be limited to areas away from the container surface.
The width of the sterile zone and the optimum location(s) in the vault for microbial
activity are not currently known with certainty, but King and Stroes-Gascoyne (1995)
suggested the sterile zone could be up to 40 cm wide.

In a model for the corrosion of Cu containers by SRB, the source-term information
above would form a boundary condition for a coupled mass-transport/reaction model.
The treatment of diffusion and advection through mass-transport barriers, including
that for HS", is well established (King et al. 1996). Additional information is required,
however, on the various reactions between diffusing HS" and species in the clay-based
barriers. Sulphide ions will not be retarded by adsorption because of their negative
charge, but they will react and precipitate with various solutes in the pore fluids.
During the warm, oxidizing period, any HS" diffusing towards the container will react
with dissolved O2. During this and the subsequent cool, anoxic period, HS" will also
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precipitate with dissolved metal ions, such as Fe(ll), Cu(l) and Cu(ll). Rate constants
for these precipitation reactions are likely to be fast compared with the rate of mass
transport, so the precipitation rate will be determined by the dissolution rate of Fe(ll)
and production rate of dissolved Cu species. Sulphide may also react with Fe(lll) to
form anionic polysulphides (Shoesmith et al. 1978). Reaction between HS' and
residual O2 and dissolved Fe(ll) in the clay may partly explain the absence of any
effect on the potential of a clay-covered Cu electrode for a sulphide concentration of
10 ugg'1 HS' (Figure 11).

Finally, information regarding the nature and rate of reaction of HS" at the container
surface is required. Because of the limited rate of supply of HS', it can be argued that
the interfacial [HS"] will be zero. In that case, a zero interfacial concentration could be
used as a boundary condition at the container surface for the solution of the mass-
balance equation. Alternatively, a mixed-potential model involving Cu dissolution to
form Cu2S and an, as yet, unidentified cathodic reaction (but probably the evolution of
hydrogen), could be used to define the interfacial boundary condition. The corrosion
rate would be proportional to dc/dx evaluated at the container surface. For the
reasons given in Chapter 6.2, corrosion will be uniform in nature and this model will
give a correct prediction of the rate of penetration due to SRB.

In conclusion, the methodology for predicting the extent of MIC of Cu containers by
SRB has been established. Preliminary estimates, based on steady-state mass
transport across a 40-cm-wide sterile zone around the container suggest that the
corrosion rate due to this form of MIC might be of the order of 10"3 uma"1 (Johnson et
al. 1996; King and Stroes-Gascoyne 1995). Therefore, even if MIC was sustained for
106 a, the wall penetration would only amount to ~1 mm. This prediction takes into
account corrosion by HS' produced by SRB at some location away from the container
surface. Should it be shown that biofilm formation is possible on the container
surface, however, this prediction would need to be reassessed, and a model capable
of accounting for microbial and corrosion processes in occluded regions would have to
be developed. In particular, the structure of the biofilm that would form on the
container surface in contact with swelling clay-based sealing materials would have to
be determined. There are likely to be severe spatial restrictions at the container
surface, so that the structure of biofilms generally observed in bulk aqueous
environments may not be appropriate in those circumstances.

7. CONCLUSIONS

The potential for MIC of Cu containers in a Canadian disposal vault has been
assessed. Based on the likely extent of microbial activity within the vault, on the
reported cases of MIC of Cu alloys and on the known corrosion behaviour of Cu, it is
concluded that MIC will only result from the action of SRB away from the container
surface during the cool, anoxic period in the evolution of vault conditions. A
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preliminary analysis suggests that the extent of corrosion via this mechanism will be
no more than ~1 mm after 106 a, so that MIC should not seriously affect the integrity
of the container.

Many of the arguments against extensive MIC are based on the limited microbial
activity expected in a disposal vault. The disposal environment is quite unlike that in
which MIC has been observed. In particular, the low water activity and general lack of
nutrients will restrict microbial processes. Furthermore, the presence of y-radiation
and high temperatures for the first few hundred years will likely produce a virtually
sterile zone around the container. This sterile zone should not be repopulated by
microbes because of their large size compared with the small pore size of the buffer
material. Therefore, biofilm formation on the container surface is unlikely to occur
throughout the container lifetime. Microbial activity will be possible in more remote
locations in the vault at all times. However, MIC then requires that the metabolic by-
products diffuse to the container. The only likely form of MIC will result from HS" that
diffuses to the container surface during the cool, anoxic period.

The cases of MIC of Cu alloys reported in the literature have little relevance to the
possible MIC of Cu containers in a disposal vault because of the differences between
the respective environments. In particular, practical cases of MIC are observed when
the surface is subjected to periodic aeration. For instance, the MIC of Cu-Ni heat
exchangers in seawater is caused by alternating exposure to sulphide-polluted and
fresh, aerated waters. The sulphide film that forms in polluted water catalyzes the
corrosion reaction upon re-exposure to aerated water. Similarly, the microbially
influenced pitting of Cu water pipes in institutional buildings is associated with
microbial activity overnight, during which the dissolved [O2] drops, followed by
reaeration of the water during the day. The [O2] in a disposal vault is expected to
decrease monotonically, so that Cu containers will not be subject to alternating redox
conditions. MIC is also possible in deaerated H2O if HS" from SRB is present. The
corrosion rate of Cu under these conditions is usually too low to be of practical
importance, but may be significant for the long-term corrosion of containers in a
disposal vault. Because of the limited rate of supply of HS" to the container surface,
corrosion will be uniform rather than localized.

The extent of MIC by SRB in a vault can be determined using a numerical model
similar to that already developed to predict the abiotic corrosion of Cu containers. The
model would be based on a mass-balance equation for HS'. The model would
account for mass transport of HS' from the point of production to the container, and
would include terms to describe the reaction between HS" and other solutes in the
pore solution. Such reactions would include redox reactions involving the oxidation of
HS' and the precipitation of S-containing Fe(ll), Cu(l) and Cu(ll) compounds. The data
required for this model are the location and rate of HS' production, the identity and
rate of reactions involving HS" in the buffer and backfill materials, the diffusion
coefficient of HS", and its rate of reaction at the container surface.
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TABLE 1

RANGE OF WATER TOLERANCES FOR THE GROWTH

OF VARIOUS MICROORGANISMS1

aw

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.60

0.55

(MPa)

0

-7.1

-14.5

-22.4

-30.7

-39.6

-49.1

-70.3

-82.3

Bacteria

Caulobacter,
Spirillum spp.

Most gram-
negative

Most cocci,
Lactobacillus,
Bacillus

Staphylococcus

Hafobacteriaceae

Yeasts

Basidiomycetous
yeasts

Ascomycetous
yeasts

Saccharomyces
rouxii (in salt),
Debaryomyces
(in salt)

S. bailii (in
sugars)

S. rouxii (in
sugars)

Fungi

Basidiomycetes

Fusarium,
Mucorales

Penicillium

Wallemia,
Aspergillus,
Chrysosporium

Eurotium

Xeromyces
bisporus

1 From Brown (1990).



-59-

TABLE 2

POTENTIAL FOR MICRQBIAL ACTIVITY IN A CANADIAN NUCLEAR FUEL WASTE

DISPOSAL VAULT AT VARIOUS LOCATIONS AND TIMES

Warm, oxidizing period

Cool, anoxic period

Container surface

No microbial activity or
biofilm formation possible
because of the combined
effects of y-radiation,
temperature and
desiccation of the buffer
material.

Microbial activity or biofilm
formation unlikely
because of sterile zone
created around container
during warm, oxidizing
period. Repopulation of
sterile zone unlikely
because of small pore
size of buffer and low
water activity.

Away from container

Aerobic and anaerobic
microbial activity possible,
with biofilm formation on
clay, sand or rock
surfaces.

Both planktonic and
sessile anaerobic bacteria
active.
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Oxide

Metal
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0
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Aerobic
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Anaerobic
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Figure 1: Sequence of Events Leading to the Formation of Biofilms. (1) formation of
conditioning layer of adsorbed organic material, followed by random (2a) or
non-random (2b) reversible microbial colonization. (3) Growth and
irreversible attachment of microbes is accompanied by the production of
extracellular polymeric substances (EPS). As the biofilm thickens (4), the
distribution of microbes within the biofilm changes as each type of microbe
inhabits a microenvironment suitable for its growth. This latter stage
results in the stratification of the biofilm to produce the structure illustrated
in Figure 2. Further growth and development of the biofilm is possible
beyond stage (4).
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Figure 2: Schematic Cross-section Through a Hypothetical Biofilm on a Metal
Substrate Exposed to an Aerated Bulk Solution (Little et al. 1991a). The
diagram illustrates the many types of bacteria that can be present within a
biofilm, their symbiotic relationship and the layered structure that develops
in response to the various O2 requirements of the different species.
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Figure 3: Development of Patchy Surface Coverage by a Biofilm Leading to Localized Corrosion (Costerton and
Geesey 1986).
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Figure 4: Schematic Illustration of the Clustered Biofilm Model Illustrating the Spatial
Inhomogeneity of the Biofilm on the Substrate Surface and the Potential for
Mass Transport Through Voids Between Cell Clusters (Lewandowski et al.
1995).
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Figure 5: Oxygen Concentration Profiles Across an Agar Film on a Stainless Steel
Surface Measured Using an O2-specific Microelectrode (after Lewandowski
et al. 1989). [O2] profile after 14 h (a) with microbes, (b) after the microbes
have been killed by the addition of glutaraldehyde, and (c) without
microbes. Depth resolution of measurements 100um (not all points shown,
for clarity).
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Figure 6: Schematic Cross-section Through a Pit Believed to Result From Microbially
Influenced Corrosion of a Copper Water Pipe (after Fischer et al. 1988).
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Figure 7: Equilibrium Potential-pH Diagrams for the S/H2O System at 25°C. Lines a
and b represent the equilibrium lines for the reduction and oxidation of
H2O, respectively, at 1 atmosphere pressure of H2 or O2.

(a): E-pH diagram considering only elemental S, sulphides, thiosulphate,
tetrathionate and sulphites (total [S] = 1 mol-dm"3, Pourbaix and Pourbaix
1992).
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Figure 7: Equilibrium Potential-pH Diagrams for the S/H2O System at 25°C. Lines a
and b represent the equilibrium lines for the reduction and oxidation of
H2O, respectively, at 1 atmosphere pressure of H2 or O2.

(b): E-pH diagram considering only the thermodynamically stable species
sulphur, sulphides and sulphates (Pourbaix 1974).
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Figure 8: Equilibrium Potential-pH Diagram for the Cu/S/H2O System at 25°C
(McNeil and Mohr 1993). Activity of total dissolved Cu species 10"6,
activity of dissolved S species 10'2. Lines a and b represent the
equilibrium lines for the reduction and oxidation of H2O, respectively, at 1
atmosphere pressure of H2 or O2.
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Figure 9: Equilibrium Potential-pH Diagram for the System Cu/S/CI7H2O at 25°C
(after Macdonald et al. 1979). Activity of dissolved Cu species 10"6,
concentration of total dissolved S species 4 mg-dm"3. Solid lines denote
regions of stability of solid species, dashed lines represent regions of
predominance of dissolved Cu species, and dashed-dotted lines regions of
stability of dissolved S species. Lines a and b represent the equilibrium
lines for the reduction and oxidation of H2O, respectively, at 1 atmosphere
pressure of H2 or O2.
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Figure 10: Voltammetric Behaviour of Copper in 0.01 moldm"3 Na2S + 0.1 moldm"
NaOH at 25°C Illustrating the Formation of Cu2S (peak I), CuS (peak II)
and Cu2O (peak III). Eb refers to the breakdown potential for the CuS film.
Voltammograms recorded at a potential scan rate of 20 mV-min'1 starting
from a potential of -1.0 VSCE (Vasquez Moll et al. 1985).
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Figure 11: Variation of the Corrosion Potential of a Copper/Compacted Clay Electrode
and of a Copper Rotating Disc Electrode in 1 moldm"3 NaCI Solution as a
Function of Oxygen and Sulphide Concentration (King and
Stroes-Gascoyne 1995). (a) rotating disc electrode in bulk solution (the
time axis for the first 2 h of this experiment has been expanded by a factor
of 50 for clarity); (b) copper/compacted clay electrode in O2-containing
solution only; (c) copper/compacted clay electrode with various [02] and
sulphide additions. The arrows represent the times at which either the
overpurge atmosphere was changed or sulphide additions were made
according to: (A) 2 vol.% O2/N2; (B) 0.2 vol.% O^N.,; (C) Ar; (D) 10 u g g '
sulphide; (E) 100 ug-g'1 sulphide.
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Figure 12: Variation of the Activity of Water (aw) as a Function of the Moisture
Content of Compacted Buffer Material at 25°C. The two curves shown are
for (a) H2O and (b) 2 mol-kg'1 CaCI2 as the pore fluid. The reduction in aw

for H2O is due only to the buffer matric potential, whereas for CaCI2 the
reduction is due to the combined effects of the matric potential and
osmotic pressure. The buffer material is compacted to the reference
density of 1.65 gem"3 and has a saturated moisture content of -0.24.
Some of the water tolerances for various microbes given by Brown (1990)
are also shown.
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Figure 13: Two Conceptual Vault Designs Developed for the Canadian Nuclear Fuel
Waste Disposal Program, (a) borehole emplacement of the containers, (b)
in-room placement of the containers.
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Figure 14: Schematic Representation of the Formation of Porous Cu2S Deposits on a
Copper Container Due to Sulphide Production at a Location Away From
the Container Surface. The interfacial [HS1 is negligible because the rate
of supply of HS" to the container surface is slower than its rate of
consumption. Thus, Cu dissolving from the surface precipitates some
distance away, preventing blockage of the pores in the film and the
formation of a continuous, protective layer.
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