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RÉSUMÉ

Les trois sites de réacteurs CANDUMD sur les rives des Grands Lacs présentent des différences de
sensibilité à la corrosion d'origine microbienne des tubes d'échangeurs de chaleur, malgré une
colonisation semblable de bactéries sulfatoréductrices. Par conséquent, on soupçonnait que
l'activité bactérienne, plutôt que le nombre, est responsable de l'amorçage de la piqûration. On
fait appel à des essais de corrosion accélérés pour déterminer le rapport entre la colonisation de
bactéries sulfatoréductrices et l'activité de piqûration sur les tubes d'échangeurs de chaleur en
alliage inoxydable. Les conditions expérimentales modélisent celles des systèmes naturels. Pour
le moment, il semble que la corrélation entre le nombre de bactéries et l'amorçage de la piqûration
soit minime. Toutefois, il semble qu'il y ait une corrélation entre l'activité bactérienne
(provoquant une diminution du potentiel de corrosion, dépendant de la production de sulfure) et
l'amorçage de la piqûration. On recueille actuellement des données en vue d'élaborer un modèle
destiné à prévoir la corrosion microbienne pour le module d'eau de service CHECWORKSMC.

CANDUMD est une marque de commerce déposée d'Énergie atomique du Canada limitée
(EACL).
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Abstract

The three CANDU® reactor sites on the Great Lakes exhibit differences in susceptibility to
microbially influenced corrosion (MIC) of heat exchanger tubes, despite similar colonization of
sulfate-reducing bacteria (SRB). Therefore, it was suspected that bacterial activity, rather than
numbers, is responsible for pit initiation. Accelerated corrosion tests are being used to examine
the relationship between SRB colonization and pitting activity on stainless alloy heat exchanger
tubes. Experimental conditions model those of the natural systems. At present, there appears to
be little correlation between bacterial numbers and pit initiation. However, there does appear to
be a correlation between bacterial activity (causing a decrease in corrosion potential, as a
function of sulfide production), and pit initiation. Data are being collected to develop a model to
predict MIC for the CHECWORKS™ service water module.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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1. INTRODUCTION

The Electric Power Research Institute (EPRI) in collaboration with Atomic Energy of
Canada Limited (AECL) and other groups, is developing engineering models that can predict the
corrosion behavior of operating nuclear plant equipment. This predictive technology is being
installed on a software platform called CHECWORKS™. A module is being developed to
predict the susceptibility of service water system components to microbially influenced corrosion
(MIC) as well as other forms of degradation. As the sulphate-reducing bacteria (SRB) have been
implicated in most MIC failures, SRB-influenced corrosion is being modeled first.

2. BACKGROUND

Differences were noted in the susceptibility to MIC in service-water-cooled heat exchangers in
three CANDU plants. These differences exist despite only minor differences in cooling water
chemistry. Examination of failed heat exchanger tubes from the Pickering Nuclear Generating
Station B revealed the presence of between 104 and 105 SRB g'^wet weight) of deposit1. Also,
in a model heat exchanger test rig at the Darlington Nuclear Generating Station4, up to 104 SRB
g"1 wet weight deposit were recovered from pitted Alloy 800 tubes. However, the Bruce Nuclear
Generating Station has no reported occurrences of MIC in the heat exchanger tubes, despite
similar numbers of SRB isolated from model heat exchanger tests. Therefore, a parameter
correlating the population of SRB and the susceptibility to MIC was suspected.

Stainless steels (SS) and nickel-base alloys have suffered pitting corrosion in low chloride
solutions containing SRB in nuclear power reactors2. However, the effect of SRB on mild steel
has been the focus of most of the research on the mechanisms of MIC, which has possibly misled
researchers studying MIC of SS. Two prominent mechanisms explain SRB pitting of mild steel:
the bacterial reduction of cathodic hydrogen resulting in the depolarization of the cathode and the
continuous bacterial production of sulfide forming the cathode of a galvanic cell forcing the
dissolution of iron from the anode. The former relies on the presence of the enzyme hydrogenase
in the SRB. Hydrogenase allows the use of hydrogen gas as an electron donor in place of
carbohydrates as an energy source. This mechanism is potentially valid where the cathodic
reaction can involve the generation of hydrogen. However, the only practical cathodic reaction
able to support pitting of SS and nickel-base alloys in natural waters is the reduction of oxygen3.
The reason for this is that these alloys remain passive at potentials below the reversible potential
for hydrogen evolution.

Classically, while MIC of SS and nickel-base alloys has been reported in the field, few
researchers have successfully reproduced it in the laboratory. This is probably because the
differences that exist between localized corrosion mechanisms of carbon and stainless steels are
not widely recognized in MIC research. It is currently believed that SRB cause MIC of SS by
producing sulfides that are pitting activators. Sulfides-and other reduced-sulfur compounds-can
catalyze anodic dissolution of stainless alloys and lower their repassivation (and pitting)
potentials. In turn, a lower repassivation potential increases the likelihood of pitting.
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Recently, two methods that have successfully reproduced MIC of SS4'5 have been described in the
literature. Both systems relied on the separation of the anode from the cathode and the use of mixed
communities with an SRB and another bacterium. Angell et al.4 suggest that SRB colonization of
both the anode and cathode was necessary for the maintenance of corrosion. They also suggest that
there was a minimum threshold population of SRB necessary at the anode of greater than 3.2 x 104

SRB cm'2 for Type 304 SS. Gendron and Cleland5 found a threshold population at the anode of 104

SRB g'1 deposit for 800 series nickel alloys. They also demonstrated that oxygenated water is
required to sustain pitting as the cathodic reaction is oxygen reduction.

Considering the observation of an apparent threshold population of SRB to initiate MIC on heat
exchanger tubes, an experimental program was initiated. Gendron's accelerated MIC tests were
used with 304 SS and Alloy 800 tubes under simulated heat exchanger operating conditions6. An
attempt was made to find a correlation between bacterial colonization and pitting. In particular, a
model input parameter was sought that could be practically measured on-site. Data were
collected on corrosion potential, SRB numbers, hydrogenase activity vs. visible pitting and
galvanic current.

3. EXPERIMENTAL PROCEDURE

Microbially influenced corrosion of the CANDU service-water-cooled heat exchangers was
simulated with the apparatus shown in Figure 1 using Lake Ontario water, Lake Ontario silt and
2 species of bacteria likely associated with the failed tubes: the SRB Desulfotomaculum
nigrificans and a slime-forming bacteria Pseudomonas aeruginosa? Both species are
thermophilic and therefore capable of growing at the elevated heat exchanger tube wall
temperature of ~55°C.

Figure 1: Schematic diagram of the accelerated test simulating heat exchanger corrosion.
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This test accelerates corrosion by immediately establishing the mature natural environment that
causes corrosion. In the field, this condition can take up to 2 years or more to develop. Lengths of
heat exchanger tubes were set up as the anode in these tests. An internal cartridge heater applied
heat transfer with the inside wall tube temperature maintained at 55°C. Packing Lake Ontario silt
around the heat exchanger tube simulated the fouling observed on failed heat exchanger tubes.
A similar cathode was prepared without the silt packing to simulate areas of the tubing with less
fouling. Both electrodes were coupled through a zero-resistance ammeter (ZRA), to measure the
current flowing between them. The current is indicative of corrosion and is proportional to the
corrosion rate. The coupled potential was also measured with reference to a standard calomel
electrode. The electrodes were exposed to 2 L of Lake Ontario water in a standard 5-port EG&G
electrochemical cell. Prior to each run, the complete assembly was autoclaved at 121°C and
15 psig (1 Atm), to achieve sterility.

At the start of each run, the medium was purged with ultra-high purity (UHP) nitrogen for 2 h prior
to the addition of a 50 mL inoculum of the SRB in a rich growth medium. The UHP nitrogen purge
was then continued for 3 d allowing the SRB to colonize the electrodes under anaerobic conditions.
A drop in the coupled corrosion potential, caused by sulfide production, was taken as evidence of
SRB activity. Once the potential had dropped, an air purge replaced the nitrogen purge and a culture
of the aerobic slime-forming bacteria was added. Shortly after the initiation of the air purge, the
coupled corrosion potential rose and a galvanic current was recorded if pitting was initiated.
Figure 2 shows an example plot of the current and potential with time on an Alloy 800 tube in which
pitting occurred. At the end of the runs, the systems were disassembled and bacterial counts made
on the anode. Visual observations confirmed pitting had taken place only on anodes from tests
where a current was recorded. A commercial hydrogenase assay (Caproco, Alberta) was also used
on the silt from the anode as a measure of SRB activity. This kit is advertised as being rapid, simple
to use, sensitive, and capable of detecting a wide range of corrosion-causing bacteria.

AddedPs. aeruginosa, started air purge
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Figure 2: Example plot of current and potential with time for an Alloy 800 tube in which pitting
occurred.
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4. RESULTS AND DISCUSSION

Five runs were carried out on 304 SS and six runs on Alloy 800, as reported in Tables 1 and 2.
No activity was measured in any run with the hydrogenase assay. As is seen, runs 1 and 2 on
Alloy 800 and runs 1 and 5 on 304 SS had high numbers of SRB (>106) but no pit initiation.
This suggests that there is no direct relationship between a threshold number of SRB and the
initiation of pitting.

Two better correlations were evident with the initiation of pitting. These were the coupling
potential at the time of Ps. inoculation and the use of a strong SRB culture. A coupling potential
of less than -385 ITIVSCE seems to be a requirement for pit initiation, run 5 with Alloy 800 being
the exception, with no obvious explanation. Bacterial activity results in the metabolic production
of sulfide, decreasing the coupled potential of the electrodes. The rate of sulfide production is a
function of both bacterial numbers and growth rate. In addition, there was a correlation between
the use of a strong culture of SRB and pit initiation. Unfortunately the observation of a "strong
culture" was merely qualitative. A strong culture was one that had been incubated for 12 h and
where black iron sulfide throughout the medium indicated active growth and sulfide production.

Table 1: Data for accelerated MIC tests on Alloy 800.
Run # | | 0

Coupling Potential at Time
of Ps. Inoculation
Strong SRB Culture*
Pit Initiation
Time of Pit Initiation from
Start of Air Purge (h)
SRB population in Silt g"1

Hydrogenase Activity
(uM H2S min."1)

-400 mV

Yes
Yes
2.00

-
-

1

-210 mV

No
No
-

5.0 x 106

-

2

-230 mV

No
Probably
Metas table
Pitting

3.5 x 105

-

3 14

-460 mV

Yes
Yes
0.75

1.6 x 106

-

-465 mV

Yes
Yes
2.00

>1.6x 107

-

5

-450 mV

No
No
-

6.5 x 102

-

*Based on length of incubation before addition of culture and suspected microbial activity.

Table 2: Data for accelerated MIC tests on 304 stainless steel.
Run # | | 1

Coupling Potential at Time
of Ps. Inoculation
Strong SRB Culture*
Pit Initiation
Time of Pit Initiation from
Start of Air Purge (h)
SRB population in Silt g"1

Hydrogenase Activity
(HM H2S min."1)

-288 mV

No
No
-

1.6 x 106

-

2

-385 mV

Yes
Yes
1.5

9.2 x 103

-

3

-455 mV

Yes
Yes
2.0

3.5 x 106

-

4

-238 mV

No
No
-

-

-

5

-250 mV

No
No
-

4.3 x 104

-

*Based on length of incubation before addition of culture and suspected microbial activity.

Conversely, a culture was designated as weak after 3 d incubation when the iron sulfide had
settled out in the bottom of the culture tube. Viable bacteria were recoverable from both
systems, although no enumerations were made. Activity could not be determined as neither
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culture gave a positive result with the hydrogenase assay. However, the production of black iron
sulfide after 12 h shows that the bacteria are highly active.

The failure of the old, but viable culture to cause either a decrease in potential or the initiation of
pitting would suggest that the Lake Ontario water used was not capable of supporting sufficient SRB
growth. Rather, the SRB collected and enumerated at the end of the experiment indicate bacterial
attachment only. It is likely that the addition of the young culture (12 h) provided additional levels
of carbohydrates to the system allowing growth to occur. The SRB growth in the older cultures was
probably carbon-limited after the SRB depleted the carbohydrates. The Lake Ontario silt is rich in
sulphate (584 \ig g"1) but no measure of the level of carbohydrates is available. Although it is
expected that the carbohydrate level is higher in the silt than it is in the water, it is possible that the
carbohydrates are not present in a form that the SRB can use (lactate, pyruvate, glucose or ethanol).

From the data collected, it is postulated that the rate of activity in these experiments is a function
of water and silt chemistry. The relatively high sulphate levels in the water and silt suggest that
the SRB growth is probably carbon-limited in this system. Limitation of growth will inhibit the
ability of the bacteria to reduce sulphate, present in excess, to sulfide which is key to pit initiation
in SS alloys. Despite the limiting carbon levels in cooling waters, the high linear flow-rates
during normal operation of these systems provide a high effective available carbon level. In the
heat exchanger tubes, the level of nutrients (carbon, sulfate) below a silt layer is a function of
their concentration in the coolant, the coolant linear velocity and the depth of the silt.

Three reasons can explain the failure of the hydrogenase assay. As mentioned previously, many
bacteria, including many SRB, have the enzyme hydrogenase that allows them to use hydrogen
gas as an electron donor. The Desulfotomaculum nigrificans was used in this experiment as it is
a well-recognized thermophilic SRB known to cause corrosion. However, Postgate7 has reported
that the species Clostridium nigrificans (Desulfotomaculum nigrificans) does not have the
enzyme hydrogenase. Second, it has been shown that even in the SRB that contain this enzyme,
the carbohydrates are preferentially assimilated8 and therefore hydrogenase will not be produced.
Finally, there is no apparent source of hydrogen in this system. During corrosion of mild-steel,
reduction of water generates hydrogen at the cathode. However, as described above, hydrogen
evolution cannot sustain MIC of stainless alloys.

5. CONCLUSIONS

• No simple correlation was seen between the number of bacteria present and initiation of
pitting for 304 SS or Alloy 800.

• A link was evident between bacterial activity (as measured by coupling potential or indicated
by the culture conditions) and the initiation of pitting. However, neither parameter is
practical as an input to the CHECWORKS™ code.

• Although the hydrogenase assay might be of benefit with alloys such as mild steels at low
temperatures, its use is questionable with stainless alloys and in higher temperature systems
where Desulfotomaculum nigrificans may predominate in the microbial consortium.
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6. FUTURE WORK

Currently, the program is assessing microbial activity as functions of water chemistry (carbon
and sulfate levels) and flow rate and their effect on pit initiation or rate. If successful, these
would be practical input parameters to the CHECWORKS™ MIC model to predict SRB-
influenced corrosion.
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