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MICROBIAL INFLUENCED CORROSION

Alloy
Major and minor elements
Surface finishing

Welding
Conditioning

Materials
-Steels
-Passive alloys
U Stainless steels

O Nickel alloys
BIOCORROSION D Titanium
o \ Media
anktonic or sessile . .
acteria - Aerobic/Anaerobic
Oxygen
xtracellular proteins Temperature -p H
Exopolysaccharides Organics & .
Metabolisms compounds
Fneymies Flow rate icro- i
Biofilm orrosive and Micro organlgms_
nhibitors ions -Contamination

Microbial corrosion
Interactions Material / Media / Microorganisms

CEA — Damien Féron | November 2017 | PAGE 4




CZaden SPECIFICITY OF THE BIOFILM

: . . Parameter Extreme values Examples
B I O fl I m H ete r O g e n e I ty R From -12°C Cold salt water
P ¢ to +115°C Hot submarine springs
H Very acid (0) Thiobacillus ferrooxidans
p to very basic (13) Plectonema nostocorum
Pure water Bacteria in de-mineralised
SALINITY waters
Saturated solutions Bacteria in the Dead Sea
REDOX All the water Bacteria growth on polarised
POTENTIAL stability domain electrodes
HYDROSTATIC < 0,01 bar [[i;ut:‘;drl1\;:xn:n:n-\\fat;.:n:
PRESSURE arophilic™ bacteria in large
> 1,400 bar marine trenches
SURFACES AH_SU]‘I:’IF;:N _zmd Mclals,l g]usscs,.pllasl?cs_ ete.
mterfaces Hydrocarbon/water, etc.
= srowth on the UV lamp quartz
RADIATIONS Growth on radioactive sources (=400 krd)

Domains where biofilms have been found

Biofilm

» Interface between alloy & media
* Found « everywhere »

* Complex

* Heterogeneous

» Large evolution (4 dimensions)
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CCaden HETEROGENEITY OF THE BIOFILM

Biofilms & corrosion in a mixed environment

3 Transpeort of O o Dloflim
Reduction of Oy andsor K [BAF) Consumgtion of Oy within biofim
a1 surnces Sullalc s sufids
Oy — [RDE: Hyly, HOg-, OH — HeD I|EI\:L*'EE::|.W
H" —Hg — —
Bulfids: sulfur Erbsuitaie
|EHF1l- - = Riadcn oycling of matal lons

Aquecus Aprbils Zone
solution
Bouroa ol
o e < sttt . |
et |9, s - ' 1- Catalysis of cathodic
organic carbon Subouxic or .
P o | anasmbic zona reaction
:- : . Eyntrophic
redatioreshi
mathancgens/ERF) .
: 2-Electrochemical cells
Wincrais Sudlnes chomisiry | Minsestization m;:’;."gﬂg_l
ouices, hydrmides,  Fromoting genaral | metalion tansport e -
I chiorikis, oic}  andFrplingoomslon L m&ﬁ '
[sulfides. axddan| Inchasions

Figure 2.2 Schomatic of promisenl aspects and processes pertinent Lo biocormosion in a
mixed acrobic and anoxic cnviroament; ROS {roactive oxygen specics); SREP (sulphate-
reducing prokaryoles); S0 (sulphur-oxidizing bacieria), MOB (metal-oxidizing baclerial;
MREB {mectal-reducing bacteria); APB {acid-producing bactoria).
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ELECTROACTIVE BIOFILMS

The concept of electroactive biofilms comes from bacterial
fuel cells

[ =F
Pl
20 O
Zagwatar lHEﬂaDr
e Cis Orgaric matter
ar B

Figure 5.2 Benthic cell = fimst prood thal bacteria are able to exchange clectrons with a
condwctive material. Oxidation of organic matter from sediment ol the enode end reduction
of dissolved oxygen from scawaicr ol the cathode.
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Figure 53 The three types of imtcractions betweoen clectroactive bacicria and conductive

maicrials: (a) via endogenous modiators, (b) via membranc redox protcins and (c) via

conductive pili.

Electron transfert between conductive surface and bacteria
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ELECTROACTIVE BIOFILMS & CORROSION

Electron acceptor : increase of the cathodic reaction kinetic
Electron donor: cathodic protection

Eleciron fiow Bectron fow
M (oxides,
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SAB

Ty

Figure 59 Schomatic representation of how biofilm, grown oa 2 sinless stocl surface,

modifics the cathodic branch and its comscguence on the open circuit potential (OCP) of the
@) o) sampic
Figure 4.6 Dircct and reverse clectron flow botwoen SRBs and cloctrode/metal surface
() clectron fow from the clectrode Lo the cell: (b) clectroa flow from the cell 10 the Eﬂ: H H H
ect of aerobic biofilms

electrode

The double aspects of SRBs
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BACKGROUND

MIC, BACTERIA & RADIATION




40 40 800
o 30 _ 0 m§
o . § n{ 3n] &
T x 700
- - . 10 10 4 I
Areas where biofilm have been found in |
Cniversis e versile. spent fuel ponds il W s
=
. g . - . g 'm§
» Biofilms observed in extreme conditions (high g e 22
radioactive levels, very low nutrient concentrations) N e
» Other reports in USA (Savannah River) and in Spain J S S —
- . . . o 5 10 15 20 25 30 kL]
« Autotrophic population able to oxidize H, as energy e (e
. Fig. 2. Evidence of connections between hydrogenase activity and
Source’ uslng 02 aS electron acceptor and C02 as 1\__\?1]n1ﬁ:‘:;’1~\)'__'c(| |||Ll;1LL' in autotrophic conditions for Ralstania sp.
carbon source (Ralstonia sp. & Burkholderia sp.) G. Gales & AL, FEMS micrabiology

letters, 240 (2004) 155-162

* High potentials up to +400 mV/SCE observed
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Cdaden MmiC & SPENT NUCLEAR FUEL CLADDING

Microbial activity and biofilms on irradiated spend nuclear fuel
cladding

* SRB activity has been found on
Magnox sludge from corroding
magnesium clad fuel elements

C.R. Gregson & Al., INM 412 (2011) 145-156

* Microbial biofilm growth g s | §
experienced in laboratory long " : o douesvou || B
term tests on irradiated stainless % %
steel SNF cladding. 3 1 ‘\ o §

» Various bacteria, including SRBs, \
can survive with a total absorbed B e i i e -

Time (days)

dose of 3,2 103 Gy.

Fig. 3. Cell count versus time for absorbed dose for both microbes in media and
sulfate-reducing bacteria collected from a biofilm on the dadding segment surface.

D.F. Bruhn & al., JNM 384 (2009) 140-145
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ENHANCEMENT OF CATHODIC REACTION BY

BACTERIA IN HYDROGEN ENVIRONMENTS

Under irradiation, hydrogen is produced by water radiolysis and may
be used by bacteria to reduce some oxidant

During the microbial oxidation of energy sources, microbes preferentially
used electron acceptors in a particular order

BV
0,
0. E ’ aerobic bactena
2H:0
» 2 NOy
D) e ]
Nz +6H:0 ™
2Fe™
> : e e
> 2Fe”™
SO~
¢ P
HeS +4H,0
Co,
23 P PO
CHi# 2H:0
2C0,
311‘ : QENIc I
-
¥ CHyCOOH +2H,0 “—
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PASSIVE ALLOYS
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Aerobic Biofilms in natural waters

Free corrosion potential evolution of

Evolution of the free corrosion potential of S31254 254 SMO stainless steel cou pons In
stainless steel samples immersed in the Seine river natural seawaters
[MAST II, Marinikboblms on stainless steels : effects, monitoring and prévention. Final report,. 1996]
300 A
200 -

100 |l
o 3
-100 |
-200

.- .-- & s .- It I I
22 1 , o “,:-\'.l : et t t t
. ¥ 0 20 40 60 80
3 - \\ Temps (jours)
D4 .

In aerated natural waters, the free corrosion potential on
stainless steels increases with exposure time. This evolution is
linked to the biofilm formation.

(VISCE)

Free corrosion potential
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Aerobic Biofilms in natural waters

In aerated natural waters, the free corrosion potential on
passive alloys increases with exposure time. This evolution is
linked to the biofilm formation.

400 7 m 30°C
20°C

300 =+

200 =+

Corrosion Potential mV/SCE

100 =+

Platinum titanium 654 SMO Inconel 625

Corrosion potentials observed after 30 days in natural sea water.
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Potential (mV/ECS

)

500  -400  -300 200  -100 0 100 200 300
<
=
5 -400 -
S
O

-600 -

[,

A.Bergel, D.Féron, A.Mollica
Electrochem. Comm. 7 (2005 ) 900 - 904

Biofilm formed in seawater on stainless steel at constant potential -0.2 V/SCE
- Current densities up to 1.3 A/m?, with [O,] = 0.24 mM
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Laboratory & 2
s . Biosynthetic seawater (glucose oxydase
Natural seawater: 747% of the specimens are 24 om0 9 4
addition) at 20°C: 91% after only 5 days

corroded - 1 month of exposure

= good reproduction and acceleration of the MIC

= proposal of an IS0 standard by TC156
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RIVER OR GROUND WATERS : IMPORTANCE OF

THE CHEMISTRY

Influence of the concentrations of chloride on the pitting behavior of
304 & 316 stainless steels

' MVIECS —
Epit=a-b Log [chlorure]l |Ep|:| =a-blog [-:hlorures]l
.
my [ SCE s
750+ avg
. “-\\L‘\H
650
A = . "\,R 6L
550 1 3M6L (] T .
200 . \q:/
ol RN
T ol 304 a_ ™
EEN . R
o e
ot s
250 .
304L e e
150 ' - -1oe Ty
10 100 1000 10 100 “1000
concentration de chionures [ppm
Concentration an chiorures (ppm)
Pitting potential Repassivation potential

Electroactive biofilms (bacteria) may increase the corrosion potential
above the pitting potential or above the repassivation potential, leading

respectively to pit initiation or grORAYAHORM | November 2017 | PAGE 19

ELECTROACTIVE BIOFILMS:

FROM BIOFUEL CELL TO BIOCATHODIC PROTECTION

30 4

AT
5 2] ,_/'V\r" After 8 days in the sea, the current of
< ' the biofuel cell reaches 23 mA.m2.
1 v => Biofuel cell
0 - T T T 1
0 5 10 15 20

Eioue Electrométre

=

R
El:ﬂl.l
Ref.

Eau

(0=

Stainless steel electrodes (0.12 Potential of the cathode lower than 0.0mV/Ag.AgCl
m2) located in aerated seawater instead of +300mV/Ag.AgCl (free corrosion potential)
and in the mud '

Potential [V vs. Ag/AgCI

20

=> Cathodic protection

C. Daumas et al.., Electrochimica Acta 53 (2007) 468—473 CEA — Damien Féron | November 2017 | PAGE 20




Ceaden paASSIVE ALLOYS IN AEROBIC ENVIRONMENTS

Summary

B Increase of the free corrosion potential of passive alloys is linked
to the formation of a biofilm
==Biocatalysis of the cathodic reaction by the biofilm (EA
biofilm)

B This may lead to inititation and then propagation of the pits or
crevice corrosion

B A methodology based on enzyme mechanisms may help for the

choice of an alloy or for the determination of the localized
corrosion risk for an alloy already in place
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PASSIVE ALLOYS

ANAEROBIC CONDITIONS

Corrosion Publications
Number 60

Methodology of crevice
corrosion testing for
stainless steels in natural

SRB versus SULPHIDE ?

and treated seawaters

Edited by
U. Kivisakk, B. Espelid & D. Féron




METHODOLOGY:

Investigations in anaerobic environments (suphate reducing
bacteria) based on the breakdown potentials (crevice corrosion
/ pitting potentials) of passive alloys (stainless steels)

Potentiostat
M A
(¢ ( (
| R-470 hm >
ElElllbl i
Crevice former utilised for the tests Connection of SS samples to a potentiostat

and to a data logger.

treme probability paper L
I JI |

|
T

Frequen

Cumulative distribution of
the breakdown potentials
measured on, at least, 10 e

similar samples " 7

WYin Y o BRI

0.4 0.2 -0.0 nz 0.4 m¥ see

node
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ANAEROBIC BIOFILMS

Evolution of breakdown potentials
with and without SRBs

SRB culture sterile seawater PH=7; S_t"t: 400 ppm
® SRB culture; & NaZS solution
Frequency ‘ T’_ Frequency
9 u.' x— 9
.8 o ,'ﬂ/ - .8
7 [ ] L 7
5 ‘,' ,?%‘—— 5
3 p) /,{, 3
1 'S <! 1
01 f} L] ! 01
L L R AR LR LAAR LA LA LA mVsce mVsce
-500 0 500 -500 0 500
Cumulative distributions of breakdown Cumulative distributions of breakdown
potentials for 316L (EN 1.4404) in SRB potentials for 316L (EN 1.4404) in SRB
culture and in aerated sterile seawater culture and in de-aerated seawater added
with Na25

> Sulphides added as Na,S simulate the effect of SRBs on
the breakdown potential of stainless steels
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316L stainless steel (EN 1.4404)

Sterile conditions

natural seawater: ss
young biofilm
Frequency
9
9 —
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8 e 7
7 1 5
E — 3
3 — 1
.1 | 01
01 — | st mvVsce
@ T mVsce E corT max ]
. =500 200 in presence ol
B curr max — aerobic biofilm on cathodic areas

in sterile seawater ;'-
Anaerobic conditions

pH=7; S_tot: 400 ppm

® SRB culture; A Na2S solution

Frequency

T
$
»

= = Wwin it o

=

|
e
=500 0 500

mVsce

E o in presence of SRBs — E, is
fixed by the sulphides
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Test methodology to simulate of a biofilm with
aerobic and anaerobic areas

remote crevice assembly

de-aerated seawater +
seawater+ glucosoxydase +
NBZS+HCI g]ucose

(S7ot * 400 ppm ® ¢e©e

pH- 677 ) £" o : f
W ! &
¢

: ®
. & 4 ®° d Sulphides under biofilms
.

- . S CEA — Damien Féron | November 2017

Anaerobic cell
(S* or SRB)

Aerobic cell
(GOD+glucose)

i
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Ceaden CONCLUSIVE COMMENTS (1/2)

1- Electroactive biofilms can be formed and developed even under
irradiation.

2- Aerobic biofilms increase the rate of the cathodic reaction on
passive alloys (stainless steels, nickel based alloys, titanium,...)
The effect of aerobic bacteria can be simulated by adding glucose
oxidase and glucose to sterile seawater.

3- SRBs biofilms lead to decrease breakdown potentials of passive
alloys.
The effect of anaerobic bacteria can be simulated by adding Na,S
to sterile de-aerated seawater.

4- The settlement of aerobic bacteria and the presence of active SRB
bacteria act in synergistic way as promoters of corrosion onset:
e cathodic reaction(s) accelerated by the aerobic biofilm.
e anodic resistance locally decreased (i.e. anodic reaction
accelerated) by the anaerobic biofilm.
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1. Biocides

2. Materials: alloy adapted at its environments and the evolutions
linked with bacteria

:
m&
R

AANVUNURARAARARARNANY

3. Conception: no stagnant waters / surface cleaning

anode sacrificielle (Mg)

4. Coatings: isolation of the alloy from the media

5. Cathodic protection: sacrificial anodes .

transformateur
redresseur

anodes inertes
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