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Influence of sulfidogenic bacteria, from a North Sea seawater injection system, on the corrosion of S235JR carbon 
steel was studied in a flow bioreactor; operating anaerobically for 100 days with either inoculated or filtrated 
seawater. Deposits formed on steel placed in reactors contained magnesium and calcium minerais plus iron 
sulfide. The dominant biofilm-forming organism was an anaerobic bacterium, genus Caminicella, known to 
produce hydrogen sulfide and carbon dioxide. Open Circuit Potentials ( OCP) of steel in the reactors was, for near­
ly the entire test duration, in the range -800<E(OCP)/mV (vs. SCE) < -700. Generally, the overall corrosion rate, 
expressed as 1/(Rp/O), was lower in the inoculated seawater though they varied significantly on bath reactors. 
Initial and final corrosion rates were virtually identical, narnely initial 1/(Rp/0) = 2 x 10-6 ± 5 x 10-7 and
final 1/(Rp/0) = 1.1 x 10-5 ± 2.5 x 1 o-6• Measured data, including electrochemical noise transients and statisti­
cal parameters ( 0.05 < Localized Index< 1; -5 < Skewness< -5; Kurtosis >45 ), suggested pitting on steel sampi es 
within the inoculated environment However, the actual degree of corrosion could neither be directly correlated 
with the electrochemical data and nor with the steel corrosion in the filtrated seawater environment. Further 
laboratory tests are thought to clarify the noticed apparent discrepancies. 

1. Introduction

The economic consequences of corrosion of iron and its alloys in 

various industrial sectors, induding oil and gas operations, are well doc­

umented [ 1-3 ]. Undisputedly, corrosion causes considerable damage to 

marine steel infrastructure, such as offshore oil installations and pipe­

line systems, leading to revenue lasses. It has been estimated that nearly 

20% of the total corrosion cost is due to Microbially Influenced Corrosion 

(MIC) [3,4]. MIC is often seen as pitting attack that is generally associat­

ed with the presence of surface-associated microbial communities 

embedded in a bioinorganic matrix, referred to as biofilm [5]. In bath 

natural habitats and man-made systems, biofilms implicated in corro­

sion failures, comprise diverse microbial genera and species that often 

exhibit synergistic and synthropic behavior [6,7]. Key microorganisms 

are phylogenetically diverse Sulfide-Producing Prokaryotes (SPP) of 

which some, but not ail, represent Sulfate-Reducing Bacteria (SRB) 

and Archaea (SRA), i.e. Sulfate-Reducing Prokaryotes (SRP) [8,9]. 

In addition to SPP, Sulfur-Oxidizing Bacteria (SOB), Iron-Reducing 
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and -Oxidizing Bacteria (!RB and JOB respectively), Manganese­

Oxidizing Bacteria (MOB), carbon dioxide reducing bacteria [3] and 

methanogenic archaea have been associated with marine corrosion 

failures [10-12]. 

It is now acknowledged that microbial metabolic activity, which 

depends on the availability of nutrients and of suitable electron 

donors and acceptors, can influence electrochemical processes on 

steel surfaces, therefore, plays an important raie in the processes 

governing MIC [13,14]. Indeed, it has been reported that differences 

in metabolic activities within biofilms established under identical 

conditions can result in dissimilar corrosion rates [4]. It is also recog­

nized that biofilm formation and associated MIC damage are depen­

dent on the physical and chemical conditions of a given environment 

[15]. For example, temperature, pH, pressure, light radiation, oxygen 

content, salinity and redox potential will influence the nature and 

metabolic activity of a bacterial community [16], thus governing 

the potential risk of MIC. It is noteworthy that conditions at surfaces 

may differ significantly from those in bulk liquid; for example, anaer­

obic niches may exist within biofilm in a fully oxygenated system or 

oxygen may be formed in an anoxie environment due to bacterially­

mediated disproportionation reactions [ 17-19]. 

Further, fluid flow directly impacts mass transfer and biofilm 

formation [20,21 ]. High shear stress is likely to decrease microbial 



cell attachment and may even cause detachment of an established 
biofilm [21-23]. 

Importantly, the chemical composition and microstructure of the 
construction materials determine their susceptibility to both abiotic 
corrosion and MIC [24,25 ]. Carbon steel is a major alloy used in offshore 
oil extraction and transport systems, including Sea-Water Injection 

Systems (SW!Ss). During their operational lifetime, SWISs are exposed 
to a range of damage-provoking conditions. The presence of micro­
organisms can lead to complex, and not yet fully understood, deteri­

oration of pipeline material. Carbon steel is particularly vulnerable 
to sulfide attack; hence biotic sulfide production resulting from SPP 

activity is of great concem. 
In offshore Oil and Gas (O&G) industry, the main target in MIC con­

trai and remediation is taxonomically and metabolically diverse SRP. 

Able to grow within a wide temperature range, SRP are routinely detect­
ed in parts of the offshore oil extraction systems where sulfate-rich 
seawater-containing fluids are being produced or processed and anoxie 
conditions may prevail [26,27]. 

It has to be emphasized that not just SRP, but also other classes of 

anaerobic dihydrogen sulfide produdng organisms, pose equal, if not 
greater, MIC threat [32]. These include spore forming bacteria belonging 
to the phylum Finnicutes and the class Clostridia, which are readily de­
tected in oilfield systems using advanced molecular ecology techniques 
[28-31]. 

The interdisciplinary investigation reported herein aimed to deter­

mine whether the selection of S235JR low carbon steel as pipe material 
for a North Sea offshore seawater injection system would result in an 

unacceptable MIC risk. The laboratory set-up was constructed as an an­
aerobic continuous-flow bioreactor, circulating North Sea seawater. Its 
operating parameters were selected to mimic field conditions. The sys­
tem was designed as a closed test loop comprising an inoculation vesse! 

and two flow-through cells fitted with steel test specimens. Bioreactor 
inoculum was obtained from sessile (biofilm) field populations enriched 

in an anoxie sulfate medium and subsequently re-enriched in sulfate 

and other anaerobic microbial cultivation media. Special emphasis was 
placed on the on-line use of electrochemical techniques, in particular 
Linear Polarization Resistance (LPR) and Electrochemical Noise (EN), 

to monitor and characterize corrosion events on surfaces of steel speci­
mens. The bioreactor inoculum and the planktonic and biofilm commu­

nities in the experimental and contrai flow cells were characterized 
employing tools of molecular microbial ecology, namely Polymerase 
Chain Reaction (PCR), Denaturing Gradient Gel Electrophoresis (DGGE), 
cloning and sequencing. Scanning Electron Microscopy (SEM) and 
Energy Dispersive X-ray ( EDX) analysis of surfaces of test specimens 

were performed to image biofilms, visualize topography and to pro­
vide elemental composition of corrosion products. 

2. Material and methods

2.1. The bioreactor /oop 

A high and stable flow rate of seawater, constant temperature, and 
anoxie conditions were prerequisites of the study. A closed flow-loop 

bioreactor design was selected as the most suitable system complying 
with those requirements. The final bioreactor set-up benefitted from 

the past 20year experience in MIC research for the selection of construc­
tion materials, flow cell design, real-time monitoring techniques, etc. 
[33-36]. The main components of the bioreactor were manufactured 
in-house and comprise a vesse! and two cylindrical flow-through cells. 

White the inoculated seawater freely enters the experimental flow 
cell, it passes through a 0.2 µm filter (Sartopore 2 MaxiCaps®, Sartorius 
AG, France) before reaching the contrai flow cell. The bioreactor set-up 
is depicted in Scheme 1. 

The bioreactor vesse! consists of a polypropylene body and an 
acryl lid, fitted with an optical oxygen dipping probe, a temperature 
sensor interfaced with Fibox 3 fiber optic oxygen transmitter 

(Presens, Germany), one nitrogen gas inlet (99.999% purity, Yarapraxiar, 
Norway), one gas outlet and a pH electrode (pH-meter HI-9125N, 

Hanna Norden AB, Sweden). The lid also incorpora tes an in-house fitted 
sampling point and a fluid injection system. The vesse! is also equipped 
with a heating unit (ISOPAD IP-DASI®, Tyco, USA) and a thermostat 
(Raychem® AT-TS-14, Tyco Thermal Con trois, USA). 

A peristaltic pump (W-M 520SN/REL, Watson-Marlow, UK), draws 

media from the bioreactor vesse!, and the output flow is split between 
the two flow cells. Perfluoroalkoxy (PFA) tubing (PFA-T8-062-50, 

Swagelok, UK) was used. Iwo regulation needle valves (PFA-4RPS8, 
Swagelok, UK) were installed before and after each flow cell. Each 
flow cell was also equipped with a flow meter (FTB332 infra-red light 

beam micro-flow meter, Omega Engineering, UK) located after the 

exit regulation valve. The flow rate through each of the flow cells was 

controlled at 180 mL/min with the regulation valves. After passing 
through the flow cells, the liquid stream rejoins and retums to the 
bioreactor vesse!. Liquids were re-drculated in the bioreactor loop 
for100 days. 

The entire bioreactor flow system was constructed from polymers 

to minimize contamination with exogenous metal ions. Furthermore, 
materials, including perfluoroalkoxy (2 mm thickness), polyolefin 

(1 mm thickness), polypropylene (2 cm thickness) and acrylic (1 and 
2 cm thickness) polymers with minimal oxygen permeability and 
minimal deterioration under test conditions were chosen. Prior to 
operation the bioreactor loop was flushed with technical grade alcohol 

(art. no.601441, Kemetyl Norge AS, Norway) and flow cells were ex­
posed for 6 h under UV light (XX-15 sterilization UV lamp, UVP, USA). 

Flow cells were made from acrylic tubes ( 6 cm inner diameter, 1 cm 

wall thickness and 48 cm length). Six pairs of feedthroughs (M20 size 
fittings, produced by OBO Bettermann, Germany) were installed on 
each flow cell. A schematic drawing of a flow cell showing its cross 
section and distribution offeedthroughs is presented in Scheme 2. 

Electrodes for the measurements of corrosion rates and open-circuit 

potentials were installed in the two flow cells, in identical arrange­

ments. The electrode configuration was designed to reproduce that 
used in offshore electrochemical probes. Six carbon steel Working 
Electrodes (WE) with a circular, exposed area of O. 785 cm2 ( cylindrical 

specimens, 1 cm long, 1 cm diameter, dressed in polyolefin sleeve and 
leaving only the fiat bottom of cylinder exposed, Scheme 3) were 

installed in the 10 o'clock (F2, F4, and F6) and 2 o'clock positions 
(F8, F10, and F12), see Scheme 2. Each cell was also fitted with four ad­
ditional electrodes. Their design was the same as that of the working 
electrodes (Scheme 3), except that Inconel® C276 (E(Inconel®C276 in 
anoxie seawater)/mV (vs. SCE) ;:::: 350) was used instead of carbon 

steel as electrode material and the exposed area was 3.95cm2 as the cyl­
inder side was not dressed in polyolefin sleeve. Iwo of these electrodes, 
installed in the F5 and F9 positions, were used as Counter Electrode 
(CE). The other two, installed in the F3 and F11 positions, served as 
Pseudo-Reference Electrodes (PRE). Iwo laboratory-made Salt-Bridges 
(SB) filled with 2 M KCI solution (VWR, US) were placed between the 
F1 position in each flow cell and a reference cell, which was also filled 

with the 2 M potassium chloride solution and fitted with two Saturated 
Calomel Electrodes (SCE). An in-house manufactured liquid Sampling 

Port (SP) with a septum was installed at F7 position in each cell. 
To monitor biofilm formation, five carbon steel specimens (half-pipe 
sections with a 5 cm length, a 5.5 cm outer diameter and a 0.5 cm 

wall thickness) were installed at 6 o'clock position in each flow cell 
(Scheme 2). 

The test specimens (half-pipe and circular disks) were manufactured 
from S235JR carbon steel (Descoure and Cabaud, France). The S235JR 

carbon steel is composed of the following elements and corresponding 
mass percentage: 0.17% carbon (C), 1.4% manganese (Mn), 0.045% 

copper (Cu), 0.03% sulfur (S) and 0.03% phosphorus (P). Ali exposed 
surfaces were ground manually using silicon carbide (SiC) paper 
of increasingly fine grain, ending with 600-grit. Grinding debris 
were rinsed off the electrode surface with sterile deionized water. 
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Scheme 1. Schematic representation of the bioreactor loop. 

The specimens were exposed for 3 h on each side under UV light 

(wave Iength 256 nm: XX-15, sterilization UV Iamp, UVP, USA) at 

25 °C. 

The bioreactor vesse) was filled up with 40 Lof seawater, and oxygen 

was removed by purging with nitrogen for 3 days, i.e. until the optical 

oxygen probe reached its detection limit of 10 ppb. The flow system 

was then activated, and the flow rate maintained at 180 ml/min in 

each of the flow cells for the initial 15 days of the test. 15 days after 

the start of the test flow was stopped for 2 days, and the bioreactor ves­

se) was seeded with bacterial inoculum. Tuen flow was re-established. 

The bioreactor loop was operated continuously for the next 83 days. 

At the end of the 100-day period, the reactor was decommissioned. 

Electrochemical measurements were carried out at regular intervals, 

as described in Section 2.2. 

Microbial consortia which served as a source of inoculum for the 

Iaboratory bioreactor Ioop were obtained from a SWIS Iocated on an off­

shore installation, code name S, in the Norwegian sector of the North 

Sea. Two bio-probes (0.3 cm2 surface area with 0.08 cm in diameter 

and a Iength of 1.2 cm) manufactured from St-52 carbon steel were 

removed from a SWIS side-stream rig after one and three months of 
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Scheme 2. Schematic representation of cross-section and fitting distribution of the flow through cell. 
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Four half-pipe steel specimens, two from each flow cell, were re­
moved from the bioreactor and equally divided into two batches. 
Specimens were prepared for Scanning Electron Microscopy (SEM) 
analysis as follows: 

a) Batch No. 1: specimens were dried under nitrogen stream and im­
mediately examined with the high resolution SEM (JSM-5800,
Joel,Japan) interfaced with a EDX acquisition system (Voyager®,
NORAN Instruments Inc., USA)

b) Batch No. 2: specimens were placed in 2.5 ( w /v )% glutaraldehyde
(Electron Microscopy Science, USA) for 90 min at 4 °C and then
surface deposits were removed by sterile scalpel blade. Biofilm
samples were washed by 4 x 15 min immersions in 0.1 M sodium
cacodylate buffer (MERCK, Germany). Post-fixation was carried

out by placing biofilm samples for 1 h in the solution of 1 (w/v)% os­

mium tetroxide (purity>99.95%, Electron Microscopy Science, USA)
in 0.1 M sodium cacodylate buffer. Post-fixed samples were washed
in 0.1 M sodium cacodylate buffer (2 x 20 min) and dehydrated
following serial immersions (15 min in 30 (v/v)%, 15 min in 50
(v/v)%, 20 min in 70 (v/v)%, 2 x 15 min in 96 (v/v)% and

2 x 15 min in 100 (v/v)% in aqueous ethanol (99.8%, Sigma-Aldrich,
Norway) solutions). De-watered biofilm samples were placed in
an oven (Type TS 4057, Thermaks AS, Norway) at 37 °C ovemight.
Dried samples were sputter-coated with palladium for 6 min and
imaged with high resolution SEM (JSM-7400F, Joel, Japan).

Ali EDX results are given as percentage by number of atoms
(At( element)/%) of each of the elements identified in scanned area. 

2.2.3. Elemental analysis 

A representative part of corrosion products was removed from 

the surface of one steel half-pipe specimen from each flow ce!!. Each 
specimen was placed for 1 h in 20 ml of filtered (0.22 µm) aqueous 

hydrochloric acid solution (50 (v/v)%), and stored at 4 °C for further 
analysis. Iron and major seawater cations (sodium (Na), calcium (Ca), 
magnesium (Mg) and potassium (K)) and anions such as sulfur (S) 
and phosphorus (P), were analyzed with Inductively Coupled Plasma­
Atomic Emission Spectroscopy (ICP-AES) (Ultra-trace 2000 ICP-AES, 
Jobin Yvon®, Horiba,Japan). 

Ail ICP-AES results are shown as molar concentrations ( c( element)/ 
mM). 

2.2.4. Microbio/ogica/ diversity assessment 

The following samples were used for deoxyribonucleic acid (DNA) 
analysis: 

1. As-received North Sea seawater (SW)
2. The biofilm field enrichment in SRB/2 medium (BFE)
3. Bioreactor vesse! inoculum consisting of pooled re-enrichments as

described in section 2.4.1 (BVI)
4. Biofilms removed from steel specimens exposed in the contrai flow

cell (BCFC)
5. Biofilms removed from steel specimens exposed in the experimental

flow cell (BEFC)
6. Water samples from the experimental flow cell (WEFC)

Total DNA was isolated from each sample using the PowerBiofilm™ 

DNA isolation kit (Mo BIO Laboratories, UK) according to the 
manufacturer's instructions. The concentration of extracted and puri­
fied DNA was determined using a NanoDrop ND-1000 spectrophotom­
eter (Thermo Scientific, USA). Ali extracted DNA was stored at -20 °C. 

Isolated DNA was subject to Polymerase Chain Reaction (PCR) 
(peqStar 96 Universal Gradient, PeqLab, UK). The 16S rRNA gene 
(550 bp) was amplified using universal bacterial primers: 341 F + GC 
( 5'-CGC CCG CCG CGC GCG GGC GGG GCG GGG GCA CGG GGG GCC 
TAC GGG AGG CAG CAG-3') and 907R (5'-CCG TCA ATT CMT TTG AGT 
TT-3) [44] (Life Technologies, UK). PCR reactions were performed in 
50 µL mixtures, containing 25 µLof 10x GoTaq® Green Master Mix 

(Promega, UK) and 1 µL of each primer (10mM). The DNA was initially 
denatured at 94 °C for 4 min; followed by a touchdown PCR: 20 cycles of 
94 °C for 1 min, 63-54 °C for 1 min and 72 °C for 1 min followed by 15 -
cycles of 94 °C for 1 min, 53 °C for 1 min and 72 °C for 1 min with a final 
10-minunte cycle at 72 °C. The PCR products were separated on a 1.0%
agarose gel stained with SYBR® Safe DNA gel stain (Invitrogen Corp.,

USA) and viewed under UV transillumination (Alpha Innotech
Corporation, USA) and Digital Camera (Olympus C-4000 Zoom) to en­
sure that the correct size fragment was amplified.

PCR-amplified bacterial 16S rRNA gene products (30-40 µ) were 
separated by Denaturing Gradient Gel Electrophoresis (DGGE) using 
an lngeny DGGE apparatus (lngeny International BV, The Netherlands), 
at the temperature of 60 °C for 20 h. The voltage was set to 90 V, after 
an initial 10 min at 200 V. The standard gradient was formed of 6% poly­

acrylamide in 0.5 x Tris-acetate-EDTA (TAE) buffer with between 30% 
and 80% denaturant (7 M urea and 40% formamide defined as 100% 
denaturant). Following electrophoresis, the gel was stained with SYBR® 
Safe DNA gel stain (Invitrogen Corp., USA), viewed under UV transillumi­
nation and a permanent image captured using the Alpha Innotech Gel 
Documentation System (Alpha Innotech Corporation, USA). 

Ail visible bands were eut from the gel using a sterile scalpel blade. 
To extract the DNA, each eut-out was transferred into sterile 1.5 ml 
microcentrifuge tubes containing 30 µL of ultra-pure water and then 
centrifuged at 13,000g for 1 min (Heraeus Fresco 21, Thermo Scientific, 
UK). Aliquots ( 5 µL) of supematants were used for PCR re-amplification 
as described above. PCR products were purified with the NucleoSpin® 
Extract II PCR purification kit (Macherey-Nagel, UK) and sequenced by 
GATC Biotech (UK). 

PCR-amplicons were cloned into the pGEM-T Easy Vector 
(Promega, UK) according to standard methods [45]. Escherichia 

coli JM 109 ( Promega, UK) was used as a host strain for molecular 
cloning [46]. E. coliJM 109 was grown in Lysogeny Broth (LB) medium 
[ 45] and Super Optimal Broth with Catabolite repression (SOC) medium

(Promega, UK) at 37 °C. The solid LB medium was supplemented with
100 µg/mL ampicillin, 100 µg/mL X-Gal and 0.5 mM IPTG. Recombinant
plasmid DNA was purified using a NucleoSpin® Plasmid QuickPure
(Macherey-Nagel, UK) following the manufacturer's instructions.

Recombinant plasmid extraction and purification was carried 
out from liquid cultures of the positive E. coti colonies obtained 
from the transformation using NucleoSpin® Plasmid QuickPure 
(Macherey-Nagel, UK) following the manufacturer's protocol (Plasmid 
DNA Purification User Manual, 07/2010 p.18-19). 

Purified plasmids were sent to the GATC Biotech UK DNA sequencing 
service. Bacterial identification was carried out through sequence 
homology searches in Basic Local Alignment Search Tool (BLAST). 

3. Results

3.1. Evaluation of electrochemical data 

Prior to bioreactor seeding, OCPs for working electrodes ( circular 
disks) in both the contrai and experimental flow cells fluctuated 
between -950 < E(OCP)/mV (vs. SCE) < -710 (Fig. 1 ). Following 

inoculation OCPs stabilized at -800 < E(OCP)/mV (vs. SCE) < -700 
in both flow cells. 

Prior to bioreactor seeding, average 1/(R
p
/0) values of approximate­

ly 2 x 10-5 were recorded for specimens in the contrai cell (Fig. 2).
Between day 24 and day 52, average 1/(R

p
/0) values increased to ap­

proximately 1.1 x 10-5 but with relatively large fluctuations. During
the subsequent 27 days of the test, 1/(R

p
/0) decreased to 4.5 x 10-5

and from day 79 until the test termination 1/(R
p
/0) gradually increased 

and reached a final value of 1.1 x 10-5_
Values of 1/(R

p
/0) for steel coupons in the experimental flow cell are 

shown in Fig. 2. Preceding inoculation, 1/(R
p
/0) values were similar to 

the ones recorded in the contrai ce!!. Following inoculation, 1/(R
p
/0) 

increased gradually from 2 x 10-5 at day 24 to 5 x 10-5 at day 52 and



-1

-0.9

-0.8

-0.7

-0.6

0 20 40 60 80 100

E
(O

C
P

)/
V

(v
s.

 S
C

E
)

t/d

E(OCP incontrol flow cell)/V (vs. SCE) = f(t)

E(OCP in experimental flow cell)/V (vs. SCE) = f(t)

t(inoc.)/d=15

0.E+00

1.E-05

2.E-05

3.E-05

0 20 40 60 80 100

1/
(R

p
/Ω

)

t /d

Average 1/(Rp/Ω ) control cell = f (t / d)

Average 1/(Rp/Ω ) experimental cell = f (t / d)

t(inoc.)/d=15

A

B

-610

-560

-510

-460

-410

-12.00

-6.00

0.00

6.00

12.00

0 500 1000

E
/m

V
(v

s.
 P

R
E

)

I/A

t/s

I / µA = f (t / s) E / mV (vs. PRE) = f (t / s)

-342

-341

-340

-339

-338

-200

-150

-100

-50

0

0 200 400 600 800 1000

E
/m

V
 (

vs
. P

R
E

)

I/n
A

t/s

I/ nA = f (t / s) E/ mV (vs. PRE) = f (t / s)



A

B

-320

-260

-200

-20

0

20

40

60

0 200 400 600 800 1000

E
/m

V
(v

s.
 P

R
E

)

I/µ
A

t/s

I (day 37)/ µA = f (t / s)
I (day 83)/ µA = f (t / s)
I (day 100)/ µA = f (t / s)
E (day 37) /mV (vs. PRE) = f (t / s)
E (day 83) /mV (vs. PRE) = f (t / s)
E (day 100) /mV (vs. PRE) = f (t / s)

E

-400

-350

-300

0

20

40

60

80

100

0 200 400 600 800 1000

E
/m

V
(v

s.
 P

R
E

)

I/µ
A

t/s

I (37 day) / µA = f (t  / s)
I (83 day) / µA = f (t  / s)
I (100 day) / µA = f (t  / s)
E (37 d) / mV (vs. PRE) = f (t  / s)
E (83 day)/ mV (vs. PRE) = f (t  / s)
E (100 day)/ mV (vs. PRE) = f (t  / s)

I

E

I
A

B

0.00

0.01

0.10

1.00

0 20 40 60 80 100

L
I

t /d

LI (control cell) / dimensionless = f (t / d);
LI - Localized Index

t (inoc.)/d=15

0.00

0.01

0.10

1.00

0 20 40 60 80 100

L
I

t /d

LI (exprimental cell) / dimensionless = f (t / d);
LI - Loclaized Index

t (inoc.)/d=15



A

B

-5

0

5

10

15

20

25

-10

-7

-4

-1

2

5

0 20 40 60 80 100

ku
rt

o
si

s 
(E

C
N

)

sk
ew

n
es

s 
(E

C
N

)

t /d

skewness (ECN) / dimensionless = f (t / d)

kurtosis (ECN)  / dimensionless = f (t / d)

-10

0

10

20

30

40

50

-20

-10

0

10

0 20 40 60 80 100

ku
st

o
si

s 
(E

C
N

)

sk
ew

n
es

s 
(E

C
N

)

t /d

skewness (ECN) / dimensionless = f (t  / d)

kurtosis (ECN)  / dimensionless = f (t  / d)



Table 1 

Results of EDX surface analysis of 6 o'dock coupons after 100 days of exposure in control and experimental ce!!. Results given in atomic fractions (At( element)/%) for iron (Fe), sulfur (S), 
oxygen (0), magnesium (Mg), calcium (Ca) and Chlorine (Cl). 

At(Fe)/% a At(S)/% b 

Control cell - 49.2 1.8 
corrosion product 

Control cell - 80.3 03 

surface after corrosion 
product removing 

Experimental cell - 31.5 5.2 
corrosion product 

Experimental cell - 89.0 0.7 
surface after corrosion 
product removing 

a Percentage of iron (Fe) by number of atoms in the scanned area. 
b Percentage of sulfur (S) by number of atoms in the scanned area. 
c Percentage ofoxygen (0) by number of atoms in the scanned area. 
d Percentage of magnesium (Mg) by number of atoms in the scanned area. 
• Percentage of calcium (Ca) by number of atoms in the scanned area.
r Percentage of chlorine (Cl) by number of atoms in the scanned area.

profiles in samples with recoverable intact DNA (profiles not shown) is 

summarized in Table 3. 

DGGE analysis of the seawater sample (SW) revealed 11 unique 

bands in DNA profile, which indicates the presence of at least 11 dif­
ferent bacterial strains. None of the bands detected in SW could be 

matched with bands obtained from field enrichments (BFE) or from 
the bioreactor vesse! inoculum (BVI). DNA profile from BVI revealed 

7 bands of which 4 were shared with the profile representing biofilms 

removed from steel specimens exposed in the experimental flow cell 

(BEFC). This strongly suggests that out of at least 7 strains seeded into 
the bioreactor vesse! only 4 were successful in colonizing steel surfaces. 

At least 2 bands in BEFC profile originated from SW as they were absent 

from BVI profile. All 4 bands seen in the profile of DNA which repre­

sented planktonic population in the experimental cell (WEFC) were 

common with bands seen in BVI and BEFC profiles. Thus, at the 

time of sampling, 2 out of 6 bacterial strains detected in BEFC were 

present solely as sessile populations and were not detectable in the 
bulk liquid phase. The DNA profile from the biofilm field enrichment 

in SRB/2 medium (BFE) was the least divers with only 3 visible 

bands, ail of which were represented in BEFC profile. 

Three very faint bands were observed in DGGE profiles of DNA from 
bulk fluid and sessile samples in the contrai cell. The position of these 

bands matched the position of the bands in BVI and in BFE profiles. 

Since DNA can pass freely through a 2 µm filter the bands were 

representing DNA of dominant bacteria species seeded into the bioreac­
tor vesse!. It is important to realize that the presence of the DNA bands 

atone does not necessarily signify the presence of living bacterial cells. 
Therefore, it is imperative that molecular data are confirmed with mi­

croscopy imaging. SEM results, reported above, verified the absence of 
bacterial cells in the contrai flow cell. 

Table2 

At(O)/% C 

33.8 

8.7 

48.6 

8.4 

At(Mg)/% d 

1.9 

NA 

0.7 

NA 

At(Ca)/% • 

0.1 

0.1 

0.3 

NA 

At(Cl)/% r 

3.3 

0.1 

9.9 

NA 

Cloning and sequencing confirmed the presence of 16S rRNA 

sequences characteristic of sulfate-reducing bacteria of the genus 

Desulfovibrio (99% sequence similarity with Desulfovibrio profunda 

DSM 11384) and sulfidogenic spore forming Firmicutes of the genus 
Caminicella (99% sequence homology with Caminicella sporogenes strain 

AMl 114) in biofilm field enrichments used for the seeding of the biore­
actor vesse! (Table 4). However, planktonic and sessile populations in 

the experimental flow cell revealed H2S-producing bacteria of phyla 

Firmicutes and Synergistetes as dominant clones. In the former phylum, 
the genus Caminicella was the most abundant clone in both, biofilms on 

steel coupons and in the liquid phase. None of the selected clones had 

16S rRNA sequences identifiable as belonging to SRB. Although DNA 

from SW contained sequences of alphaproteobacteria and bacteria of 

the genera Bacillus, Rhodobacterales, Oceanospirillates and Alteromonas, 

there was no evidence that these organisms persisted as dominant 
species either in the planktonic phase or in biofilms on steel specimens 

in the experimental flow cell. Sulfidogenic Synergistetes of genera 
Thermovirga and Anaerobaculum were identified only in the bulk fluid 

of the experimental flow cell and were absent in clones from SW and 
from the bioreactor inoculum. 

It is important to note that the selection of clones is a random pro­

cess. A low abundance of the clone representing certain sequence sig­

nifies that DNA representing this sequence is a minor contributor to 
the overall DNA pool. Therefore, the probability of detecting such se­

quence is low. The presence of sequences belonging to Synergistetes 
in the DNA recovered from the liquid phase of the experimental cell 

and their lack in the bioreactor inoculum and in seawater sample indi­
cates a low frequency of corresponding clones in BVI and in SW DNA 

samples at the beginning of the experiment Likewise, the absence of 
SRB sequences in the experimental flow cell, despite identifying those 

ICP-AES analysis of corrosion products removed from 6 o'dock positioned steel specimens surface after 100 days of the exposure and dissolved in aqueous HCI solution (50 (v/v)%). 
Results given in molar concentrations (c(element)/mM) for iron (Fe). calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), and sulfur (S). 

Control cell 
Experimental 

cell 

c(Fe)/mM a 

13.9 
18.5 

a Molar concentration ofiron (Fe) in analyzed sample. 

c(Ca)/mM b 

3.1 
1.7 

b Molar concentration of calcium (Ca) in analyzed sample. 
c Molar concentration of potassium (K) in analyzed sample. 
a Molar concentration ofmagnesium (Mg) in analyzed sample. 
• Molar concentration of sodium (Na) in analyzed sample. 
' Molar concentration of sulfur (S) in analyzed sample. 

c(K)/mM c 

0.1 
0.1 

c(Mg)/mM d 

03 

1.4 

c(Na)/mM • 

1.4 
1.8 

c(S)/mM r 

0.7 
73 



A 

Fig. 8. Macro and micro photographs ( 6 o'clock position) of specimens after 100 days of a exposure in the experimental cell: (A) Photography of coupon before preparation for SEM/EDX; 

(B) SEM image (8000x) of the immobilized corrosion products/biofilm deposits; (C) SEM image (200x) of black deposit formed in the coupon, total area is scanned by EDX. 

sequences in the bioreactor inoculum, is likely due to the increase of 

DNA from Firmicutes of the class Clostridia, of which most are thiosul­

fate and organic sulphur reducers. 

DGGE analysis revealed that bacterial diversity in ail DNA samples 

was higher than the cloning results would indicate. However, as already 

stated, cloning demonstrated that sulfidogenic spore forming bacterium 

of the phylum Finnicutes and the genus Caminicella was, most likely, 

the dominant biofilm and planktonic organism in the experimental 

flow cell. 

4. Discussion

Corrosion measurements carried out by LPR and EN revealed bath 

similarities and differences in the corrosion behavior of carbon steel 

specimens exposed in the contrai cell versus the experimental cell. 

Fig. 9. Working electrode micro photographs (100x) after 100 days of an exposure in the: 

(A) contrai cell (after corrosion product removal); (B) experimental cell (after corrosion

product removal).

The observed initial fluctuations of OCP in bath cells were likely 

reflecting chemical changes to the specimen surfaces occurring during 

short period after specimen immersion. As mentioned previously, OCP 

stabilized at -800 < E(OCP)/mV(vs. SCE) < -700 in bath flow cells 

which corresponds to values reported elsewhere [53]. 

For most of the testing period, the overall rate of corrosion, 

e.g. 1/(R
p
/D), was lower in the experimental flow cell than in the

contrai flow ce!!. However, at the beginning and towards the end

of the experiment, the corrosion behavior was similar in the two

cells. In bath cells, the corrosion resistance of steel was very high

(Fig. 2) during the first 21 days of the test, i.e. before and

immediately after inoculation. This indicates that a protective fer­

rous film remained relatively intact on the metal surface, despite

the presence of high concentration of aggressive chloride ions in

the seawater. A similarly high corrosion resistance has previously

been reported for carbon steel in a sterile artificial growth medium

containing high concentrations of aggressive ions [47].

Between day 21 and day 52, there was a marked increase in the 

1/(R
p
/D) values in the contrai, but not in the experimental flow 

cell, see Fig. 2. In general, such variations may be due to differences 

in the mineralization processes [6,54]. The increase in 1/(R
p
/D) for 

the contrai flow cell is consistent with a breakdown or a graduai 

weakening of the protective ferrous layer [ 54] that occurs concurrently 

with the observed formation of iron oxides and of a thin, sparse and 

localized "green rust" layer on the carbon steel surfaces (Fig. 7 and 

Table 3 ). Such localized minerai formation has previously been reported 

to result in increased average 1/(R
p
/D) values, presumably due to the 

formation of galvanic concentration cells [ 15 ]. 

The observation that 1/(R
p
/D) remains at relatively low values in the 

experimental flow cell, up to about day 83, can be given different expla­

nations. It may be that the minerais formed in the experimental flow 

cell do not have as pronounced an effect of weakening the protective 

ferrous layer as those formed in the contrai flow ce!!. In addition, the 

presence of biofilm and high concentrations of microbial endo- and 

exo-metabolites will lead to an additional build-up of a biotic layer on 

the carbon steel surfaces in the experimental flow ce!!. Finally, higher 

concentrations of bacterially produced dihydrogen sulfide in the exper­

imental reactor are expected to result in the formation of different iron 

sulfides layers (Table 1 ). Thus, the biotic layer could be modified by a 

compact and protective layer of iron(II) sulfide (FeS) and iron(III)­

oxide (Fe203) [53] or green rust in our study. The evidence is that the 

cumulative effect of these processes is protective relative to the contrai 

cell (Fig. 8 ). 

From about day 50 until test termination, the 1/(R
p
/D) values in the 

contrai cell remained relatively stable, with some increase, see Fig. 2A. 

This may reflect a state of instability of surface deposits with opposing 

rates of formation and destruction of local defects in the corrosion prod­

ucts layers (54). This is supported by the observations of EN pattern 

characteristics for metastable pitting (Fig. 3A) and of LI values indicative 

of a mixed corrosion mechanism (Fig. SA) [48,49]. 
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