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The effect of Geobacter sulfurreducens on the electrochemical behaviour of carbon steel in anaerobic phos-
phate solution is studied here. In natural environments, G. sulfurreducens is able to reduce Fe(III) to Fe(II)
during the oxidation of acetate. High availability of Fe(II) promoted the formation of an iron (II) phos-
phate layer on the steel. It is assumed that this phosphate layer, formed only when bacteria were present,
is responsible for maintaining the corrosion potential stable even after intrusion of air. In contrast, the
corrosion potential in the abiotic experiments suffered an increase of 450 mV after few hours of exposure
to air.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Microbial development occurs in almost all environments
through biofilm formation and may be responsible for microbio-
logically-influenced corrosion (MIC), also known as microbial cor-
rosion or biocorrosion, which can be defined as the enhancement
or acceleration of corrosion by the presence of bacteria [1]. How-
ever, many authors have questioned the harmfulness of biofilms
on metal surfaces and even argued that some of them may reduce
corrosion rates by various mechanisms [2–5]. One of these
mechanisms is a surface reaction leading to the formation of a cor-
rosion-inhibiting layer of phosphate such as the iron phosphate
named vivianite.

Vivianite is an iron (II) phosphate, Fe3(PO4)2�8H2O, which may
be used as a corrosion inhibiting agent of iron because of its low
solubility: it forms a film of poorly soluble and non-oxidising cor-
rosion product on the metal surface [4–7]. Corrosion inhibition is
the slowing down of the corrosion reaction usually performed by
substances (corrosion inhibitors) which, when added to an envi-
ronment in small amounts, decrease the rate of attack by this envi-
ronment on a metal [8]. A protection method against corrosion
used by some industries is acid phosphating with phosphates of
zinc, iron or manganese, which leads to vivianite production [4].
This procedure is carried out at temperatures of up to 95 �C and
pH values between 2 and 3.5.

One of the most studied mechanisms of corrosion inhibition
promoted by microorganisms, or microbially influenced corrosion
inhibition (MICI), is corrosion control using beneficial biofilms
[7–10]. These benefits can be linked either to physical characteris-
tics of the biofilm or to biochemical characteristics involving
metabolites. A biofilm is a highly organised bacterial community
with cells entrapped in a matrix of extracellular polymer sub-
stances (EPS). On the one hand, the bacteria may form a persistent
film adhering to the metal/solution interface and reducing the cor-
rosion rate by forming a transport barrier, which may prevent the
penetration of corrosive agents (such as oxygen, and chloride),
decreasing their contact with the metal surface and thus reducing
corrosion [7,8]. However, some studies have shown that this pro-
tection is not effective and that biofilms could instead promote
corrosion by the formation of a non-uniform patch which, in the
presence of aerobic respiration, results in the formation of a
differential aeration cell, thus accelerating the corrosion rate
[7,11]. On the other hand, corrosion inhibition is sometimes
explained by the biochemical characteristics of the microorgan-
isms themselves and/or their enzymes. For instance, a vivianite
deposit was observed on mild steel electrodes placed in a galvanic
cell in presence of hydrogenase from Clostridium acetobutylicum
(an iron reducing bacterium – IRB) [12,13]. The consequence of this
catalysed deposit was a delay in pitting corrosion or a reduced cor-
rosion rate. Other authors [9,10,14,15], have claimed that different
species of bacteria (most of them belonging to the IRB-group)
induce a reduction of corrosion rates, the prevention of pitting
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corrosion and a reduction of both cathodic and anodic reaction
rates for materials such as stainless steel [16], mild steel and alu-
minium brass [9,10]. Little et al. [16] and Eashwar et al. [17] have
claimed that corrosion inhibition on stainless steel is due to a
mechanism in which siderophores (iron chelators) produced by
microorganisms within biofilms at neutral pH act as inhibitors
and enhance the passivity of stainless steel by reducing the
passivation current (ip). Other mechanisms most frequently cited
for MICI are resumed by Little and Ray [18] in a critical review.
These mechanisms are: formation of a diffusion barrier to corro-
sion products that stifle metal dissolution, consumption of oxygen
by respiring aerobic microorganisms within the biofilm causing a
diminution of that reactant at the metal surface, production of
metabolic products that act as corrosion inhibitors (e.g. sidero-
phores, vivianite), production of specific antibiotics that prevent
proliferation of corrosion-causing organisms (e.g., sulphate-reduc-
ing bacteria (SRB)), formation of passive layers that are due to the
presence of microorganisms [18], reduction of ferric ions to ferrous
ions (in presence of IRB) and increase consumption of oxygen
[15,19]. Moreover, Herrera and Videla [20] claim that the introduc-
tion of IRB in industrial water systems that contain SRB and other
corrosion-inducing bacteria causes not only the exfoliation of cor-
rosion products but also the protection of the metal surfaces from
further corrosion. In general, the main mechanisms of corrosion
inhibition by bacteria are linked to a marked modification of the
environmental conditions at the metal/solution interface by bio-
logical activity [20].

Moreover, IRB have been reported to biologically produce vivia-
nite at laboratory scale under aerobic conditions with a few bacte-
rial strains such as Pseudomonas sp. [2] and Rhodococcus sp., using a
metal coupon and 20 mM of phosphate buffer [4,5,21]. Islam et al.
[22] reported vivianite formation under anaerobic conditions by
Geobacter sulfurreducens using soluble Fe (III) (iron citrate) as elec-
tron acceptor. When the organism was grown using insoluble crys-
talline Fe (III) and oxy-hydroxide as electron acceptor, Fe (III)
reduction resulted in the formation of magnetite instead of vivia-
nite. These same results were also observed by Lovley and Phillips
[23].

G. sulfurreducens is a dissimilatory IRB thanks to its electron
exchange capabilities with solid substrate [24]. However, its role
in corrosion is still uncertain. Recent studies with G. sulfurreducens
have shown that these bacteria can exert two different effects on
304L stainless steel: just after inoculation, G. sulfurreducens cells
create a cathodic reaction on the material, which leads to a fast
increase in its open circuit potential (OCP), heightening the corro-
sion risk. In contrast, after a few days, well established biofilms
shift the pitting potential towards positive values, which may be
interpreted as a protective effect [3]. This research concluded that
G. sulfurreducens played a role in the corrosion behaviour of 304L,
which depends on medium composition. In the absence of acetate
(lack of electron donor), G. sulfurreducens biofilms promote the
propagation of pitting whereas, in the absence of fumarate (lack
of electron acceptor), G. sulfurreducens cells were able to delay
pit occurrence, thus protecting the metal.

The controversy about enhancement of corrosion and/or protec-
tion against corrosion promoted by microorganisms is still unre-
solved regarding this bacterial group. According to some reports,
IRB are able to induce protection of carbon steel [3,16,20] while
others suggest a considerable increase of corrosion through the
reduction and removal of passive films of ferric compounds on
the metal surface [3,19,20].

On the other hand, iron reducers can have a major effect on the
availability of iron ions through the solubilisation of insoluble iron
compounds and the resulting formation of biominerals [25]. Bio-
logically induced mineralisation is a process where bacteria pro-
duce biominerals, commonly as a secondary event from
Please cite this article in press as: C. Cote et al., Geobacter sulfurreducens: An iro
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interactions between the activity of the microorganisms and their
surrounding environments [26]. The formation of phosphate
minerals has frequently been observed in sedimentary environ-
ments where biological productivity is high [27]. Since G. sulfurre-
ducens is a ubiquitous species in sediments and soils, it can have a
relevant effect on corrosion and the corrosion protection of buried
industrial equipment such as off-shore and harbour structures, oil
and gas pipes and buried storage tanks [28]. Nevertheless, this bac-
terial genus has mainly been studied in the context of microbial
fuel cells rather than that of corrosion.

Although Geobacter metallireducens and Shewanella oneidensis
have been equally studied concerning their role in biomineralisa-
tion and their use of Fe (III) as terminal electron acceptor in
anaerobic respiration processes, only Shewanella has been studied
in relation to corrosion processes [19,29,30].

Corrosion studies involving iron reducing bacteria such as G.
sulfurreducens have been reported only by Mehanna et al.
[3,13,28]. Other studies have dealt with the behaviour and charac-
teristics of these bacteria, such as their electroactivity, their envi-
ronmental role concerning iron sources and bio-mineralisation,
and their metabolism [22–24,31,32]. Moreover, little work has
been done to examine which iron reducing microbial species are
prevalent within bacterial communities that lead to corrosion
[20]. Considering the lack of knowledge about the influence of
these bacteria in corrosion, the objective of the present study is
to find out whether G. sulfurreducens is able to protect carbon steel
against corrosion and, if so, what the mechanism of inhibition is.

In the present work, the concentrations of electron donor (ace-
tate) and electron acceptor (fumarate) were considerably reduced
for the electrochemical experiments with the aim of diminishing
the likelihood of biofilm formation through the scarcity of carbon
source. Thus the interference of EPS and of the complex biofilm
itself in the electrochemical behaviour was reduced. Furthermore,
lowering the acetate concentration would unbalance the redox
state of the bacterial cells, forcing them to search for a new source
of electrons on the material surface. All these altered conditions
(electron acceptor and donor and phosphate concentration) would
make it possible to see the response of the bacteria on carbon steel
in conditions much closer to those of the environments where this
type of bacteria may live. The final objective was to determine
whether G. sulfurreducens enhances or inhibits the corrosion of car-
bon steel in these conditions.
2. Experimental procedure

2.1. Bacteria and media

The G. sulfurreducens ATCC 51573 strain used for the experi-
ments was obtained from DSMZ (Deutsche Sammlung von Mikro-
organismen und Zellkulturen). The media and solutions were
prepared following the DSMZ protocol [33]. The culture growth
medium contained 28 mM NH4Cl, 5 mM NaH2PO4, 1.3 mM KCl,
29.7 mM NaHCO3 and 10 mM sodium acetate (electron donor).
The medium was sterilised by autoclaving at 121 �C for 15 min.
Once the medium had cooled down, a sodium fumarate solution
(electron acceptor) filtered with a 0.2 lm pore filter was added
to obtain a final concentration of 50 mM of fumarate in the
medium. 10 mL/L of vitamins (ATCC MD-VS) and 10 mL/L of miner-
als solution (ATCC MD-TMS) were also added.

The G. sulfurreducens culture was performed in anaerobic glass
vials with 50 mL of growth medium. The vials were sealed with
butyl rubber septa and de-aerated by injecting N2/CO2 (80:20, v/
v) at least 30 min before the injection of bacteria (10% of bacterial
initial suspension). This first incubation lasted for 3–5 days at 30 �C
for optimum bacterial growth. The culture was ready for inocula-
n reducing bacterium that can protect carbon steel against corrosion?, Cor-
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tion into the electrochemical reactors once the absorbance in the
anaerobic vials reached around 0.3. The number of planktonic cells
was evaluated by measuring the absorbance at 620 nm. The absor-
bance was related to the number of cells expressed in Colony
Forming Units per millilitre (CFU mL�1) by the following calibra-
tion formula [34]:

½CFU mL�1� ¼ OD620nm � 472; 067 ð1Þ

where OD is the optical density measured at 620 nm.
The anaerobic reactors used for the electrochemical measure-

ments were filled with medium containing all the chemical com-
pounds found in the growth medium, most of which were at the
same concentrations. Only the electron donor and acceptor con-
centrations were adjusted: to 1 mM acetate and 10 or 25 mM
fumarate.

2.2. Electrochemical measurements

Anaerobic reactors of 0.5 L were used for experiments with G.
sulfurreducens, the liquid level being adjusted to give a total vol-
ume of 300 mL. The anaerobic conditions were obtained by bub-
bling N2/CO2 80:20 into the reactors for at least 45 min before
inserting the metal coupons. The flow of N2/CO2 was maintained
during the whole experiment unless stated otherwise. Reactors
were kept in a thermal bath in order to ensure a constant
temperature (30 �C) during experiments; pH was measured for
all the experiments at the initial time (h = 0) and final time
(h P 144 h).

The working electrodes (WEs) were 2-cm-diameter cylinders of
AISI C1145 carbon steel. The nominal chemical composition for the
steel C1145 is shown in Table 1.

The WE was covered by a polymeric coating (thermo-contractible
polyolefin, ATUM�) leaving a flat disk of the surface uncovered, with
a total exposed area of 3.14 cm2. Connections were made through
titanium wire protected with the same polymeric coating. The elec-
trodes were ground using SiC paper with P120–P600 grit until a
smooth surface was achieved. Grinding was followed by cleaning
with ethanol (70%) and thorough rinsing with sterile distilled water.

For all the experiments, electrochemical measurements were
performed using a multipotentiostat (VMP-Bio-Logic) with a
platinum grid (Pt, Ir 10%) used as counter electrode (CE). A silver
wire coated with silver chloride (Ag/AgCl) was used as the refer-
ence electrode (RE). Since the chloride concentration of the electro-
lyte was 0.03 M, the potential of the reference was
E = 0.223 � 0.059log[Cl�] = 0.31V vs. SHE.

The open circuit potential, OCP, was measured over time for all
the experiments. Electrochemical Impedance Spectroscopy (EIS)
was used to obtain information on the interface, using a frequency
from 100 kHz to 10 mHz and an amplitude of 10 mV. The tech-
niques described above were combined in order to obtain informa-
tion on the electrochemical system formed by the metal coupon in
the electrolyte and the influence of the electroactive bacteria G. sul-
furreducens on the system. The combination of these 2 techniques
together with surface analysis constitutes a good tool for studying
corrosion and electrochemical systems.

The carbon steel coupons were immersed in the de-aerated
reactor medium containing 5 mM of NaH2PO4, 1 mM acetate as
electron donor and 10 mM or 25 mM fumarate as electron accep-
tor. The concentrations of electron donor and electron acceptor
Table 1
Chemical composition of AISI C1145 (wt%).

Alloy Ni C Mn Cu Si S P Mo Cr

1145 0.10 0.46 0.65 0.11 0.31 0.03 0.01 0.02 0.10
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were considerably lower in the electrochemical experiments than
in the growth medium in the aim of reducing biofilm formation,
which could interfere with the electrochemical behaviour. Like-
wise, lowering the acetate concentration would favour the elec-
tronic exchange between the metal coupon and the bacteria. On
the other hand, phosphorus is an essential ingredient for bacterial
development and it was added into the medium in the form of
sodium phosphate, which was expected to bind with the ferrous
ions to form vivianite.

The electrochemical measurements were performed on abiotic
control systems and biotic inoculated systems during at least
144 h. The de-aerated conditions were maintained for at least the
first 90 h of measurements and, from that time on, as stated in
the results, air was allowed to enter the system and restored aero-
bic conditions. Note that the results given in this paper come from
experiments carried out 6 times for the systems with bacteria (1 of
them with injection of compressed air) and 5 times for the control
system (1 of them with injection of compressed air);
reproducibility was found to be high.

2.3. Analytical techniques

Total iron in solution was determined by Inductively Coupled
Plasma (ICP) analysis using a Horiba ICP–OES ULTIMA2. Twenty
mL of the sample was used for total iron measurement and sam-
ples were taken 3 times in the first 98 h (the conditions were kept
anaerobic during this time). The total iron was not measured in
presence of oxygen because oxygen could interfere with the mea-
surements by precipitating soluble iron, which would result in
measurements not representing the real total iron dissolved in
the medium.

2.4. Surface analysis

Scanning Electron Microscopy (SEM) images were taken using a
Hitachi TM3000 Analytical Table Top Microscope at 7000�magni-
fication, working at 15 kV acceleration voltage. The coupons were
washed with distilled water and dried with the N2/CO2 80:20 gas
mixture after 140 h of immersion in the media described.

Energy dispersive X-ray spectroscopy (EDX) was used for ele-
mental analysis of the surface of the coupons.
3. Results and discussion

3.1. Open circuit potential results

Coupons of AISI carbon steel C1145 (composition given in
Table 1) were immersed in the electrochemical reactors filled with
a medium containing 5 mM of NaH2PO4, 1 mM acetate as electron
donor and 10 or 25 mM fumarate as electron acceptor, among
other compounds. The metallic coupons were set up in the reactors
24 h before inoculation under anaerobic conditions: N2/CO2

(80:20) flow was maintained during the first 98 h of the experi-
ment. At time t = 98 h, the N2/CO2 was stopped and air was allowed
to come into the system by opening one of the exits of the reactor
in sterile conditions or by injecting sterile compressed air.

At 24 h, the reactors were inoculated with 5% (v/v) of cell cul-
ture containing approximately 1.42 � 105 CFU mL�1. In the control
reactors, 5% inoculum was also injected but this time filtered on
0.2 lm porous cellulose filter in order to remove the bacterial cells.
In this way the chemical composition of all the injected solutions
was identical, including the presence of metabolites but no bacte-
rial cells entered the control reactors. The electrochemical
behaviour of the system was tested by recording the open circuit
potential vs. time. The electrochemical experiments and the main
n reducing bacterium that can protect carbon steel against corrosion?, Cor-
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Table 2
Initial and final OCP for C1145 steel electrodes at the start and the end of the experiments performed in systems with or without bacteria using 1 mM of acetate (electron donor),
10 or 25 mM of fumarate (electron acceptor) and 5 mM of phosphate.

Type of experiment Fumarate
(mM)

Initial OCP (V vs. Ag/
AgCl)

Final time t
(h)

Final OCP (V vs. Ag/
AgCl)

t (h) in
anaerobiosis

OCP jump (V) at t
(h)

Control experiments (without
bacteria)

25 �0.80 149 �0.55 95 +0.25/100 h
10 �0.81 143 �0.49 98 +0.32/105 h
10 �0.82 140 �0.56 90 +0.26/120 h
10 �0.81 141 �0.28 90 +0.53/95 h
10 �0.81 135 �0.45 90 +0.36/90 ha

Inoculated experiments (with
bacteria)

10 �0.80 130 �0.45 70 +0.35/74 h
10 �0.81 144 �0.79 90 NAa,b

25 �0.78 142 �0.78 95 NA
10 �0.81 140 �0.79 98 NA
10 �0.81 168 �0.85 120 NA
10 �0.81 168 �0.8 120 NA
10 �0.81 157 �0.79 100 NA

a Experiments marked with (a) received injection of air instead of air entrance by opening the reactor.
b NA: Not applicable because no OCP jump was observed.
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Fig. 1. Variation of OCP over time for electrodes of AISI carbon steel C1145 in
medium containing 1 mM sodium acetate (electron donor), 10 mM of sodium
fumarate (electron acceptor) and 5 mM phosphate, in presence of 5% G. sulfurre-
ducens (C and D) or without bacteria (A and B). A and D: air entrance by air
injection; B and C: air entrance by opening the reactors.

Table 3
ICP results for total dissolved iron. (A) Control system, (B) inoculated system.

t (h) Fe (mg/L)

A Control/abiotic
24 5.22 ± 0.3
26 4.68 ± 0.07
92 8.46 ± 0.1

B Inoculated/biotic
24 5.11 ± 0.25
26 4.37 ± 0.05
92 1.37 ± 0.08
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results are summed up in Table 2. Fig 1 describes the OCP behav-
iour of 4 experiments running in parallel: two control systems
(curves A and B) and two systems with bacteria (curves C and D).
OCP remained stable over time in the 4 reactors under anaerobic
conditions.

When air entered the reactors, an OCP jump was observed for
the electrodes in the control systems, whereas little or no increase
was observed in the systems with bacteria if anaerobic conditions
had been maintained for at least 90 h. Note that the results of all
the experiments described in Table 2 show high reproducibility
regardless of the fumarate concentration.
3.1.1. Anaerobic system (t = 0 to t = 98 h)
Generally, OCP results in anaerobic conditions show that the

corrosion potential remained stable (Fig. 1). However, a small
increase in the OCP (+15 mV) was observed a few hours after
inoculation in the systems where cells were inoculated (Fig. 1,
curves C, D).

This small increase of OCP was also found by Mehanna et al.
[28] in experiments with G. sulfurreducens in a similar medium
using the same type of electrode, C1145. They observed a small
OCP increase during the first 20 min after inoculation of bacteria,
followed by a larger jump of OCP (+300 mV) in the next 3 h. When
observing the coupon surfaces, they stated that the presence of
bacteria changed the corrosion pattern by grouping corrosion
attack into large zones and setting up cathodic electron transfer
in places where the cells were growing, which protected the metal
against corrosion.
Please cite this article in press as: C. Cote et al., Geobacter sulfurreducens: An iro
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The experiments reported here did not give exactly the same
results as obtained by Mehanna et al. [28] although conditions
were very similar. The large potential increase in presence of bac-
teria observed in [28] only 3 h after inoculation and not observed
here might be explained by comparing the initial OCP values: the
initial potential reported in [28] was around �600 mV vs. Ag/AgCl,
which is nearly 200 mV more positive than the one observed here.
Having lower potential makes it easier for bacteria to reduce Fe(III)
to Fe(II). Fe (II) ions could then bind with phosphate, producing
iron phosphate that could protect the metal against a possible
increase of OCP.

In conclusion, the small increase in OCP indicated an increase of
the cathodic reaction due to the reduction of Fe (III) ions to Fe (II),
which led to the formation of an iron (II) phosphate, probably
vivianite. This slight increase in potential led to an initial activation
of the interface and thus an initial acceleration of the corrosion
rate, which decreased after the vivianite formation.

Additionally, total dissolved iron was measured by ICP at 3 dif-
ferent times (at t = 24 h, just before inoculation, at t = 26 h, after
inoculation and at t = 92 h, before oxygen was admitted) results
show that, at times 24 h and 26 h, a very similar concentration of
iron was found in both systems, confirming the reproducibility of
the tests (Table 3). The slight decrease of dissolved iron at time
26 h may be explained by precipitation of iron oxide due to the
entry of a small amount of oxygen during the inoculation. At time
92 h, an increase in the iron concentration was observed in the
control abiotic system whereas there was a decrease in the biotic
inoculated one. Moreover, the quantity of total dissolved iron at
hour 92 was 6 times lower in the system with bacteria (1.37 mg/
L) than in the control system (8.46 mg/L). This can be explained
by the precipitation of iron phosphate compound in presence of
n reducing bacterium that can protect carbon steel against corrosion?, Cor-

http://dx.doi.org/10.1016/j.corsci.2015.01.044


Table 4
Comparison of initial and final pH values for systems with a metal coupon C1145 in
presence of G. sulfurreducens (inoculated experiments) and without bacteria (control
systems).

Type of experiment [fumarate]
(mM)

pH
initial

pH
final

Control experiments (without
bacteria)

25 6.9 7.5
10 6.9 7.5
10 6.9 7.6
10 6.8 7.2
10 6.8 8.4

Inoculated experiments (with
bacteria)

10 6.8 7.1
25 6.8 7.2
10 6.8 7.4
10 6.8 7.0
10 6.8 6.9
10 6.8 7.0
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bacteria since the Fe II, coming from Fe III reduction catalysed by G.
sulfurreducens, bound with the phosphate, can form either the
vivianite layer on the surface of the coupon or phosphate precipi-
tates in the solution.
3.1.2. Aerobic system (t = 98 h to t = 140 h)
Without stopping OCP measurements, the 4 reactors described

above (Fig. 1) were exposed to aerobic conditions at t = 98 h. Once
the injection of N2/CO2 stopped and air was allowed to enter the
reactor, either by opening the reactor (curves B, C) or by injecting
compressed air (curve A, D), a potential increase of over 300–
400 mV was observed in the control reactors (without bacteria,
curves A, B) whereas the OCP of the reactors with bacteria
remained stable (curves C, D). As was expected, the increase of
OCP in the control system was much faster when the compressed
20 mm 

B 

Without bacteria
A

B1

B2

Fig. 2. Macro and micro photographs of coupons after 140 h of immersion: (A) photograp
SEM image of control coupon; and (C) SEM image of coupon tested with bacteria.

Please cite this article in press as: C. Cote et al., Geobacter sulfurreducens: An iro
ros. Sci. (2015), http://dx.doi.org/10.1016/j.corsci.2015.01.044
air was injected (curve A) than in the experiment where air was
allowed to enter the system by the opening of one of the reactor
closing capsules (curve B). When the air was injected, the potential
increase was observed immediately whereas, when the reactor
was opened, the increase in OCP was observed after a delay of 5–
20 h.

The OCP or corrosion potential increase observed in the control
systems indicates that the system changed drastically, switching
the cathodic reaction from water reduction to oxygen reduction,
which induced higher corrosion rates [35].

In contrast, the stability of the OCP in the inoculated system
indicates that the presence of bacteria prevented the acceleration
of the cathodic reaction seen in the control system, due to the
coating of iron (II) phosphate that was formed only when bacteria
were inoculated. Therefore, G. sulfurreducens catalysed the forma-
tion of a protective layer against corrosion that was able to prevent
the increase of corrosion when oxygen was present in the system,
reducing its oxidant action on the metal.

Moreover, an OCP increase was observed when the anaerobic
conditions were stopped before 90 h of immersion in the systems
with bacteria (Table 2, curve not shown). It can thus be assumed
that a minimum of 90 h of anaerobic conditions is needed to create
a homogeneous vivianite layer that may protect the surface against
corrosion in the presence of oxygen. It is also known that G. sulfur-
reducens tolerates oxygen but does not reduce iron in its presence
[24]. Thus the presence of oxygen before the experiment has been
running for 90 h inactivates the bacterial metabolism and impedes
the formation of a homogeneous iron (II) phosphate layer.

The pH was measured at the beginning and the end of the
experiment (Table 4) and it was observed that the pH in systems
with bacteria remained stable (around neutrality) even when the
N2/CO2 injection stopped and oxygen was allowed to enter into
the system, whereas the pH in the control systems was less stable
and increased slightly in the range of 7.5–8.0. This is in accordance
C2

With bacteria

C

C1

hs of coupons tested with or without bacteria after oxygen entered the reactors; (B)

n reducing bacterium that can protect carbon steel against corrosion?, Cor-
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Table 5
EDX analysis of coupons surface after 140 h of immersion. (A): clean coupon after
grinding (no immersion); B1 and B2: control coupon (see Fig. 2B); C1 and C2 coupon
in presence of bacteria (see Fig. 2C).

Element Weight% Atomic%

A Clean coupon
Carbon 4.3 17.3
Iron 95.7 82.7

Control coupon
B1
Carbon 15.0 38.3
Oxygen 10.2 19.6
Phosphorus 1.5 1.5
Iron 72.1 39.6

B2
Carbon 8.4 15.1
Sodium 2.5 2.3
Magnesium 0.6 0.5
Phosphorus 10.5 7.3
Manganese 1.4 0.6
Iron 29.3 11.3
Oxygen 46.3 62.3

Inoculated coupon
C1
Carbon 5.5 13.4
Oxygen 21.3 38.9
Sodium 1.4 1.8
Phosphorus 18.6 17.5
Manganese 3.7 1.9
Iron 48.0 25.1

C2
Carbon 22.2 34.0
Oxygen 45.4 52.1
Sodium 1.1 0.8
Phosphorus 9.9 5.9
Manganese 0.9 0.3
Iron 20.0 6.6
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with the oxygen reduction occurring at a higher rate in the absence
of bacteria.

3.2. Macro and microscopic results

3.2.1. Macroscopic observations
Macroscopic observations (Fig. 2) performed on the coupons

after 140 h of immersion showed that a grey layer had formed on
the surface of the coupon when bacteria were present (Fig. 2A, right)
whereas, on the coupon without bacteria, there was a yellowish
layer that appeared to be an iron oxide usually seen when corrosion
takes place in the presence of oxygen [36] (Fig. 2A, left). To approx-
imately determine the conductivity of the deposited layers, a volt-
meter was used, touching the surface of the coupon at two points
1 cm apart: an insignificant current was obtained on the grey layer
(r > 6 MX, poorly conductive) whereas some current was detected
on the surface of the control coupon (r < 0.2X).

3.2.2. Morphology and composition analysis
Microscopy observations showed a needle-like layer distributed

homogeneously on the surface of the coupon tested in presence of
bacteria (Fig. 2: C1) and some deposits with a random distribution
of what it appeared to be a rhombohedral mineral (Fig. 2: C2). In
contrast, coupons coming from control experiments exhibited uni-
form corrosion features with a flat cracked layer (Fig. 2: B2)
covering what seemed to be pure iron (Fig. 2: B1).

These observations suggested that the grey layer formed on the
coupon in presence of bacteria was iron phosphate (Fig. 2: C1) and
that the surface layer of the control coupon was mainly iron oxide.

Surface analysis using energy dispersive X-ray spectroscopy
(EDX) (Table 5) confirmed that the layer formed on the surface of
Please cite this article in press as: C. Cote et al., Geobacter sulfurreducens: An iro
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the coupon with bacteria was an iron phosphate, most probably
vivianite Fe3(PO4)2�8H2O (Table 5: C1) and that the rhombohedral
deposit was iron carbonate (FeCO3) (Table 5: C2), commonly
known as siderite.

It is also important to point out that the SEM pictures of Fig. 3B
and C did not undergo a biofilm fixation procedure and therefore
biofilm was not observed. The slight development of bacteria in
solution (4.25 � 104 CFU mL�1 at 90 h) was sufficient to induce a
thin biofilm attached to the surface of the coupon and then the for-
mation of the phosphate layer, vivianite. It was expected that con-
ditions of the medium, which provided a limited carbon source
(1 mM of acetate), would force the bacteria to search for a new
source of electrons on the material surface. It is presumed that this
thin biofilm layer was easily removed by the washing procedure.
3.3. Electrochemical impedance measurements

EIS measurements were performed every 24 h on both the
inoculated and control systems. Note that these two experiments
ran in parallel for 144 h. The curves at t = 24 h correspond to the
only measurement performed before inoculation. Curves shown
up to time t = 96 h are for anaerobic conditions. Afterwards, aero-
bic conditions were achieved by opening the reactor and allowing
air to come into the systems in sterile conditions.
3.3.1. Control system
Fig. 3 shows the impedance response for carbon steel exposed

in the control reactor (without bacteria). The Nyquist diagrams
(global and zoom, Fig. 3A and B) display the presence of two
depressed semi-circles at high (HF) and low (LF) frequencies. The
Bode plot and imaginary modulus vs. frequency diagram (Fig. 3C
and D) confirm the occurrence of these two time constants. As
the two signals belong to two clearly distinct frequency domains,
they were analysed separately using the sum of two parallel
circuits. The electrolyte resistance Rs and the parameters
corresponding to the depressed semi-circles were calculated using
an Rs + Q1//R1 + Q2//R2 model (Fig 4) where Q corresponds to a CPE
(constant phase element), the impedance of which can be
described by (Eq. (2)) [37,38]:

ZCPE ¼ 1=QðxÞa � ½cosðap=2Þ � jsinðap=2Þ� ð2Þ

where a and Q are the CPE characteristic parameters.
As can be seen in Table 6, the electrolyte resistance varied little

throughout the test (values around 40–61 X cm2).
The HF signal was first simulated using the HF part of the circuit

shown in Fig. 4 in order to calculate a1 and R1 (Table 6 HF oxide).
The coefficient a1 was equal to 0.6, expressing a heterogeneous dis-
tribution of the capacitance, and the resistance R1 (corresponding
to the diameter of the semi-circle) was stable since the anaerobic
conditions were maintained (around 20 X cm2), and then
increased when oxygen was admitted. At the end of the test, R1

was 8 times higher (at t = 144 h) than at the beginning.
However, as the experiment was not performed for frequencies

higher than 100 kHz, very few HF points were available and deter-
mination of Q was difficult. In order to overcome this shortcoming
and to better determine the phenomenon linked to this HF semi-
circle, an approximate estimation of the capacitance values was
made by means of Eq. (3), using the frequency at the maximum
of the circle as would be done for a pure capacitance:

C ¼ 1=ð2p � f max � RÞ ð3Þ

The capacitance values obtained (between 0.16 and
0.33 lF cm�2, Table 6), can be related to an oxide layer (values
are too small to be attributed to a double layer even though it
n reducing bacterium that can protect carbon steel against corrosion?, Cor-
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may be thought that values were under-estimated by the way they
were evaluated), the thickness (d) of which was estimated by Eq.
(4).
Rs
d ¼ ee�=C ð4Þ

R1 R2

(B) 
R’s=Rs+R1

R2

Q2, α2

Fig. 4. (A) Rs + Q1//R1 + Q2/R2 model to fit two distinct depressed semi-circles
observed on Nyquist plot. Rs = solution resistance, R1 and R2 resistances
corresponding to the circle diameters at HF and LF respectively, Q1, a1 and Q2, a2

the characteristic parameters of constant phase elements at HF and LF respectively.
(B) R0s + Q2/R2 model to fit the depressed semi-circle observed at LF taking only the
LF contribution into account. R0s = Rs + R1.
with e� the vacuum permittivity, equal to 8.85 � 10�14 F cm�1, and
e the permittivity inside the oxide, equal to 12, which is the number
habitually used for iron oxides.

The thickness was evaluated to be 50–65 nm and tended to
decrease to around 30 nm in the presence of oxygen (Table 6).
These values are in the range of those found on this kind of steel
(4 nm < d < 100 nm) [39–41] after immersion in different media
in presence or absence of oxygen. The thickness of the oxide films
is believed to be affected more by the medium composition (for
instance, it decreased under chloride exposure) than the immer-
sion time.

At lower frequency (<1 kHz), linear parts were observed on the
plot of the modulus of the imaginary component of the impedance
vs. the frequency in logarithmic coordinates (Fig. 3D). The slope
values of these linear parts were used for the calculation of alpha
(a2) values in order to determine whether the system had constant
phase element (CPE) behaviour or purely capacitive behaviour
[37,38,42]. For all instants, the a2 values found and displayed in
Table 6 were lower than 1, confirming a CPE behaviour, i.e. the sys-
tem exhibited a heterogeneous distribution of time constants. The
Q and R values (Table 6) were calculated using the (Rs + R1) + Q2//R2

model presented in Fig. 4B considering the LF contribution only.
Please cite this article in press as: C. Cote et al., Geobacter sulfurreducens: An iro
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The effective capacitances associated with the CPE were calculated
using Eq. (5), which was derived by Brug et al. [43]:

Cdl ¼ Q 1=að1=R0s þ 1=RctÞ
ða�1Þ=a ð5Þ

with R0s = Rs + R1
n reducing bacterium that can protect carbon steel against corrosion?, Cor-
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Table 6
Control system: evolution in time of impedance parameters for a C1145 coupon immersed in a medium containing 1 mM of acetate, 10 mM of fumarate and 5 mM of phosphate in
anaerobic (24–96 h) and aerobic (120–144 h) conditions. The EIS parameters correspond to the model presented in Fig. 4 with Rs the solution resistance, R1 the oxide layer
resistance at HF, a1 the CPE characteristic parameter at HF, Cox the oxide layer capacitance calculated by Eq. (3), d the thickness of the oxide layer, a2 and Q2 the CPE characteristic
parameters at LF, R2 the charge transfer resistance (Rct) and Cdl, the double layer capacitance calculated using Brug’s Eq. (5).

Time (h) Rs (X cm2) HF oxide LF transfer

a1 R1 (X cm2) fmax (Hz) Cox lF cm�2 d (nm) a2 R2 = Rct (X cm2) Q2 (X�1 cm�2 sa) Cdl lF cm�2

24 41 0.6 17 45,562 0.21 52 0.80 3570 2.6 � 10�04 83
48 40 0.6 18 45,562 0.19 56 0.80 4113 2.6 � 10�04 82
72 39 0.6 22 45,562 0.16 68 0.81 4527 2.5 � 10�04 84
96 61 0.6 33 30,739 0.16 67 0.84 6139 2.1 � 10�04 90

120 61 0.6 50 14,013 0.23 46 0.85 9263 1.9 � 10�04 86
144 59 0.6 166 2905 0.33 32 0.87 12,246 1.8 � 10�04 88
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The values of capacitances varied from 82 to 90 lF cm�2. These
values correspond to double layer capacitance values. Thus it can
be assumed that the CPE behaviour was due to the surface distribu-
tion of time constants linked to the charge transfer. Consequently,
the diameter of the depressed semi-circles can be attributed to a
charge transfer resistance, Rct that increases as the duration of
immersion increases. As a first approach, it can be assumed that
this increase indicates a decrease in the corrosion rate since the
electron transfer on the interface decreases. However, the Rct

increase is greater in the presence of oxygen (from 6 to 12 kX cm2

in 40 h) than in anaerobic conditions (from 4 to 6 kX cm2 in 96 h).
Combining the analysis of these results with those of OCP and

surface analysis, it seems that a layer of magnetite is formed first,
as normally happens in abiotic anaerobic conditions [44–46]. This
layer increasingly protects the material (increase of Rct) but not
enough to avoid the action of oxygen: by modifying the redox
potential (strong oxidising agent), the input of oxygen may pro-
mote the formation of a new oxide layer due to a change in the oxi-
dation state of the iron, probably from iron (II) oxides to iron (III)
oxides. This growing oxide layer protects the surface against corro-
sion (Rct doubles in 40 h). However, it must be keep in mind that an
oxide layer on carbon steel is not very strong and not very protec-
tive against further corrosion, mainly because of its porosity.
3.3.2. Inoculated system
In biotic conditions (5% of bacterial inoculum), on the Nyquist

plots (Fig. 5A and B), two depressed semi-circles could also be
observed as in abiotic conditions. Their diameter increased as the
duration of immersion increased. The EIS results were analysed
as for the control system and the values calculated for the different
parameters are grouped together in Table 7.

At HF (HF oxide), when bacteria were inoculated, Cox decreased
(values between 0.061 and 0.071 lF cm�2, smaller than in an
abiotic medium) and remained stable as long as the conditions
remained anaerobic. These results show that the HF signals can
be attributed to an iron oxide layer that is certainly more reduced
than the one found in the control system, due to the presence of
bacteria, and certainly contains phosphate species. Then, after oxy-
gen entered the system, Cox decreased again to reach a stable
value (around 0.030 lF cm�2). In terms of layer thickness (esti-
mated to a first approximation using Eq. (4) and taking e = 12), d
increased after inoculation in anaerobic conditions and then was
maintained at around 300 nm thick in the presence of oxygen.
The resistance linked to this layer also increased gradually from
23 to 53 X cm2.

At LF, a linear part was found on the modulus diagram of the
impedance where the imaginary component was plotted against
the frequency (Fig 5D) for each immersion time. The corresponding
slopes had values lower than 1, confirming CPE behaviour. The R2

and Q2 were calculated using the R0s + Q2//R2 model presented in
Fig. 4B considering only the LF contribution (LF circuit circled in
Please cite this article in press as: C. Cote et al., Geobacter sulfurreducens: An iro
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black dashed lines) and the effective capacitances associated with
Q using Brug’s Eq. (5) (Table 7). The capacitance values were in the
range of 59–93 lF cm�2 and could thus be attributed to a double
layer capacitance (Cdl). Consequently, R2 values corresponded to
values of a charge transfer resistance. When the immersion time
increased, Rct increased – more sharply after the entrance of oxy-
gen: Rct (22 kX cm2 at t = 144 h) was 3 times higher than the Rct

value observed at the end of the anaerobic period (t = 96 h). In
other words, at the end of the experiment, the interface was such
that the charge transfers slowed down over time. Since the
presence of oxygen has no impact on OCP value, it can be assumed
that the iron phosphate layer (probably vivianite) that grew in the
anaerobic conditions due to the presence of G. sulfurreducens pro-
tected the surface against further corrosion even in aerobic
conditions.

3.3.3. Comparisons of the two systems (abiotic and inoculated)
When comparing the control system and the system with bac-

teria, it was observed that, although there were similarities in the
plots obtained up to hour 96 (i.e. in anaerobic conditions), differ-
ences were observed once oxygen (air) entered the reactor. The
system with bacteria showed a higher Rct, which could be related
to a lower corrosion rate due to the presence of bacteria. The sta-
bility of the OCP and the surface analysis, combined with EIS
results confirmed that the Iron (II) phosphate layer (vivianite)
formed on the coupon surface of inoculated systems was less con-
ductive and more protective than the oxide layer formed in the
control system. Thus, it is a protective type of coating without
being a passive layer. In contrast, the iron (II, III) oxide layer (mag-
netite) found in abiotic systems varied depending on the oxygen
presence and, although the charge transfer resistances were
increased after a long period of immersion, the oxide layer was
not so stable and protective as the vivianite layer.

In the present work, the formation of vivianite by G. sulfurredu-
cens using a carbon steel coupon as the electron acceptor is reported
for the first time. Based on the electrochemical and surface analysis
results, a hypothesis can be proposed for the mechanism of inhibi-
tive layer formation by G. sulfurreducens. Initially, when no oxide
layers are present, dissolution of iron takes place at a low rate
due to the absence of oxygen and finally forms an iron oxide layer
of magnetite, FeO�Fe2O3 during the first 24 h of immersion. An IRB
such as Geobacter may switch from using an organic compound
such as fumarate as the sole electron acceptor to a more efficient
source of electron acceptor such as Fe(III), to increase the limited
amount of ATP [20,47,48]. Thus, once G. sulfurreducens is inoculated,
it starts interacting with the iron oxide to reduce Fe (III) to Fe (II) as
follows:

FeO � Fe2O3 þ 3HPO2�
4 þ 8Hþ þ 2e� !bacteria

3FeðHPO4Þ þ 4H2O ð6Þ

3FeðHPO4Þ ! Fe3ðPO4Þ2 þHPO2�
4 þ 2Hþ ð7Þ
n reducing bacterium that can protect carbon steel against corrosion?, Cor-
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Fig. 5. Impedance diagrams of carbon steel C1145 plotted at OCP during the 144 h of immersion in reactor with G. sulfurreducens inoculated at t = 24 h with medium
containing 29 mM chloride, 1 mM acetate, 10 mM of fumarate and 5 mM of phosphate. Systems were kept in anaerobic conditions until t = 96 h as indicated on the graphs.
(A) Nyquist plots, (B) Nyquist zoom-in, (C) bode phase angle and (D) imaginary modulus vs. frequency plots.

Table 7
Biotic system: evolution in time of impedance parameters for a C1145 coupon immersed in a medium containing 1 mM of acetate, 10 mM of fumarate, 5 mM of phosphate and
inoculated by Geobacter sulfurreducens in anaerobic (24–96 h) and aerobic (120–144 h) conditions. The EIS parameters correspond to the model presented in Fig. 4 with Rs the
solution resistance, R1 the oxide layer resistance at HF, a1 the CPE characteristic parameter at HF, Cox the oxide layer capacitance calculated by Eq. (3), d the thickness of the oxide
layer, a2 and Q2 the CPE characteristic parameters at LF, R2 the charge transfer resistance (Rct) and Cdl, the double layer capacitance calculated using Brug’s Eq. (5).

Time (h) Rs (X cm2) HF oxide LF transfer

a1 R1 (X cm2) fmax (Hz) Cox lF cm�2 d (nm) a2 R2 = Rct (X cm2) Q2 (X�1 cm�2 sa) Cdl lF cm�2

24 74 0.6 23 45,562 0.15 69 0.80 3542 2.3 � 10�04 83
48 72 0.6 26 100,000 0.061 170 0.81 4238 2.2 � 10�04 83
72 71 0.6 33 67,500 0.071 150 0.83 5140 2.2 � 10�04 93
96 66 0.6 44 132,500 0.027 390 0.84 6770 2.1 � 10�04 91

120 73 0.7 46 100,000 0.035 300 0.85 9860 1.8 � 10�04 89
144 75 0.6 53 67,500 0.045 240 0.84 21,917 1.4 � 10�04 59
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The formation of insoluble iron phosphate depends on the
metal ions present in solution close to the interface, the concentra-
tion of phosphate ions in the solution, and the reactivity of metal
surface.
4. Conclusions

The presence of G. sulfurreducens in phosphate medium induces
the formation of a compact layer of iron (II) phosphate on the sur-
face of carbon steel C1145 immersed in a medium containing
1 mM of acetate, 10 mM of fumarate and 5 mM of phosphate.
SEM and EDX analysis showed the formation of this iron (II) phos-
phate layer (allegedly vivianite) in the system where bacteria were
Please cite this article in press as: C. Cote et al., Geobacter sulfurreducens: An iro
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inoculated whereas, in the control system, there was an iron oxide
all over the coupon. The formation of the phosphate layer is
ensured only when the starting potential of the system is in the
range of 750–800 mV vs. Ag/AgCl. This layer maintains the stability
of the open circuit potential even after air is allowed to enter the
system. It thus prevents an acceleration of the cathodic reaction
rate and so an acceleration of corrosion. In contrast, the iron phos-
phate layer was not formed in the control systems in absence of
bacteria, which allowed an increase of the open circuit potential
to 400–450 mV once oxygen entered.

EIS showed similarities in the behaviour of systems with and
without bacteria. However, observations led to the conclusion that
the iron (II) phosphate layer formed in presence of bacteria was
somewhat more protective than the iron oxide formed in abiotic
n reducing bacterium that can protect carbon steel against corrosion?, Cor-
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conditions, without being a passive layer. ICP analysis for total iron
proved that, in the absence of bacteria, the quantity of iron dis-
solved in the medium was twice the amount of iron when bacteria
were present.

Iron (II) phosphate layers such as vivianite Fe3(PO4)2�8H2O are
known to protect metals by forming a barrier between the surface
and the surroundings. The layer could have been formed due to an
acceleration of Fe (III) reduction to Fe (II) in the presence of micro-
organisms, which, in contact with the phosphate in the medium,
leads to the formation of a vivianite deposit.

In conclusion, G. sulfurreducens indeed protected AISI carbon
steel C1145 against corrosion in the conditions described, thanks
to the formation of an iron (II) phosphate layer that protected
the metal against the oxidising action of oxygen.
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