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Abstract:

The influence of marine sulphate reducing bacteria (SRB) biofilm on naval carbon steel corrosion in seawater
was studied in the presence or not of cuprous ions as polluting agent. The optical density measurement showed
that a concentration of 15 mg L™ in cuprous ions can cause a significant slowdown in the proliferation of
planktonic bacteria. However, electrochemical impedance results indicated that there was still bacterial activity
on the metal substrate. Indeed, biofilm was grown on the surface of material in seawater containing SRB.
Initially, an increase in the charge transfer resistance values due to the iron sulphide layer formed by the bacteria
precipitation reactions was recorded during growth phase. This filmacts as a barrier, preventing further
oxidation of the underlying metal; then, the localized breakdown of iron sulphide layer generates an acceleration
of corrosion. Similar behaviour occurs in the presence of sulphate reducing bacteria flora with 15 mg L™ cuprous
ions. In order to protect themselves when the seawater media containing toxic metals, sulphate reducing bacteria
embed into clusters and increase the production of extracellular polymeric substances on materials. Sulphur was
present on specimens in both cases and EDS spectra revealed the formation of iron sulphide. After the removal
of biofilm, carbon steel surfaces exhibited a plenty of micropits scattered on the entire surface compared to the
surface immersed in the seawater without bacteria.
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1. Introduction

Since a long time, corrosion was generally associated with the presence of oxygen. In 1934, Von
Wolzogen Kuhr and van der Vlugt [1] have suggested that corrosion took place in oxygen-free environments and
anaerobic bacteria were responsible for it. Since then, some researches were devoted to this field. In 1980s and
1990s, the impact of microorganisms in corrosion problems has attracted the interest of many industries, such
gas and oil sector, and consequently incited further studies with accuracy advances in microbiological

identification process and electrochemical techniques.

It is established now that sulphate reducing bacteria (SRB) is one of the most relevant groups of bacteria
in the corrosion processes of materials. These anaerobic bacteria use the sulphate as a final electron acceptor in
metabolism. The sulphate reduction is indicated by the production of sulphide which is an oxidizing agent for
different metals. Extensive works explaining the mechanism have been reported: precipitation of iron sulphide
which catalyses proton reduction into molecular hydrogen and acts as a cathode in a galvanic couple with
metallic iron [2], possible production of corrosive phosphides PH; that enhances the dissolution of metal under
anaerobic conditions and leads to the formation of iron phosphide (Fe,P or Fes(PO,),) [3], differential cell
related to pH deference [4], metal ion complexation by extra cellular polymer substances (EPS) [5] and local
acidification derived from bacterial metabolites secretion of H,S or NH;[6]. Furthermore, recent works [7, 8]
suggested that certain enzymes facilitate the electron uptake in extracellular matrix which could also accelerate

the corrosion.

Heavy metals are ubiquitous and are persistent environmental pollutants; they are introduced into the
environment through anthropogenic and agricultural activities, such as mining and associated industries,
fertilizers and pesticides applied in soil cultivation as well as through other sources of technological waste [9]. In
seawater, certain heavy metals are necessary for enzymatic functions and bacterial growth [10], but they can
form toxic compounds which are too dangerous for biological functions at higher concentration [11]. Copper is
used by cells in small quantities in cellular enzymes (cytochrome c oxidase) [12]. However, level of copper
accumulated in some environments such as coastal seawaters is found considerably higher than the standard

concentration, due to its large use in industry, agriculture and marine paints [13].

To survive under heavy metal stressed conditions, bacteria have evolved several types of mechanisms to
tolerate the uptake of heavy metal ions. Various adaptation mechanisms have been reported in many researches:
metal sorption and mineralization, reduction of a metal to less toxic species by chelating agents, uptake and
accumulation, biosynthesis of metal-binding proteins, extracellular precipitation, enzymatic oxidation or

reduction to a less toxic form and efflux of heavy metals from the cell to genetic basis [14-16].

Lin and Olson [17] studied bacteria isolated from a water distribution system that underwent copper
corrosion; they found that 62% of these bacteria are resistant to copper. Relatively, fewer studies have been
devoted to the influence of this heavy metal on the sulphate-reducing bacteria and its role in accelerating the

metals corrosion.

In this study, we sought to assess the effects of copper toxicity on sulphate reducing bacteria. The
correlations among SRB, simulated seawater condition and corrosion behaviour of carbon steel were studied

with and without cuprous ions (Cu®). The bacterial cell concentration was estimated from the optical density of

2



the suspension at 580 nm during the growing process of SRB and the corrosion rate of “BV grade A” carbon
steel was investigated by the electrochemical impendence spectroscopy (EIS). This study was completed by

Scanning Electronic Spectroscopy (SEM) observations of the SRB biofilm and the steel surface.

2. Materials and methods
2.1. Test medium and carbon steel sample

The naval carbon steel BV-grade A was investigated in this study. This steel is widely used for offshore
building; its nominal elemental composition was: Fe 98.66, Mn 0.83, Si 0.24, C 0.17, Cu 0.024 and S 0.0093.
The sample was cut from the original plate with a thickness of 18 mm, mounted in a special holder and leaving a
circular area of 0.785 cm?. The surface of the working electrode was treated by mechanical polishing up to grade
1200 with a series of silicon carbide papers, rinsed with distilled water, degreased in acetone followed by
sterilizing in 70 % ethanol and immediately transferred into the test medium. The electrolytic medium used was
a simulated sea water prepared according to ASTM D1141-90 norm. It had the following composition per litter
of distilled water: 24.54g NaCl; 11.1g MgCl,.6H,0; 4.09g Na,SO,; 1.16g CaCl,; 0.69g KCI; 0.2g NaHCO3; 0.1g
KBr; 0.027g H3BO3; 2.1g SrCl,.6H,0 and 0.003g NaF.

2.2. SRB cultivation and influence of copper concentration

The sulphate-reducing consortium used in this study was isolated from coastal seawater in estuarine
Algerian region. The consortium was isolated in APl RP 38 medium containing per litter of distilled water:
4.0ml C3HsNaO; (sodium lactate 60 to 70 %); 1.0 g yeast extract; 0.1g CgHgOs (ascorbic acid); 0.2g MgSO,.7
H,0; 0.01g K,;HPQy; 0.2g Fe (SO4),NH,.6H,0; 25g NaCl. The pH medium was adjusted to 7.4. The medium
was distributed in 9ml amounts into a series of 15ml capacity test tubes, each one containing iron degreased nail.
Test tubes were degassed with nitrogen gas and sterilized by autoclaving for 20min at 121°C and at a pressure of
lbar. SRB consortium was obtained by introducing 1ml of coastal seawater into each medium tube and

incubating at 30°C until dark deposit obtained.

For optimizing the maximal toxic cuprous ion concentration on the SRB growth, seven batch marine SRB
cultures were conducted in 250 ml Erlenmeyer flasks, which contained artificial seawater enriched by APl RP 38
components except NaCl. Cuprous ions (from cuprous chloride) concentrations tested were: 0 mg L™, 5 mg L™,
10 mg L™, 15 mg L™, 20 mg L™, 25 mg L™ and 30 mg L™. These concentrations correspond to the extreme
pollution conditions of the natural exposure of bacteria in metal polluted environments [18]. The natural
concentrations variation depends principally on the meteorological conditions and the presence of mining waste
and industrial effluents. Prior to the inoculation, medium was degassed with nitrogen gas and autoclaved. All
containers were inoculated by 2% aliquot of 48 hours old SRB consortiums and incubated at 30°C for 14 days.
The SRB densities in different batch cultures, were monitored by measuring the optical density (OD) at a wave-
length of 580nm (ODsgy) with a UV- visible spectrophotometer (JASCO V-530 UV/VIS Spectrophotometer).
Iron sulphide was beforehand removed by centrifugation at 1,000 g for 5 min.



2.3. Electrochemical measurements

Tests were performed using EIS technique to study the evolution of different electrochemical interfaces
with the immersion time, considering three surface conditions (a) steel in sterile medium (b) steel in the presence
of SRB and (c) steel in the presence of SRB with cuprous ions. Aliquot (about 2%) of 48 hours old SRB
consortia were used in SRB tests conducted anaerobically at 30°C during 14 days. For this study, an
electrochemical reactor with three electrodes was used providing anaerobic conditions: a saturated calomel
electrode as a reference and a graphite rod as a counter electrode. Impedance measurements were carried out by
SOLATRON SI 1255 frequency response analyser, at corrosion potential using a sinusoidal signal with
amplitude of +10 mV, within a frequency range from 100 KHz to 0.001Hz, generated by EG&G 273A

potentiostat.

2.4. Steel surface and SRB biofilm observation

In order to observe the state of the steel working electrode surface before and after SRB attack,
OLYMPUS metallographic microscope was used. The marine biofilm of SRB formed on the BV grade A steel

surface was visualized using a Jeol JSM-63 60 LV scanning electronic microscope.

3. Results and discussion
3.1. SRB growth and copper effect on metabolism

A blackening due to the dark deposit of metallic sulphide was obtained after incubation of the APl RP
38 coastal seawater isolates. The SRB marine consortium produces iron sulphide which is the result of the
metabolic reactions between iron and sulphate ions [19, 20]: The metabolism of these bacteria is characterized
by the reduction of a terminal electron acceptor (sulphate) coupled with the oxidation of an electron donor,

which is the most often an organic substance (lactate or acetate) or hydrogen:

Electron donor + SO, — HS + HCO5 (1)
Fe” +HS — FeS|+H" )

In fact, due to the low redox potential of the sulphate ion, its reduction requires activation by ATP sulphurylase.
It leads to adenosine phosphosulphate (APS) and pyrophosphate (PPi). APS is reduced to adenosine
monophosphate (AMP) and sulphite, which is further reduced to hydrogen sulphide [21]. The hydrogen
sulphides formed can be either in the form of H,S, HS or S* depending on the pH of the medium.

In our study, lactate is used as an electron donor and carbon source by sulphate reducers. Sulphate
reduction occurs concurrently with lactate oxidation. Lactate is oxidized either incompletely and converted into

organic acids, usually acetic acid as confirmed by several studies [22, 23]:

2 lactate + SO, — 2 acetate + HCO3 + HS + H* (3)

or completely to form carbon dioxide:



2 lactate + 350, — 6 HCO3 + 3HS + H* (4)
HCO; +H" — H,0 + CO, (5)

The temporal variation of pH in the batch reactor without cuprous ions is presented in Fig.1. The pH
decreased from 7.45 to 6.72 during the exponential phase of growth when the number of SRB reached its
maximum (2 days) and thereafter it increased throughout the death phase. In fact, sulphate-reducing bacteria
(SRB) growth modify the acid-base properties of the medium. The excretion of metabolic products such as acetic
acid, CO, and H,S tends to acidify it, especially in the first two days of incubation corresponding to the
exponential phase, as mentioned by Kuang et al. [24]. While on the contrary, sulphide and bicarbonate are
produced as sulphate is reduced in the presence of a suitable carbon source (eq.3 and 4). The bicarbonate
alkalinity neutralizes acidity while dissolved metals are precipitated by the sulphide and the production of acidic

product is stabilized in the later phase.

However, pH measurements tend to be reported for the bulk environment, which may not reflect the
conditions under the biofilm. The biological metabolism occurs at different locations under the biofilm formed

on metallic substrate and leads to differential environmental properties [25].

The growth of SRB in enriched seawater culture in the presence of increasing concentrations of cuprous
ions was analyzed and presented in Fig.2. Four distinctive metabolic comportments of SRB towards the presence

of Cu* ions can be illustrated:

m Control: in the absence of cuprous ions, no lag phase occurring and the ODsgq Value increased exponentially to
about 1.08 after 1 day of incubation. After, ODsg, decreased with the incubation time, indicating a reduction in
the number of bacteria in the reactor, due probably to the lack of an external carbon source, as it was essentially
consumed in the first two days. Furthermore, it has reported that the growth of sulphurogenic bacteria may be
limited by the inhibitory effect exerted by metabolic products and in particular by H,S [26]. This compound
would act as an energy decoupling when crossing the cell membrane by passive diffusion [27]. According to
Utgikar et al. [28], the produced sulphides react and precipitate the Fe? * ions from the culture medium. As a
result, bacterial growth may in some cases be severely limited by the availability of Fe?* ions. Furthermore, the
formed metal sulphides act as barriers preventing the access of the reactants (sulphate, organic matter) to the

necessary enzymes.

m Cu* concentrations of 5 and 10 mg L™: as the added concentration of Cu” increased, the growth of SRB
cultures decreased and a significant lag phase was observed whose duration increased with the concentration.
There was even light ODsgq reduction value, due to the reduction of cells activity. SRB metabolic processes take
time to adapt their molecules and enzymes to the new formulation medium. It is clear that Cu™ ions are inhibitors
for SRB growth, but the tested concentrations are not so fatal on cells, as shown from the growth observed after

lag phase.

m Cu’ concentration of 15 mg L™: inhibitor effect of Cu* ions on SRB growth was very significant, as shown
from the ODgg, decrease, from its initial value (about 0.2) to 0.1 after nine days. This period represents in fact,
the time taken by cells to defend against cuprous ions toxicity and to establish the biochemical mechanisms for

their resistance. After that, the growth resumption was similar to that observed at lower concentrations.



m Cu’ concentration of 20, 25 and 30 mg L™: these copper concentrations are very toxic, as indicated by the
ODsgo decrease from its initial value to zero. Consequently, 20 mg L™ of copper ions can be considered as the
minimum lethal concentration on the metabolism of SRB cells in the considered conditions; and 15 mg L™ seems

to be a critical threshold concentration above which growth is completely inhibited.

Thus, high concentrations of dissolved cuprous ions have a negative effect on bacterial growth, and
cause a reduction of sulphate removal rates in SRB. Similar behaviour has been reported by other researchers
studying different bacterial strains in the presence of copper ions as toxic heavy metal: Jin et al. [29] exhibited
that 0.8 mg L™ copper did not have inhibitory effects on sulphate-reducing bacteria growth. At 8 mg L™ copper,
activity in SRB consortia was significantly inhibited. When the dissolved copper concentration was 30 mg L™,
sulphidogenic activity was completely inhibited. In other conditions [30], SRB growth and sulphate reduction

could be possible between 100 and 1500 mg L™ of initial copper concentration.

Certainly, the potential copper toxicity depends on the type of bacteria or the exposed microbial
community and also on the nutrients in medium, temperature, pH, concentration of chelating agents,
concentration of inorganic anions and competition from other cations [31-33]. The critical threshold

concentration can range from few mg-L ™" to over a thousand mg.L™ [30].

In studied conditions, the results show that SRB tolerate concentrations up to 15 mg L™ in the aqueous
phase. The mechanisms for tolerance of high concentrations may be associated with processes of surface
adsorption and biofilm formation, among others. Recent studies had focused on heavy metal tolerance [34, 35].
These results suggest a stronger tolerance of copper ions on surface adhesion and biofilm formation compared to
planktonic cells. The cell adhesion would increase in the presence of sub-lethal heavy metal concentrations.
Bacteria survival in mature biofilms revealed an important role of biofilms in metal immobilization and

sequestration processes in metal-polluted environments [34].

3.2. Electrochemical impedance measurements

The impedance spectra of a BV grade A carbon steel sample exposed to the sterile nutrient-rich
seawater for 0, 24, 48, 96, 192 and 250 hours are shown in Fig. 3. The Nyquist plots reveal that the diameter of
the impedance spectra increased considerably with time. This behavior represents the change in the charge
transfer resistance (Ry) that describes the evolution of the anodic reaction controlled by the charge transfer
process [36]. The corrosion rate became lower with the exposure time which can be attributed to the formation of
a protective layer increasingly more compact and/or thick. The Bode phase angle plots (Fig. 3-b) are slightly
flattened, which suggests that there are two small juxtaposed maxima without separation by a lower phase angle
domain. The formation of these maxima is better identified for the initial stage of incubation indicating the
presence of two time-constants. According to Edgar et al. [37], the presence of two collapsed time constants may
be due to the fact that different stages of the corrosion process may have similar relaxation times. For this reason,
the presence of two simultaneous phenomena can be suggested to explain the carbon steel impedance response in

sterile nutrient-rich medium.

The presence of two semi-circle in the Nyquist diagrams, or two picks maxima in the bode phase angle

plots, can be attributed to the formation of a conditioning layer on the metal surface as well as the corrosion
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products layer [36]. The outer conditioning layer results from the instantaneous precipitation of various species
like chlorides, phosphates and organic compounds, which exist in seawater and culture medium composition.
The adsorption of these macromolecules is the first stage of biofilm formation and it consists of instantaneous

attraction implying modification of the surface state as surface tension, free energy of surface, polarity....

To describe the impedance response of this corrosion phenomenon, results were fitted to a circuit
presented in Figure 4 using the nonlinear least-square method in Zview software. It should be pointed out that
the impedance spectra described above show semi-circles with the centre below the x-axis, commonly related to
the heterogeneous nature of the solid surface or by the dispersion of some physical properties values of the
system [38]. Consequently, a constant phase element (Q) justifying this phenomenon is considered as a substitute

for an ideal capacitor.

Here Re is the solution resistance, R is the resistance associated with the charge transfer process. Qg is
the non-ideal double layer capacitance used in order to consider the roughness of the interface. The terms Q, and

R, are the parameters related to the outer layer of organic/ inorganic compounds formed at the interface.

Table 1 shows the obtained electrical parameters values. The presence of an inhomogeneous surface is
confirmed by CPE exponent parameter values (n <1) related to a non-ideal behaviour of a capacitor.
Both resistances values R;, and R, increased as a function of the immersion time. This indicates the
protectiveness of oxides layer jointly with conditioning layer whose thickness and/or dielectric nature is being

modified.

Capacitance values associated to the inner and outer layers are calculated by the following relationship according
to Brug et al. [39]:

1/n
C eqg (QR ot ) /Rcl 3)
Conditioning layer capacitance C, values fluctuated in a narrow range from 81 to 150 pF/cm? This result
indicates that conditioning layer porosity remained unchanged. On the contrary, charge transfer capacitance Cy
decreased continuously from 523 to 268 pF/cm?, indicating a progressively lower permittivity and an increase of

corrosion products layer thickness, which confirms a slower attack of the steel with the exposure time [40].

Figure 5 shows impedance plots obtained for BV grade A surface in the presence of SRB culture at 0,
48, 96, 216, 240 and 326 hours. Generally, it can be observed that impedance diameters were smaller than those
obtained in the absence of sulphate reducing bacteria. An acceleration of the corrosion process in the presence of
SRB was manifested on the metallic surface. Indeed, semicircles obtained at immersion times of 0 and 48 h
show an irregular response characterized by an extension of the plot beyond a shape of a semicircle. This
behaviour can be associated with the presence of two time-constants, corresponding to the oxides layer and

conditioning layer formation as was said before.

The exceptional behaviour is that obtained at 96h of immersion where a straight line is established for
all the frequency range. The existence of such behaviour had previously been considered by some investigators
[41]. According to Skale et al. [42], this behaviour can be correlated with the formation of a passive film with
high performance and excellent barrier properties. Such blocking surface is generally obtained by coated
substrates [43].



In this context, several authors demonstrated that iron sulphides due to the steel/surface modification as
a consequence of SRB biofilm formation and bacteria activities, can reduce rather than accelerate the corrosion
of iron by impeding the diffusion of oxidized iron (Fe®*) from the metal surface to the bulk liquid. They may, at
least temporarily, lead to the protection of iron against corrosion [2, 28, 44]. This is explained by the formation
of tightly adherent FeS passive layer on the metal surface. Mackinawite (FeS), greigite (FesS,;) [45], Pyrite
(FeS,) and pyrrhotite (Fe(1-,S) [46] may be the main forms of iron sulphides.

At this stage, charge transfer resistance Ry is extremely high. For this reason, electric element
corresponding to this parameter can be eliminated from the electric circuit of Fig. 4, leading to the electric circuit
presented in Fig.6-a.

In Figure 5-a, the formation of semicircle in Nyquist plot for 216, 240 and 326 h of immersion can be
associated with the presence of a single time constant, corresponding to charge transfer reaction with formation
of corrosion products (iron oxides mixed with iron sulphides). However, in biotic environments, the sulphide
films are unsteady. They are interrupted by bacterial metabolic activity, such as acetic acid production. The
presence of acetic acid has recently been suggested to inhibit the protectiveness of iron sulphide corrosion
products [47]. Therefore, with the proliferation of the SRB and metabolic products, this film decomposed and
degraded to other polysulphide products [36, 47]. Subsequently, this broken iron sulphides layer, give corrosive
conditions of hydrogen sulphide generated by SRB in biofilm. It acts also as a cathode in a galvanic couple with
metallic iron which often leads to localized corrosion. In this stage, the conditioning layer formed by the organic
compounds in addition to other species, can be consumed or destroyed by the bacterial biofilm. Equivalent
circuit shown in Fig. 6-b describe impedance diagrams obtained in these cases. R, Q. are the parameters related
to charge transfer reactions under the unique layer formed by a mixture of oxides iron, sulphides irons and

biofilm. This analysis tends to propose an oxidation mechanism of the interface in the presence of SRB biofilm.

Table 2 shows the electric parameters of the equivalent circuit presented in figures 4 and 6. These
parameters are obtained from the best fitting of the experimental impedance diagrams of the carbon steel

immersed in nutriment-rich simulated seawater, in the presence of SRB.

Conditioning layer resistance R, in the presence of sulphate reducing bacteria remained relatively
constant but its capacitance C, increased from 121 pF cm initially to 11724 pF cm™ after 96 h of immersion.

This result indicates that this layer became more porous before its disappearance at 216 h.

Charge transfer resistance R increased from 8 to 31 KQ cm? for the first 48 h and reached extremely
high values at 96 h, before decreasing significantly to 1 KQ cm? at 326 h of immersion which can be attributed
to the corrosion process activation due to the presence of SRB biofilm. Therefore, biofilm formation leads to
surface modification since the capacitance values C increased to about 80 mF.cm™, indicating the formation of

iron oxides and sulphides whose morphologies are porous as it was previously mentioned.

Figure 7 shows the respective Nyquist and Bode spectra of BV grade A in the SRB inoculated nutrient-
rich simulated seawater in the presence of Cu® ions at 15 mg L™ As can be seen in the Nyquist plots, the
behaviour obtained for this interface is similar to that obtained without Cu® ions. Therefore, the SRB affect the
behaviour even in the presence of Cu® ions at this concentration. It is worth noting that a straight line attributed

to the formation of passive irons sulphides layer was also obtained at 96 and 168 h. Thereafter, a change in
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complex plots with a semicircle was observed, when the sample was immersed for 192 and 240 h, corresponding
to a single time constant with charge transfer mechanism. Furthermore, the SRB biofilm presence acts on carbon
steel behaviour with Cu* ions, although the optic density evolution of planktonic bacteria shows a stunted growth

until 9 days of immersion.

The results indicate that the corrosion behaviour of the steel does not depend on the number of the
active SRB, but on the accumulation of the metabolism products of SRB. Microbes in marine biofilms aggregate
into clusters and increase the production of extracellular polymeric substances (EPS), by over 100% in some
cases, when the seawater media containing toxic metals and chemicals [34]. While heavy metals can inhibit
planktonic SRB growth, some enzymes could be involved in the oxidation of periplasmic Cu(l) to less toxic
Cu(ll) [48] and sulphides products which are produced biologically during sulphate reduction by SRB, and could
precipitate Cu(ll) ions as CuS [49]. This decreases or even eliminates the toxicity of the cuprous heavy metals
toward SRB.

The impedance spectra obtained after different exposure periods are analysed and fitted according to
circuits previously proposed: Fig. 4 is considered to fit results corresponding to Oh, when a layer of organic and
inorganic compounds as well as the activation control process attributed to the formation of a second layer of
corrosion products is suggested. Fig. 6-a gives the best fitting of diagrams obtained at 96 and 168 h, and Fig.6-b
is considered to discuss steel oxidation mechanism in the presence of the biofilm. The main results of the fitting

procedure are presented in table 3.

Conditioning layer resistance R, values increased from 0.596 to 2.44 KQ cm? and capacitance C, values
from 0.324 to 19.14 mF cm™ corresponding to a porous film. The porosity of this layer may be favoured by
biofilm adhesion. Therafter, it is considered that there is also formation of an iron sulphides film as a
consequence of biofilm metabolism. Therefore, Ry reached high values at 96 and 198 h and once again

decreased to achieve a value close to that obtained in the absence of Cu™ after 240 h of immersion.

3.3. Linear polarisation

Linear polarisation measurements can be used to calculate corrosion parameters such as the polarisation
resistance (Rp) which, according to Stern and Geary’s relationship, is inversely proportional to the corrosion
current. Figure 8 shows the evolution of the polarisation resistance of the carbon steel in sterile and SRB
inoculated mediums in the presence of 15 and 20 mg/L cuprous ions. There is a good concordance between these
results and those obtained by the EIS method. In sterile seawater, R, increases generally with time indicating that
a stable layer of oxides protects the metal from corrosion. Probably, its thickness increases with the increasing of
the immersion time. In SRB inoculated seawater in the presence or not of 15 mg.L™ cuprous ions, R, shows the
same behaviour in both cases with a shift of several hours related to lag phase observed in the presence of toxic
metallic ions. Bacteria increase the polarisation resistance during the first time related to proliferation stage and
consequently iron sulphur formation. Then, Rp decreases continually and causes a severe damage such as pitting
corrosion accompanied by breakdown and a degradation of the protective properties of the film. In the presence
of 20 mg/L Cu®, no effect of SRB was recorded and the steel shows similar behaviour to that obtained in sterile

environment.



3.4. Biofilm and pitting corrosion observations

Scanning electron images of the substrate immersed in simulated seawater with SRB biofilm show the
wealth of the isolated consortium (Figure 9-a). Different cellular forms covering the masses of extra polymeric
substances (EPS) synthesized by SRB are observed. An enlargement of the mass of the SRB cells (Figure 9-b)
show a large diversity: straight and incurved rods, cocci, vibrio and bacillus; these cellular agglomerates are
surrounded by EPS layer. The synthesis of EPS by SRB leads to multistage structure; its porosity and
heterogeneity are well revealed. This extra cellular matrix conducts to the maturation and the structuring of the
biofilm which is the principal resistant form for bacterial communities against aggressive environments [34].
Several organic compounds can exist in EPS matrix e.g. cellulose, alginates, proteins, lipids, nucleic acids,
polysaccharides and extracellular DNA [50]. Further, the iron sulphides accumulated on the metal surface can

be observed on the steel surface (Fig. 9-c).

Biofilm in the presence of 15 Cu" is shown in Figure 10-a. Bacteria in exopolymeric substances (EPS)
can be observed with the remarkable disappearance of certain forms, notably the vibrio form in the presence of
15 mg/L Cu". The coccoid form seems to be the most resistant and the most adaptable form to the presence of
metal ions. In this context, Cabrera's results [51] showed that D. vulgaris is more sensitive to copper
concentration than Desulfovibrio sp. The difference in behaviours is due to natural tolerance to toxic substances.

However, 20 mg/L causes almost complete inhibition of the bacteria (fig.10-b).

The SEM technique is often coupled with energy dispersive spectroscopy (EDS) and has been used to evaluate
the chemical composition of products on the steel surface. The EDS analysis of surface biofilm without copper
ions (Fig. 9-b), shows that the main elements are Fe and O. Other minor elements are present, namely S, Na, Cl,
and Ca. They probably arise from bacterial metabolism and seawater. It can be seen that oxygen is present in the
surface layer with a large amount justified by a precipitation of solid ferric hydroxide Fe(OH); as corrosion
product [52] jointly with iron sulphides compounds. In 15 mg/L cuprous ions, EDS spectra analysis (Fig. 10)
carried out on extracellular polymeric substances shows that the oxygen and iron peaks remain considerably
higher relatively to the sample immersed in SRB seawater. These peaks suggest probably that EPS develop
conjointly with corrosion product to form a mixture as it was explained in physical model in Fig.6-b. It is
important to point out that in this case, there is always a peak corresponding to the S element which indicates the
presence of bacterial metabolic activity. In fig. 10, the elements Fe and O also showed a higher percentage in
the presence of 20 mg/L cuprous ions with a notable absence of sulphur element.

After the removal of the biofilm, steel surface appeared rough as illustrated by Figure 11. Numerous
micro-pits dispersed irregularly on the whole surface are observed on the steel immersed in non-sterile medium
in the presence or not of 15 mg/L Cu”, confirming the results obtained by electrochemical techniques. On this
subject, many authors [36, 41] explain the alteration of the metal in the presence of biofilm and show that a
localized corrosion manifested by deeper pitting in comparison with abiotic controls is always sustained by

bacterial colonies and accompanied by a deposit of FeS.
4. Conclusion

Corrosion of SRB marine biofilm on the carbon steel in simulated seawater was examined in the

presence and absence of cuprous ions. At first, an optimization of toxic cuprous ions concentration on SRB
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growth was carried out. Sulphate reducing bacteria (mixed SRB) can tolerate copper concentrations up to 15 mg.
L, with adaptation phases varying from 2 to 9 days. From 20 mg L™, no growth was recorded throughout the

trial period (14 days). So, the lethal concentration for these bacteria is between 15 and 20 mg L™.

The behaviour of SRB biofilm towards BV grade A steel was studied by electrochemical impendence
spectroscopy, in three media. The first one was sterile nutrient-rich simulated seawater; the second and the third
media were SRB inoculated nutrient-rich seawater in the absence and presence of copper ions at 15 mg L™,
respectively. The steel immersed in the simulated and sterilized seawater became very passive with respect to
corrosion due to the oxide layer formed on the surface. Resistance and capacitance values show that this layer
became more protective by increasing its thickness and modifying its dielectric properties. The impedance
diagrams and linear polarisation plots of the steel immersed in the inoculated seawaters show that the presence of
15 mg L™ of Cu® did not have a significant influence on steel resistance. Carbon steel exhibited similar
behaviour in both cases, namely in the presence and absence of Cu®. The biofilm acted unfavourably against
corrosion, although the absorbance measurements showed a latency phase of 9 days at this copper concentration.
The cell adhesion would increase in the presence of sub-lethal heavy metal concentrations to develop a means of
protection against ion toxicity. Consequently, in heavy metals polluted coasts Sulphate Reducing Bacteria still
remain a significant danger for biocorrosion.
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Fig. 2 Growth of sulphate-reducing bacteria consortium in nutrient rich-simulated seawater at increasing
concentrations of Cuprous ions
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Fig. 3 Impedance plots of BV-grade A carbon steel in the sterile nutrient-rich simulated seawater for different
exposure times: a Nyquist plots, b and ¢ Bodes plots.
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Fig. 4 Physical models and the corresponding equivalent circuit used for fitting the impedance spectra of
carbon steel in the sterile medium: circuit (Re,(Qo//A(Ro,(Qi//Ric)))).
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Fig. 5 Impedance plots of BV-grade A carbon steel in SRB inoculated medium in absence of Cu* ions:
a - Nyquist plots, b and ¢ - Bodes plots.
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Fig.8 Polarisation resistance values of steel in different studied environments.
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Fig. 9 Scanning electron microscopy and EDS analysis showing SRB marine biofilm structure: a — biofilm in EPS matrix, b-
Enlargement of biofilm, c- sulphides iron layer.
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Fig. 10 Scanning electron microscopy and EDS analysis showing SRB marine biofilm structure: a — SRB in the presence of 15
mg/L Cu*, b- SRB in presence of 20 mg/L Cu”*



Fig. 11 Optic microscope images of the corroded surfaces after removal of the corrosion products layer in: a - sterile simulated
seawater, b - simulated seawater inoculated by SRB. ¢- simulated seawater inoculated by SRB with 15 mg/L Cu".



Time (hours) 0 24 48 96 192 250
Equivalent circuit (Ro (0u//(Ro, (O//R1))

R. (Q cm?) 2.74 4.64 2.23 4.53 6.91 7.03
Ro (KQ cm?) 0.166 0.651 5.38 27.06 35.09 51.10
o 0.84 0.87 0.91 0.91 0.89 0.91
0o (Q cm? s7) 1.6310% 19910 12010* 12010* 13610* 1.2510*
Co (UF cm™) 81.95 146.63 114.97 134.82 164.97 150.16
Ret (KQ cm?) 2.24 10.09 10.14 17.46 26.81 21.31
Het 0.70 0.58 0.75 0.80 0.80 0.86
Ou (! cm? s7) 49910* 27110% 12710% 2.6210% 2.4310* 2.110*
Cet (UF cm™?) 523.38 561.45 138.17 383.16 388.22 268.01

Table 1 Fitting parameters of impedance spectra of BV-grade A carbon steel in sterile medium using the electric

circuit of Fig.4.

Time (hours) 0 48 96 216 240 326
Equivalent circuits | (Re,(Qo//A(Ro,(Qic//Ric)))) | (Re, (Qo//(Ro, Oct))) (Re,(Qo//Ocr))
Re (Q cm?) 5.54 5.72 6.15 5.15 5.66 4.79
R, (KQ cm?) 1.567 1.570 2318 - - -
no 0.90 0.90 0.79 - - -
Qo (" cm? s 14710 2.0410* 5.86 107 - - -
C, (uF cm?) 121.81 259.62 11724.05 - - -
R (KQ cm?) 8.268 31.21 - 2.764 3.030 1.095
Nt 0.52 0.56 0.61 0.75 0.73 0.75
Ot (" cm™? ") 5310  6.6410* 1.90 1073 1.08102 12102 26102
Cet (mF cm™?) 2.072 7.186 - 33.50 4533 79.39

Table 2 Fitting parameters of impedance spectra of BV-grade A carbon steel in SRB inoculated medium without
Cu" and using the electric circuits of Fig.4 and Fig.6




Time (hours) 0 96 168 192 240
Equivalent circuits | (Re,(Qo//(Ro,(Q1//Ric))) (Re,(Qo//(Ro,Or))) (Re,(Qo//Ocr)
Re (Q cm?) 6.26 6.58 521 6.89 5.70
Ro (KQ cm?) 0.596 1.690 2.444 - -
no 0.85 0.82 0.81 - -
0o (! em™? s") 4.1510* 5.78 1073 9.22 103 - -
Cy (mF cm?) 0.324 9.532 19.145 - -
R (KQ cm?) 1.459 - - 4530 3.081
et 0.54 0.68 0.48 0.79 0.78
Ot (' cm? s7) 1.97 107 3.2010°% 1.72 10 6.9 1073 8.4 1073
Cet (mF cm™) 4.842 - - 17.228 24.846

Table 3 Fitting parameters of impedance spectra of BV-grade A carbon steel in SRB inoculated medium in

presence of Cu” ions at 15 ppm.



