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ABSTRACT

In microbiologically influenced corrosion (MIC) study, the electron acceptor of the cathode plays a decisive
influence on corrosion characteristics. Some bacteria which can directly absorb electrons releasing from the anode
reaction of the microbial dissolution of iron have been found in anaerobic biofilm studies, including some of the
sulfate-reducing bacteria (SRB), methanogens and some other corrosion-reducing bacteria. These bacteria in
biofilm are showing severe corrosion because of their different electron transfer mechanism. The corrosion
mechanisms of these corrosion bacteria is called electron microbial influenced corrosion(EMIC), EMIC and its
electronic transfer mechanisms distinct from those chemical microbial influenced corrosion(CMIC) mechanism
bacteria that indirectly effects on the anode and cathode electrode reaction from nature. In recent years, EMIC
mechanism has become a hot topic in the field of microbial corrosion. This paper describes the microbial membrane
CMIC and EMIC and its electronic delivery mechanisms in detail, and gives some suggestions on corrosion studies.
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INTRODUCTION

Abiotic corrosion of metals is generally the resflcthemical and electrochemical reactions betwaetals and the
environment they are around. Bacteria in biofilm also closely related to corrosion. Many differenins have been
used to describe corrosion caused or induced byobws, including biocorrosion, microbial corrosicemd
microbiologically influenced/induced corrosion (MO hey have different connotations and MIC hastsezepted
widely. The term MIC is usually interpreted as molicate an increase in corrosion activity due ® phesence of
bacteria which accelerate the rates of the anodifoa cathodic corrosion reaction while leaving tteerosion
mechanism more or less unchanged [1]. That isHaravords that is to say that, redox reactions etahsurface are
microbially mediated [2]. First article about thd®Acould be traced back to 1891[3], but understagdieeply of
MIC mechanism began to mature until the late 198D<Due to investigation of biocorrosion mechargsimvolves
multidisciplinary knowledge in several diverse @®h areas such as bio-electrochemistry, microgjoloorrosion
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engineering and chemical engineering, much confusé@nains in MIC mechanism [4]. There is no uniakrs
mechanism of MIC.

According to Lewandowski and Beyenal[5], biofilmencinfluence the corrosion of metals (1) by metalr@lactions
in the biofilm consuming oxygen, the cathodic reatt(2) by controlling the mass transport of ther@sion reactants
and products, therefore changing the kinetics @tcthrrosion process; (3) by generating corrosibstsunces; and (4)
by generating substances that serve as auxilidhpdir reactants. Above mechanisms showed MIC atirdethe
action on the cathode or anode reaction directipdirectly. In MIC, due to microbial metabolic ess attendance
corrosion reaction of cathode, electron accepttiénsystem is particularly important.

In many corrosion systems, oxygen is removed bygewryscavengers or flash rust, or exhausted by piperu
aerobic biofilm. Thus, anaerobic corrosion is stilteatening. Under anaerobic conditions, electronst be
accepted by the non-oxygen substance. Sulfatehys&®RB as a typical electron acceptor. Some stEnsalso use
sulfur, thiosulphate or CQas an oxidizing agent [6]. Besides SRB, otherdyéctsuch as acid-producing bacteria
(APB) and methanogenic bacteria are also commorosive bacteria. There are at least different tymes of
anaerobic corrosion in anaerobic metabolism [7].tHa study of anaerobic corrosion mechanism, asctds
d-proteobacteria belonging to a new marine SRBakied, using metallic iron (ie, no organic sulissasuch as
lactate) as the sole electron source for sulfadaation [8]. This type of SRB is highly corrosive retal substrate,
its corrosion rates up to 0.7mm °Ag?, corresponding to corrosion density ofp®icm? [9]. Like other
microorganisms, SRB depends on oxidation-reduagaiction of lactate coupled the reduction of salfat provide
energy for metabolism. If there is local absenc®rmfnic carbon because of the mass transfer assistby the
biofilm on the bottom, SRB can be switched to ussulfate respiration Bas electron donor [10]. Such corrosion
mechanism is called electric microbiologically ughced corrosion (EMIC) of SRB. D. Enning first posed such
concept of chemical microbiologically influencedrimsion (CMIC) and EMIC, and gives quantitative heats for
the corrosion proportion of EMIC of SRB [8,11].

In some SRB corrosion process, the sulfide gengritetheir metabolism as a chemical aggressive caomg
mainly caused the following reaction:

Fe + HS — FeS + H(1)

In such way, SRB act indirectly through its metébehd products. This mechanism is called CMICthie case of
carbohydrate oxidation state, for example, the al/ezaction can be expressed as:

3(HCOH)+2SQ*+2Fe +H—2FeS+ 3HC@ +2 H,0 )

SRB can also be involved more intimately in anairdton corrosion by a mechanism that is fundanignta
different from the above CMIC. SRB use iron asdhd source of reducing equivalents for sulfateuatibn [10].

3Fé+S0O*+3HCO; + H,0—FeS+Fe C@-5HO (3)
The mode that direct electron uptake from iron BBSs called EMIC [9].
2. M1C mechanism of SRB

SRB corrosion mechanisms can be divided into: GhthDepolarization by Hydrogenise (1934) , Iron figigds
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(King’'s Mechanism) (1971), A Volatile Phosphorousn@pound (1983), Anodic Depolarization (1984), Feding
Exopolymers (1995), Sulfide and Hydrogen-Induca@sst Corrosion Cracking (SCC) (1995), Sulfide ()9%8ree
Stages Mechanism (Romero Mechanism) (2005), andaBitytic Cathodic Sulfate Reduction (BCSR) (2009).
Except for the last one belongs to the EMIC, odrerCMIC.

2.1. CMIC mechanism

Many mechanisms of MIC are established on the afteattribute that SRB using,Has the electron donor,
according to :

4H, + SQ¥+2H" — H,S +4 HO. (4)

First, the initial electron donor is iron as anodmction is as follows:

Fe—>F&'+2€ , Egue 20s=-0.47+0.0296lg(a") (5)

Then, H of water reductioned to Hy reaction (2):

2H'+26—H; , EspE 208=0.00—0.02961g(@2) —0.0592pH (6)

Overall reaction of (1) and (2) is

Fe+2 HoFe'+ H, (7)

The first mechanism of CMIC is the cathode depaédidn theory. Existence of microorganisms sucBRB could
consume H So, partial pressure of,Hlecreased and iron could be dissolved continuodiséyto depolarization.
Then HS, produced from metabolites of SRB, combined With released from the iron. The total reaction is as

follows:
4Fe + SGF+3HCO;, +5H" — FeS +3FeC@+4H,0 (8)

The second mechanism of CMIC i keduced to b this process stimulated by the iron sulfide wéttalytic
activity on the iron electrode. Therefore, SRB abed H from FeS but not from the metal surface.

2.2. EMIC of SRB
Based on biocatalysis cathodic sulfate reducti@omy (BCSR), MIC takes place since the sulfate cédn at the
cathode will consume the electrons released by dissolution at the anode with the help of biogatabnd the

interface of biofilm and the metal are a place oth anodic and cathodic sites [12]. It assumes dheorrosive
SRB biofilm is formed on an iron surface causing fillowing cathode reactions to go forward dubiticatalysis.

Cathode reaction: SH+8H" +86 >HS + OH +3H,0. (9)

The reaction rate in the absence of bio-enzymedfilin is very low. Control factor is biofilm catgsis controlling
the rate of half reaction of sulfate reduction freuffate to sulfide[13].

Because the reaction between iron and water torgenk} is extremely slow [8], and the electrical conduvityi of
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FeS rust, so corrosion rate is very high when rietabn used as the sole electrons source to edutfate. The
process could not be explained by theTHerefore, the EMIC mechanism was formed——bactehiech attached
on the surface of metallic iron directly absorkcaienic by reaction (5):

86+S0O,>+10H —H,S +4H0
ESHE; average; 298K~ 0.30 +0.0074 Ig @42-/'3&423)'0-074 pH (10)
EMIC is the reaction coupled with the iron dissmnotreaction (5). The overall reaction is same&s (

EMIC mechanism of corrosivity SRB is shown in Fig[&. The stoichiometric reaction of CMIC and EMIC
mechanisms of SRB is show in Fig 3 [8].
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Fig 2 SRB corrosion mechanism Fig 3 SRB stoichiometry comparison chart of the schematics of EMIC

reaction of CMIC and EMIC mechanism

3. Electron Transfer M echanism

3.1. Direct electron transfer (DET) and mediator electron transfer (MET)

The bacteria attached in the biofilms, not suspdridé¢he water, are associated with microbial csion. For EMIC,
the electrons released by iron oxidation must esjported to the periplasm to complete the oxidiznbstances’
reduction. Different from the ion, electron cantr@insmit in the water. Planktonic bacteria canrgiaim electrons
from metal surface through the water medium, witdahnot directly cause EMIC. The microbial fuel qéllFC)
researchers do a lot of work about maximum powépwuproduced by biofilms and form some electr@nsfer
mechanisms. The mechanisms include two sidesigidatect electron transfer (DET) and mediator tactransfer
(MET). This is the essential difference between EMind CMIC mechanisms: DET corresponds EMIC, MET
corresponds CMIC.

Direct electron transfer depends on the film conitgj the electron transfer proteins such as C pigment, ferrous
hemoglobin and pili (known as nanometer wire), ¢farring the electrons into the cell periplasmthae case of
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electron transfer protein, cytoderm must contath whe conductive surface directly. That means angingle cell
layer lead corrosion. Pili plays a role in the &lec transfer process and multi-layers of the celise corrosion.
Sherar et al [14] noted that when SRB become tinairtemt bacteria in biofilm at the condition of n@anic carbon
solution, SRB form many pili which connect cytodetarthe iron surface. This indicates that cellssair@ulated by
the lack of carbon and produce pili, so as to theten transferring released by’Fidation.

The MET depends on electronic media with oxidatiedection active as electros mediators. Many mediavere
found in the MFC research, most of compounds coilegrmembrane connecting and electron transfercorge
from Proteobacteria [13]. Experimental investigathas found that electronic media can promotebthlgical
corrosion [14]. Involving the CMIC about methanogemd hydrogen consumption SRB, molecular hydrogen c
be used as the electron carrier, which is the #t@al source of cathode depolarization procesgshdmgens and
SRB in hydrogenase positive can use hydrogen aerbegy source. In the traditional chemical coonsiH, is
found as corrosion products. Protohatisorbs electron released by iron oxidation, foem H,. The oxidation of
H, releases electrons, electrons were used by redusaction, and then the protons were generaizid.ag

3.2. Electron transfer mechanism of XRB

Gu et al proposed a biological corrosion mechanisodel [15] based on the famous bio-catalytic ca¢hsalfate
reduction (BCSR) theory. This model introduces déadized parameter “biofilm aggressive" so as twig the
details about anode and cathode electron trariBferefore, in the EMIC of SRB, all forms of electroransfer
mechanisms can be applied to the model, rathertti@cathodic polarization theory. In the BCSR tlyethere is
no real physics meaning concept of cathode. ThHeodat reaction only involves biological catalysiREs reduction
reaction occurring in the SRB periplasm. In ordeexplain the EMIC of the nitrate / nitrite redwctielectrogenic
bacteria, this theory has been expanded to a hé@lbgatalysis cathode nitrate reduction (BCNRptlyd7].

All microorganisms involved in EMIC anaerobic ragpion can be summarized as "XRB". In the “XRB", X
represents an oxidant, such as sulfate, nitrati¢énitnd C@; B represents microorganisms, including bacteria,
archaea and eukaryotes [7]. XRB corrosion is cabyettie XRB using Feas energy. Experiments have shown that
Fe’ can be used as the sole energy source of SRB, &RRBmethanogenic bacteria [8]. Xu and Gu found that
culturing D. vulgaris biofilm under the same init@nditions was more aggressive for the carboel stecause of
lacking organic carbon bio-film [10]. XRB have anwmon feature, they are all anaerobic respiratiandre that is

to say they use an external electron acceptor.r@thection reaction of oxidizing substances in thdéglasm needs
hydrogenase. That means EMIC is meaningful, adates to the microbial catalyst. Electric productbiofiim (the
bio-film that uses bl as electron carrier) is necessary. Because tfeisFénsoluble, electrons released by
extracellular iron oxidation must depend on congibd electron transport chain to go into periplaswplving the
reduction reaction of sulfate, nitrate/nitrite ab@, from beginning to the end.

CONCLUSION

Although MIC has been studied and reported for mgegrs, the mechanism of microbiological corrosmstill

insufficient. The energy sharing in biofilm popidet is particularly important, especially for EMi@echanism. It
must be noted that the secretion of non-corrosiierabial electron mediator plays a role in promgtiBMIC of

corrosive bacteria. The development of chemical alttrochemical methods can ensure the detectidimeo
electron mediator. The knowledge of microbial meanlgrelectron transfer is essential.
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It is not surprising that methanogens as one dflblidacteria appear in the petrochemical indufteguently, since
the release of Hin iron corrosion is their source of energy & an electron carrier is the electronic transoriss
intermediary in biofilm microbial populations. ldition to H, the format can also be used as the electron teedia
of some microbes which contain microbial of orgazacbon degradation, methane-producing bacterieS&ii that
make use of K It frequently observed that microbial biologicaémbrane populations that provided electronics on
the anode behaved better than pure microbial membpmpulations to the anode. In the studies ofoliohl
corrosion, the more serious threat may come froenbibfilm biodiversity, because the microbial pagiidns can
remove the electronics on the metal surface mdeetafely.
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