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A brief review of microbial induced corrosion research

Corrosion is a natural process of the gradual conversion of refined materials, such as
metal or concrete, into a more chemically stable form, e.g., sulphide, nitrate, or oxide.
Corrosion closely corresponds with destruction of materials exposed to the environ-
ment (Schweitzer, 2010).

Some microorganisms possess the ability to accelerate corrosion. This process is
called Microbial Induced Corrosion (MIC). MIC is associated with formation of bac-
terial biofilms. Biofilm is a bacterial community embedded in extracellular matrix
formed by EPS (extracellular polymeric substances) secreted by bacteria. Products of
bacterial metabolism are very corrosive to metal and concrete surfaces that the biofilm
is attached to, and so microbial induced corrosion is a significant threat to metal and
concrete surfaces (Javed et al., 2015). Pipelines, fuel tanks, ship hulls, sewage systems,
and other elements exposed to freshwater, seawater, sewage, or soil are especially sus-
ceptible to MIC (Cayford et al., 2017; Hunsucker et al., 2018; Grengg et al., 2018).
Repairing damage caused by bacteria costs billions of dollars a year (Koch et al., 2002).

Scientists recognise the threat posed by microorganisms and are conducting ex-
tensive research. Mine study goals are the identification of bacterial communities re-
sponsible for accelerated corrosion of materials, the explanation of the main microbial
induced corrosion mechanisms and effective inhibitors of this kind of corrosion, and
the creation of MIC resistant materials.

The aim of this study is review the latest advances in Microbial Induced Corrosion
research, compare currently used biocorrosion prevention methods, and to discuss
chemical and biological processes behind microbial induced corrosion.

Corrosion inducing bacteria

Corrosion is induced by wide range of bacteria. The most prevalent of over 13 phyla
related to biocorrosion in various environments are Bacterioidetes Krieg et al. 2012,
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Proteobacteria Stackebrandt et al., 1988 and Firmicutes Gibbons & Murray 1978
(Cayford et al., 2017; Li et al., 2017a; Hunsucker et al., 2018; Li et al., 2018). Overall,
more than 20 classes of bacteria were proven to induce corrosion (Li et al., 2017), the
most abundant of them being Deltaproteobacteria Stackebrandt et al. 1988, Clostridia
Rainey 2010 and Gammaproteobacteria Stackebrandt et al. 1988 (Cayford et al., 2017;
Li et al., 2017a; Hunsucker et al., 2018). On the genera level, the most common MIC
causing bacteria are Desulfovibrio Kluyver & van Niel 1936, Desulfobacter Widdel 1981
and Desulfotomaculum Campbell & Postgate 1965, all three belonging to Sulphate Re-
ducing Bacteria (SRB) group (Hamilton, 1985; Jia et al., 2017; Wan et al., 2018).

Sulphate reducing bacteria are considered to be the typical MIC causing micro-
organisms, thanks to their ability to accelerate corrosion in anaerobic environments
(Videla, 1986; Sherar et al., 2011; Dec et al., 2016). Studies have shown that SRB, apart
from corrosion acceleration, can also lead to corrosion inhibition. Sulphides created
by bacteria can form films on the surface. Thin films work as corrosion inhibitors,
while more bulky films can accelerate the corrosion rate (Videla et al., 2005; Xu et al.,
2013). As SRBs are strictly anaerobic, most of the research regarding corrosion effects
of SRBs is focused around anaerobic environments.

In recent years, another group of corrosion inducing bacteria has gained a lot of
researchers’ attention, that group being Nitrate Reducing Bacteria (NRB). NRBs have
proven to induce corrosion include gene Bacillus Cohn 1872, Acidithiobacillus Kelly
& Wood 2000 and Alcaligenes Castellani & Chalmers 1919, (Wang et al., 2014; Liu et
al., 2016; Herisson et al., 2017). Studies have shown that corrosion caused by NRBs
can be more serious that that caused by SRBs (Wan et al., 2018). Despite the intensive
research, corrosion the mechanism of NRB still needs more investigation.

MIC as a topic of scientific research

In recent years, microbial induced corrosion has been gaining more and more attention
among scientists from a range of scientific fields. Due to the material destructing nature of
MIC, most of the research revolves around the development of corrosion resistant materials,
corrosion inhibitors, and the recognition of MIC mechanisms.

MIC has been proven as one of the main factors in concrete degradation. Corro-
sion of wastewater networks poses a high risk to the environment and public health
(World Health Organisation, 2000; Li et al., 2017b). The range of Volatile Organic
Compounds (VOCs) produced as bacterial metabolites constitute considerable health
and safety issues for sewage systems operators and community workers (Alexander
et al., 2013; Gutierrez et al., 2014). Despite intensive in situ and lab research, corro-
sion resistant concrete is still not available for wide usage. Not one of the currently
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used concrete mixtures can resist MIC for their projected operating lifetime (Goyns,
Alexander, 2014; Herisson et al., 2014). Experience has shown that physiochemical
concrete parameters are very important for MIC resistance (Vincke et al., 2002; Heris-
son et al., 2014). Mixtures with high bacterial created acid neutralisation capacity and
small pores were proven to be especially resistant to corrosion (Gu et al., 2011; Li et al.,
2017b). Antibacterial additives, such as ZnO powder, were also proven to be effective
in slowing down MIC (Schultz et al., 2011).

Water transportation is another field in which MIC causes considerable loses
every year. Ship hulls, and fuel and ballast tanks are especially endangered. Seawater
is a perfect environment for bacteria, thanks to abundance of organic and mineral
compounds necessary for bacteria to thrive, and a relatively stable temperature. Inter-
continental water transport highly contributes to the propagation of bacteria around
the globe (Souza et al., 2016).

The accumulation of bacterial biofilm, responsible for corrosion on ship hulls
causes increased drag, which leads to higher fuel consumption and increased exhaust
emissions (Swain, 2010). To negate this problem, biocides and anti-adhesion coat-
ings are used (Lee et al., 2012). Because of high toxicity of biocides, new methods of
protecting ship hulls are being developed. One of the new methods that show prom-
ise is grooming (Hunsucker et al., 2018). Grooming is based on brushing the surface
attacked by bacteria and removing biofilms, and other contaminations. The groomed
surface is smoother and thereby more resistant to bacterial adhesion. However, more
research is required to refine grooming tools and procedures.

Studies have shown that biodiesel fuels can accelerate the corrosion of carbon steel
fuel tanks in contact with marine microbes (Bellige et al., 2015). Cu-Ni coatings used
for protection of fuel tanks against corrosion were proven to be not effective against
MIC. Bacterial sulphate reduction corresponding with fuel biodegradation can lead to
rapid penetration of the protecting coating and the corrosion of external steel layers
(Lvetal., 2017). Latest research shows that the type of fuel is a major factor in Cu-Ni
coating corrosion (Hunsucker et al., 2018). To fight this, new generations of biofuels
are being implemented (Liang et al., 2017).

The environment of the oral cavity is a perfect incubator for bacteria (Long, Rack,
1998). Because of that, large emphasis is given for development of MIC resistant
dental implants. The most widely used material for implant production is titanium,
known for its biocompatibility and corrosion resistance (Navarro et al., 2008; Diaz et
al., 2018). The corrosion resistance of titanium comes from its ability to passivate and
create a 2-5 nm thick protective oxide layer on the implant surface. However, recent
studies have shown that bacteria can accelerate titanium corrosion in the oral cavity
environment (Li et al., 2017). Roughness of the implant surface also plays a major
role in MIC resistance, and because of that, a range of surface modifications are being
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extensively tested (Souza et al., 2016). The goal is to achieve high corrosion resistance
without lowering biocompatibility of the implant.

MIC prevention methods

Because of high maintenance costs of elements affected by MIC, a lot of emphasis is
given to the development of effective anti-corrosion agents, coatings, and corrosion
resistant materials. The application of biocides, such as bronopol and innovative coat-
ings containing antibacterial nanoparticles are being tested.

Bronopol (2-bromo 2-nitropropane-1.3-diol) is a well-known anti-microbial
agent. It can form a protective layer on the surface of metal, thus protecting it against
bacteria. Studies have shown that bronopol can considerably reduce the corrosion rate
of mild steel (Narenkumar et al., 2018). However, according to Sharma et al. (2017),
high concentrations of bronopol can lead to an increase in the corrosion rate. Because
of that, high dosages of bronopol should be avoided.

The use of bioengineered silver nanoparticles (NPs) is an innovative method of
preventing MIC (Narenkumar et al., 2018). Thanks to their high antibacterial poten-
tial, silver nanoparticles are very effective in stopping biofilm development (Sondi,
Salopek-Sondi, 2004; Kim et al., 2007; Narenkumar et al., 2018). Analyses have shown
that silver NPs can be absorbed by the metal surface and form a protective layer, which
adds to their anticorrosive properties. Unfortunately, silver NPs have been proven as
highly toxic and hazardous for the environment (Hajipour et al., 2012; Bondarenko et
al., 2013; Yuan et al., 2017).

The usage of many anti MIC agents is very limited due to their high toxicity and
destructing influence on the natural environment. Because of that, eco-friendly alter-
native solutions are being developed. One of them is the usage of plant-based natural
corrosion inhibitors (Narenkumar et al., 2017; Punniyakotti et al., 2017). Many plants
are well known for their antibacterial properties (Raja, Sethuraman, 2008; Narenku-
mar et al., 2017; Punniyakotti et al., 2017; Aribo et al., 2017), and can be used to
prevent corrosion. Studies have shown that ginger (Zingiber officinale Rosc.) in con-
centrations as low as 20 ppm inhibits MIC with over 80% efficiency (Narenkumar et
al., 2017). Despite high potential of natural inhibitors, more research is required to
develop effective ways of implementing them in in situ conditions.

MIC mechanisms

Anaerobic bacterial metabolism can be divided into two types: fermentation and respi-
ration (Blaszczyk, 2010). With that classification, anaerobic microbial induced corrosion
can be divided into three main categories (Xu, Gu, 2011; Gu, 2012; Xu et al,, 2013).
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In standard conditions, organic carbon is a main source of nourishment for mi-
crobes. Bacteria subjected to carbon starvation have been shown to accelerate carbon
steel corrosion. With the lack of carbon, bacteria were using metallic iron as a source
of electrons needed for the oxidation process (Jia et al., 2017). Metals that can be used
as electron donors are more susceptible to biocorrosion (Xu et al., 2016). In MIC I,
extracellular electrons realised in oxidation of iron are used by bacteria to reduce oxi-
dants such as sulphate or nitrate in their cytoplasm. For this to happen, electrons must
be transported through a cell wall, this is called extracellular electron transfer (EET).
Two main methods of EET are used by bacteria: mediated electron transfer (MET)
and direct electron transfer (DET). The addition of electron mediator into Desulfovi-
brio vulgaris (Hildenbor) culture medium accelerated corrosion (Zhang et al., 2015).
This shows that electron transfer is a limiting factor in MIC. A theory called Biocat-
alytic Cathodic Sulphate Reduction (BCSR) was proposed to describe the thermody-
namics of microbial induced corrosion caused by SRB (Gu et al., 2009). In this theory,
sulphate is the terminal electron acceptor, and iron oxidation occurs extracellulary,
and sulphate reduction occurs in the SRB cytoplasm. BCSR can be used as a base for
computer modelling of MIC caused by sulphate reducing bacteria. Various factors
(i.e., temperature, biofilm aggressiveness, pH, [SO,*]) influencing corrosion speed can
be investigated through computer simulation (Xu et al., 2016).

Biocatalytic Cathodic Nitrate Reduction (BCNR) is a theory parallel to BCSR, and
it can explain MIC caused by nitrate reducing bacteria. Nitrate reduction associated
with extracellular iron oxidation can cause corrosion more severe than that linked to
sulphate reduction (Gu, 2012; Xu et al., 2016).

MIC II is caused by corrosive bacterial metabolites (i.e., organic acids and sul-
phides) released into biofilm. In this type of MIC, metabolites are used by bacteria to
achieve redox balance (Shuler, Kargi, 2002). The pH difference between biofilm and
surrounding liquid leads to the acidic corrosion of surface underneath the biofilm
(Xu et al., 2016). It is still unknown if this process is deliberate and if bacteria secrete
corrosive metabolites for the purpose of harvesting energy (Li et al., 2018).

Type III MIC can be best described as the biodegradation of organic materials
caused by microbes. In humid environments, microorganisms, such as fungi, excrete
enzymes that digest organic matter transforming it into substances that can be ab-
sorbed into cells. This kind of microbial induced corrosion can damage polymer insu-
lations and lead to the failure of electrical systems (Gu, 2003).

Conclusions

The state of the art knowledge of microbial induced corrosion was reviewed in this
study. Despite major advances in recent years, more research is still required to accu-
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rate the description of MIC process in nature and the development of more effective
biocorrosion inhibitors. Computer simulation can help accelerate research speed and
largely contribute towards new discoveries in MIC studies. Better understanding of
MIC mechanisms allowed for the development of corrosion resistant materials and
new ways of fighting corrosive microbes. Scientists are on the right path, and rapid pro-
gress in microbial induced corrosion research is becoming more and more apparent.
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Krotki przeglad badan nad biokorozjg

Streszczenie
Korozja to ogot proceséw prowadzacych do niszczenia materiatow. Jednym z typéw korozji jest korozja
powodowana dzialaniem mikroorganizméw. Tak zwana Biokorozja w znacznym stopniu przyczynia sie
do degradacji konstrukeji metalowych i betonowych. Niektore elementy tych konstrukeji, w szczegdlnosci
te wystawione na dzialanie wody stodkiej, stonej, $ciekéw albo ziemi sg szczegdlnie narazone na destruk-
cyjny wpltyw mikrobéw. Korozja mikrobiologiczna w najwiekszym stopniu dotyka przemystu naftowo-ga-
zowego, transportu wodnego i instalacji sanitarnych. Niebagatelny problem stanowi takze, powodowana
przez bakterie znajdujace si¢ w jamie ustnej, korozja implantéw dentystycznych. Mimo, ze mechanizmy
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powodujace biokorozje nie sa dobrze znane, walka z tym zjawiskiem jest przedmiotem badan instytutéw na
calym $wiecie. Waznym zagadnieniem jest rowniez projektowanie materialéw o zwigkszonej odpornosci na
biokorozje. Celem tego artykutu jest podsumowanie dotychczasowego stanu wiedzy o zjawisku biokorozji,
przyblizenie obecnie stosowanych metod jej zapobiegania, oraz omodwienie proceséw chemicznych i biolo-
gicznych stojacych za korozja indukowang przez mikroorganizmy.
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