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Abstract

Microbiologically influenced corrosion, MIC, refers to 
the situations where the corrosion of metals is influenced 
by the presence of microorganisms and/or biofilms on their 
surfaces.

The MIC is a very problematic phenomenon which causes 
billions of dollars of economic losses in the monitoring and 
controlling every year. The MIC has been found to damage 
many metals and alloys in a range of situations, including 
marine environments, cooling water system, power genera-
tion and pipelines used by the oil and gas industry. Many 
parameters are believed to impact the rate of MIC.

The MIC is reported to account for about 50% of the total 
cost of corrosion. It is possible to save a net of 25% of that 
annual cost by applying currently available corrosion control 
technologies.

Therefore, it is of great significance to understand the 
mechanisms of MIC, and to find ways to mitigate MIC pro-
vided that these methods are both environmentally sustain-
able and economically viable.
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Introduction

Microbiologically Induced Corrosion (MIC) refers to situa-
tions where the corrosion of metals is induced by the presence 
of microorganisms and/or biofilms on their surfaces [1]. MIC is a 
very problematic phenomenon which causes trillions of dollars 
of losses in monitoring and controlling every year. Microorgan-
isms can initiate, accelerate, and/or inhibit corrosion processes 
through a number of different ways. This include modification 
of the localized environment at the metal/solution interface, 
destabilization of protective films or corrosion products on the 
metal surface, or by initiating pitting attack where microbial ad-
hesion takes place on a metal.

MIC has been found to damage many metals and alloys in 
a range of situations, including marine environments, cooling 
water systems and power generation and pipelines used by the 
oil and gas industry. It is therefore of great significance to un-
derstand the mechanisms of MIC, and to find ways to inhibit 
MIC that are both environmentally sustainable and economi-
cally viable.

Many strategies have been used for controlling MIC by using 
inhibitors and/ or biocides [2]. Conversely, most of the tradition-
ally used corrosion inhibitors are known to be toxic and harmful 
to the environment. There is a need to control corrosion and to 
minimize the use of these toxic and dangerous chemicals that 
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can contaminate the global environment. In view of that, atten-
tion was drawn to the development of novel corrosion control-
ling methods based on ecological approaches. In recent years, 
considerable efforts have been made to study the corrosion in-
hibition efficiency of some natural products, as green inhibitors 
[3]. Organic inhibitors are one of the most practical methods 
and economical choices for the protection of metals against 
corrosion [4]. Nanocomposites come to be a promising area of 
research and development which have an excellent antibacte-
rial activity depending on the nanoparticle size. This leads to 
changes in the surface area for better interaction with bacterial 
cells [5].

In recent years, the synthesis and application of Montmo-
rillonite (MMT-based) antibacterial drugs have attracted enor-
mous interest due to global concerns regarding public health 
[6]. The montmorillonite clay is recently a current topic to 
study its utilization as additive and drug carrier material at the 
research level [7]. Also, Schiff bases heterocyclic organic com-
pounds have gained importance in medicinal and pharmaceu-
tical fields due to a broad spectrum of biological activities as 
antimicrobial and anticorrosion [8].

Definition of abiotic corrosion

Some typical corrosive environments are air and humidity, 
water (fresh, distilled, salt), atmospheres (natural, urban, ma-
rine, and industrial), steam and gases. Like metals, other mate-
rials (such as plastic, ceramics) also undergo degradation, but 
the term ‘corrosion’ refers (usually) only to metals. The iron cor-
rosion is called rusting with the formation of corrosion products 
consisting of hydrous ferric oxides [9].

Metals have some technically important properties such as: 
tensile strength, ductility, electrical and thermal conductivity, 
which differ them from other materials. Normally all crucial 
components of machines, cars and instruments are made of 
metals. Therefore, the durability of all of them is dependent on 
their corrosion resistance.

A big problem with corrosion is that it is not realized until 
some damage is already done, mostly in industry (loss of effi-
ciency, product, money due to repairs), storage (leaking, con-
tamination), transport, construction (buildings, bridges - steel 
reinforcements in concrete [10].

Types of corrosion

There are two major corrosion forms: uniform and localized 
corrosion. Uniform corrosion represents evenly attacked metal 
over its entire surface. The cathodic and anodic sites are formed 
on the metal surface, but their position changes with time. The 
overall effect is that the metal is uniformly attacked, so the 
thickness of the metal is evenly decreasing. This type of corro-
sion is well recognizable, easier to monitor and could be solved 
by adequate protection of the metal surface. Localized corro-
sion takes place when the corrosion progression is not uniform. 
In this case the cathodic and anodic sites are fixed over the met-
al surface. The corrosion proceeds on established portions of 
the metal surface. There are more types of localized corrosion.

The most common forms are crevice corrosion, pitting cor-
rosion and stress corrosion cracking (SCC). With pitting corro-
sion, the area where corrosion occurs is very small, the pits are 
much deeper than their diameter [11]. Crevice corrosion occurs 
at cracks, filled with corrosion medium, usually at junctions or 
threads. It occurs in crevices owing to the differences in param-

eters such as pH, oxygen availability, or corrosive substances 
concentration [9].

SCC corrosion occurs when the material is under mechanical 
stress and exposed to corrosive medium [12].

Microbiologically induced corrosion (MIC)

MIC is related to the adherence of the microorganisms on 
industrial pipes causing metal deterioration as a result of micro-
bial activities modifying the local chemistry at metal / solution 
interface surfaces [13].

MIC refers to how the presence and activity of micro-organ-
isms can induce corrosion [1]. Microorganisms induce several 
effects at the metal /solution interface under the microbial bio-
film [2].

MIC is the outcome of interfaces between the metal surface, 
corrosion products, and the bacteria and their metabolites [14]. 
The corrosion rates that have been observed in the field in rela-
tion to MIC can be on the order of several mm/year, which is 
much greater than what would be normally expected for cor-
rosion in the associated environment without microorganisms 
[15].

This rapid corrosion attack has the potential to cause sig-
nificant structural damage before identification during routine 
maintenance. It is difficult to estimate the corrosion costs that 
are specifically due to MIC as it varies widely, and actual num-
bers cannot be given with certainty.

Still, MIC has been reported to account for a considerable 
fraction of the total corrosion costs [16].

Microorganisms and MIC

Once microorganisms form a biofilm, they can, multiply and 
degrade the material to which they are attached. The main 
groups are prokaryotes, which can be sub-divided into bacteria 
and archaea and eukaryotes [17]. As a result of their metabolic 
processes, microbes initiate corrosion, resulting in high corro-
sion rates, referred as pitting corrosion.

Biofilm formation

The MIC refers to the situations where the corrosion of met-
als is induced by the presence of microorganisms and/or the 
biofilm on their surfaces [18]. The biofilm is a group of microbial 
cells associated with specific surface and are enveloped by the 
Extracellular Polymeric Substance (EPS) [19].

The presence of the microorganisms helps in the formation 
of a biofilm which induces corrosion by different mechanisms 
such as formation of differential concentration of microbial 
cells, changing the anion ratios of the solution and production 
of corrosive materials [20].

Extracellular polymeric substrates (EPS)

EPS consists of polysaccharides, proteins, nucleic acids, and 
other metabolites [21]. It can be as high as 90% of the biofilm 
constituents [22] which is the highest component of the biofilm 
and plays an important role in determining both biological and 
physiochemical properties of biofilm.

The biofilm extracellular polysaccharide substance has sticky 
properties that aid the adherence to the metal surfaces and 
protect the bacterial elimination by the biocides, subsequently 
causing MIC [23]. Arafat, 2020, showed that The morphology of 
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the corrosion coupons indicated the formation of the corrosion 
products on the metal coupon exposed to iron oxidising bacte-
ria suggesting the occurrence of MIC (Figure 1).

Figure 1: Corrosion of mild steel coupon after the exposure to 
iron oxidising bacteria.

Formation of biofilm on metallic surfaces

When a metallic surface is immersed in aqueous solution, a 
biofilm begins to be formed on the metal surface [24]. The for-
mation of a biofilm generally starts with the adsorption of the 
macromolecules such as proteins, polysaccharides, fatty acids, 
and lipids at the metal surface [18].

This initial film developed on the surface is referred to as con-
ditioning film. The conditioning film alters the surface chemistry 
of the material and helps microorganisms adhere to the surface 
[25]. Immediately after initial attachment, microorganisms start 
to excrete EPS which assists in the irreversible attachment and 
the formation of the microcolonies. The exopolymers produced 
are also responsible for: the easy and adherent attachment of 
bacteria to the surface, the cohesive forces within a biofilm, 
and the biofilm stability [26]. The microorganisms within these 
microcolonies interact with each other, multiply and grow, and 
finally establish a mature biofilm.

Stoodley et al. [27], reported five stages of biofilm develop-
ment. First, the initial attachment of the bacteria on the sur-
face of the material. Then, the excretion of EPS by the attached 
bacteria resulting in irreversible attachment. This is followed by 
the formation of micro-colonies and/or early development of 
biofilm structure. The bacterial colonization then grows to form 
mature biofilm. Lastly, bacteria detach from the biofilm and at-
tach to other areas on the immersed surface.

Metabolic byproducts produced by the microorganisms

The microorganisms within the biofilm can excrete certain 
byproducts during their metabolism. These metabolic byprod-
ucts are often responsible for localized environmental changes 
within the biofilm, which can differ from the medium in pH, dis-
solved oxygen, as well as concentration of various inorganic and 
organic species resulting in high corrosion rates [28]. The ability 
of microorganisms to produce a wide variety of corrosive me-
tabolites over a range of environmental conditions makes them 
a real threat for accelerating the corrosion of metallic surfaces.

Effect of biofilm formation on MIC

The formation of a biofilm on the metal substratum plays an 
important role in changing the local physical and chemical envi-
ronment. The biofilms formed on a metal surface are capable of 
influencing corrosion processes by changing the electrochemi-
cal conditions at the metal/solution interface and either cause 
an increase or decrease in the metal degradation [18]. Charack-
lis [29], reported the effects of biofilm formation on the metal 
surface and consequently on the corrosion rate as:

•	 Microbial activity on the substratum is higher if the bio-
film is patchy.

•	 The effect of metabolic by-products of microorganisms on 
the substratum.

•	 Variation of movement of ions through the EPS of the bio-
film.

•	 Modification of degree of conductivity of the solution by 
the EPS.

•	 The binding of metal ions by the EPS.

•	 A severe alteration of the resistance to biocides and dete-
rioration of the corrosion inhibitors.

The formation of chemical gradients is one of the main ways 
in which biofilms influence the corrosion processes. The forma-
tion of a patchy biofilm on a metal surface can act as differential 
aeration or concentration cell, with different oxygen/ion levels 
inside and outside the biofilm [25].

Such concentration gradients and functional heterogeneities 
inside the biofilm often result in the localized corrosion of the 
metallic substrate [30]. On the other hand, the biofilm forma-
tion has also in some cases been reported to protect the metal 
surface, preventing diffusion of dissolved oxygen, aggressive 
anions and/or metabolic byproducts [31].

Microorganisms involved in MIC

Various mechanisms for MIC have been proposed, depend-
ing upon the different causative microorganisms involved in 
each mechanism. While MIC may be attributed to a single group 
of microorganisms, the most aggressive corrosion takes place 
in the presence of different species of bacteria (i.e. microbial 
consortia) within biofilms [18].

Most of the microorganisms associated with MIC come un-
der the group chemotroph referring to those getting their en-
ergy from chemical source rather than a light source.

MIC can be classified into two kinds depending on the physi-
cal and chemical nature of the microorganisms, such as aerobic 
MIC and anaerobic MIC.

Mechanisms of MIC formation

According to Coetser and Cloete [32], MIC occurs in a num-
ber of different ways:

a) 	 Utilization of oxygen by aerobic microorganisms resulting 
in the anodic areas. Localized differences in concentration 
shift the potential of the metal surfaces resulting in the 
formation of localized corrosion cells.

b) 	 Consumption of hydrogen by microorganisms through a 
cathodic reaction depolarizes the cathode which boosts 
the rate of metal deterioration at the anode.

c) 	 Microbial elimination of protective coatings on different 
metal surfaces.

d) 	 Microbial consumption of corrosion inhibitors (e.g. car-
boxylic acid and ester-based components) which protects 
metals in oil field systems [33].

e) 	 Microbial metabolites produced by microorganisms (or-
ganic and inorganic acids), which are corrosive in nature.

f) 	 Development of anaerobic environments encouraging 
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the growth of Sulphate Reducing Bacteria (SRB).

The MIC is the corrosion of metal surface which is acceler-
ated directly by the life activities of microorganisms or indirectly 
by their metabolites. A large part of MIC is often produced by 
a mixture of anaerobic Sulphate-Reducing Bacteria (SRB) and 
aerobic Iron Oxidizing Bacteria (IOB) [34].

Iron Oxidizing Bacteria (IOB). Under actual working condi-
tions, these two microorganisms accelerate the corrosion of 
materials through synergistic actions. IOB consumes oxygen in 
the medium to create suitable growth environment for anaero-
bic SRB and then promote the corrosion of the matrix by SRB 
[34]. During this process, SRB and IOB cooperate together to 
form biofilms on metal surfaces which are usually composed of 
sessile cells, EPS and corrosion products.

The biofilm plays a very important role in MIC and the de-
velopment of biofilm theory and analytical techniques have led 
up to a better understanding of the whole process of MIC [34].

MIC often occurs as results as of synergistic interactions be-
tween the metal surface, corrosion products, microbial cells 
and metabolic byproduct [35].

Iron bacteria

In the 1830s, iron bacteria were among the first group of 
microbes to be recognized for carrying out a fundamental geo-
logical process, namely the oxidation of iron. Due to permanent 
questions about their metabolism, coupled with difficulties in 
culturing important community members, studies of Iron Oxi-
dizing Bacteria (IOB) have lagged behind other important mi-
crobial lithotrophic metabolisms.

Recently, research on lithotrophic, oxygen-dependent IOB 
that grow at circumneutral pH has been accelerated [36].

The iron bacteria was among the first prokaryotes to be ob-
served and recorded by pioneer microbiologists, such as Ehren-
berg and Winogradsky, in the 19th century.

This bacteria was originally considered to be the bacteria 
that catalyzed the oxidation of iron (II) (Fe2+, ferrous ion) to 
iron (III) (Fe3+, ferric ion), often causing the latter to precipitate 
ochre-like deposits.

Although the definition of what constitutes an iron bacte-
rium has been extended to include prokaryotes like Geobacter 
spp., catalyze the dissimilatory reduction of ferric ion to ferrous 
ion [37].

Iron-oxidizing prokaryotes have continued to be the focus of 
a considerable articles of research due to not only the perceived 
importance of these microorganisms in the global iron cycle and 
industrial applications (chiefly biomining), but also discoveries 
over the past 20 or so years of novel genera and species that 
catalyze the dissimilatory oxidation of iron at neutral pH in mi-
cro-aerobic and anaerobic environments [36].

While classified species of iron-oxidizing bacteria occur in a 
number of phyla within the domain bacteria, including the Ni-
trospirae and the Firmicutes, the majority are included within 
the largest bacterial phylum, the Proteobacteria.

Within this phylum are found IOB that have different physi-
ologies in terms of their response to oxygen (obligate aerobes, 
facultative and obligate anaerobes) and pH optima for growth 
(neutrophils, moderate and extreme acidophilic [37].

IOB have been implicated in biocorrosion since the 1960s 
[38]. These bacteria gain energy through the oxidation of fer-
rous ion (Fe2+) to ferric ion (Fe3+), which occurs at near neu-
tral pH and may result in the formation of iron oxides. IOB are 
micro-aerophillic and therefore are found commonly associated 
with other microorganisms in aerobic environments in the pres-
ence of reduced iron [32].

The IOB species that have been studied most extensively in 
biocorrosion are Gallionella, Leptothrix and Siderocapsa [39]. 
The mechanism of IOB is due to the formation of a differential 
aeration cell in which the bacteria form iron oxide deposits. The 
area under the deposits is excluded from oxygen, thereafter 
serves as the anode and the areas uncovered by the deposits 
and exposed to high oxygen concentration serve as the cath-
ode. The metal under the deposits dissolve and form cationic 
species that then undergo hydrolysis forming iron hydroxides 
and oxides.

The IOB corrosion in freshwater environments is much better 
understood than in the marine environments. In the presence 
of chloride ions, the IOB activity may result in the formation of 
ferric chloride, which is highly corrosive and may concentrate 
under ferric oxide deposits [39].

It was reported by Arafat [40], that corrosion products on the 
carbon steel was examined by SEM after immersion for 21days 
in the culture media of Achromobacter xylosoxidans SC1 (Fig-
ure 2) showing fine plates (flowery structures) and cotton balls 
shaped structure. The coverage of corrosion products almost 
expanded the entire surface of carbon steel.

Figure 2: SEM analysis showing formation of corrosion products 
by Achromobacter xylosoxidans SC1 at magnification (5000X).

Factors affecting microbial induced corrosion

Many parameters are known to affect the rate of MIC. The 
parameters affecting MIC are physical, chemical and biologi-
cal parameters. One of the parameters is the temperature. The 
temperature range for MIC is more complex to establish. DNV 
[41], reported an optimal range for MIC of 25-45 °C and a pos-
sible range for MIC of 0-80°C.

Another factor affecting MIC is the material nature. The MIC 
normally occurs in Carbon Steel (CS) (ISO, 2010). This may be 
due to that CS being the preferred metal alloy for construction. 
All metals and metal alloys can be subject to MIC [42].

The metallurgical features including non-equilibrium micro-
structure, grain boundaries, residual stresses, surface chemistry 
(texturing), and alloying elements have been shown to play an 
important role in MIC [43].

Features down to the level of microorganisms in size are very 
important for initial bacterial attachment and the subsequent 
colonization and proliferation in the biofilm formation. Microor-
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ganisms most likely attach to the surface by chance in a random 
fashion, but their further proliferation and segregation at any 
specific location depends on different micro- and macro-scale 
metallurgical features. In addition, some types of inclusions in 
a metal may promote the production of high concentrations of 
metabolites and localized clusters of the biofilm i.e. tubercle 
formation [44].

Carbon Steel (CS) is an iron-based alloy, which usually con-
tains carbon (max. 2%) and other minor alloying elements. It is 
one of the most widely used industrial materials and accounts 
for approximately 88% of the annual production of steel in the 
United States alone [45]. Despite having somewhat limited cor-
rosion resistance, CS is still used as a construction material in 
large tonnages in many industries, including maritime, trans-
portation, chemical and nuclear power plants, petroleum pro-
duction and refining, mining, and metal-processing plants [45].

CS can have different grain sizes and microstructural phases 
(ferrite, pearlite and/or marten site) depending on the amount 
of carbon present, the rate of cooling applied during manufac-
turing and any subsequent heat treatment process. The metal 
working processes such as rolling, forging, and extrusion, can 
also affect the morphology of various microstructural features 
present in CS [46].

The MIC has been shown to be affected by several metal-
lurgical parameters. Therefore, a fundamental understanding 
of these parameters is essential for better comprehension and 
interpretation of this complex corrosion process. This could also 
help us to develop efficient Lab-based tests for studying MIC of 
CS, which is an important industrial material [47].

The grain size is one of the most important characteristic fea-
tures of metals and alloys. When a metal or alloy is processed, 
the atoms in each particular grain align themselves in a specific 
order which defines the spatial orientation of that grain. During 
grain growth, an interface is eventually formed when different 
grains having different spatial orientation impact on each other 
[48].

This interface is referred to as the grain boundary and it is a 
region of major atomic disarray [49]. It has been demonstrated 
that the corrosion properties of metals and alloys are affected 
by their grain size [50].

That has been also shown to influence bacterial attachment 
and the resulting MIC [47]. Small grained materials are more 
susceptible to bacterial attachment and later to MIC [51]. These 
areas are also susceptible to taking up hydrogen produced by 
the microorganisms, resulting in hydrogen embrittlement fol-
lowed by SCC [52].

Another factor affecting MIC is pH. Energy Institute [53] re-
ported that MIC often occurs at a neutral pH.

An important factor affecting MIC is the chemical composi-
tion of the culture medium used for growing the microorgan-
isms and conducting MIC tests in the laboratory.

The composition of media has been shown to play an impor-
tant role in MIC [54]. Alternative approaches use media which 
aim to replicate the actual environmental conditions e.g. Modi-
fied Baar’s medium [55], artificial seawater [56] and Vaatanen 
Nine-Salt Solution (VNSS) [57].

The availability of nutrients in the test medium affects the 
growth and metabolic activity of the microorganisms. The bac-

terial growth is limited when the essential nutrients in the cul-
ture/test medium have been used up by the bacterial cells dur-
ing their metabolism and growth.

One way to avoid this is to refresh the bacterial growth 
medium during long term immersion studies (i.e. from weeks 
to months) to maintain the density of viable bacterial cells 
throughout the experiment. Many long-term MIC studies, how-
ever, have been carried out without any medium replenishment 
[58].

In one study that looked into this effect, Jayaraman et al. 
[57] observed that daily replenishment of the growth medium 
caused a significant difference in the corrosion inhibition of CS, 
with less corrosion observed in the replenished medium com-
pared to the non-replenished medium.

Bio-Corrosion control and preventive strategies

The World Corrosion Organization (WCO) “Shenyang” Decla-
ration 2019 reported that corrosion is a “cancer” of industry is 
difficult to solve. Therefore be, it resolved that there is a critical 
need to increase the corrosion awareness, develop and imple-
ment corrosion control technologies in order to protect human 
life and our environment [59].

According to a study by NACE [60], International Implement-
ing corrosion prevention best practices could result in global 
savings of 15-35% of that cost, or $375-$875 billion [60].

The MIC is reported to account for about 50% of the total 
cost of corrosion [16]. According to corrosion experts, it is pos-
sible to save a net of 25% of that annual cost by applying cur-
rently available corrosion control technologies [61]. However, 
better corrosion management can be achieved using preventive 
strategies [62] that include:

•	 Increase awareness of large corrosion costs and potential 
savings,

•	 Change the misconception that nothing can be done 
about corrosion,

•	 Change policies, regulations, standards, and management 
practices to increase corrosion savings through sound 
corrosion management,

•	 Improve education and training of staff in recognition of 
corrosion control,

•	 Advance design practices for better corrosion manage-
ment,

•	 Advance life prediction and performance assessment 
methods,

Advance corrosion technology through research, develop-
ment, and implementation.

It is known that 40% of pipe corrosion for oil industry is 
attributed to the MIC and it causes havoc from the order of 
US$100 million in production, transportation and storage of 
oil every year in U.S. [63]. Nevertheless, notable MIC-related 
cases include the 2006 Prudhoe Bay oil spill and the corrosion 
of deep-sea tsunami early warning systems [64].

The methods used to prevent MIC by inhibiting the growth 
or metabolic activity of microorganisms thus changing the envi-
ronment in which the corrosion process occurs [65].
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The MIC can be controlled in several ways: 

a) Physical methods, b) Chemical methods, and c) Biological 
treatments.

The physical method comprises mechanical cleaning which 
matches any method capable of promoting physical removal of 
the material deposited on the metal surface and includes the 
use of brushing, water jets, among others [66].

The mitigation of MIC, using physical treatments, involves 
the use of mechanical forces to scrap off the biofilm and is not 
only limited to pigging, but also involves the use of ultraviolet 
radiations and ultrasonic. The pigs work well in cleaning and in-
spection of the pipeline [67]. It is still not the ideal method to 
prevent MIC.

When using UV radiations for controlling biocorrosion, the DNA 
of the microorganisms is altered in a way that they cannot pro-
duce byproducts which are responsible to cause corrosion [68].

The ultrasonic has been recognized since several decades to 
destroy cell wall and cell membrane of the microorganisms. It 
can also cause damage to the metal surface and may enhance 
the crevice corrosion [69].

Physical and chemical methods (sanitization through the use 
of biocides and antifouling coatings such as inks or corrosion 
inhibitors) are used generally combined in order to improve cor-
rosion control method [65].

The chemical methods intend to reduce or eliminate the 
metal exposure to the action of biocorrosion, either by direct 
elimination of microorganisms or reduce effect of their metabo-
lites on the material. However, inefficient cleaning and monitor-
ing strategies for systems and lack of skilled professionals in the 
area of MIC provide increased corrosion losses [66]. According 
to Videla [66], the biocides stands among the most commonly 
used effective control methods. However, some biocides may 
not have activity against certain types of microorganisms within 
the same group, due to the development of bacterial resistance.

Protective or antifouling coatings and corrosion inhibitors 
form a protective film adsorbed on the metal/solution interface 
[70]. They are widely used in industrial systems, however their 
use is associated with increased bacterial growth, since they are 
a nutrient source for some bacterial species [71], in addition of 
being highly toxic to humans and other non-target organisms 
[72]. The use of microbes (biological control of corrosion) to 
protect metals against corrosion has been shown to have great 
potential [2].

Zuo [73] described three possible mechanisms of the inhibi-
tion of biofilm-induced metal corrosion: First, removal of cor-
rosive materials through microbial activity e.g, microbes utilize 
oxygen through aerobic respiration, second growth inhibition 
of MIC, e.g from antimicrobial production by non-corrosive 
microbes and finally the formation of a protective layer, which 
could be established by overproduction of EPS by non-damag-
ing microbes [74].

In all cases the mechanisms of the corrosion inhibition are 
not fully understood, and different studies sometimes result in 
opposite conclusions, [74]. The above-mentioned studies are 
performed under controlled laboratory conditions with mostly 
single-species biofilms, which makes it difficult to extrapolate 
the results to realistic field conditions. In order to develop an 
application, there is a strong need for multispecies analysis un-

der in situ conditions and samples from the field.

Green Chemistry which has emerged as a new branch of en-
vironmental chemistry provides eco-friendly corrosion inhibi-
tors specifically termed as “Green inhibitor”. The green inhibi-
tors are non-toxic, biodegradable and eco-friendly, and have 
proven effective in corrosion control [75].

The traditional biocides themselves pose threat to environ-
ment due to forming harmful disinfection by products. Other 
disadvantages of traditional biocide treatment are low effi-
ciency against biofilms and its high cost [76]. The green biocides 
such as nanomaterials having low toxicity, environmental ac-
ceptability, safety and ease of use can be replaced in place of 
traditional biocides to eliminate these disadvantages [77].

In the last two decades, the nanotechnology has been 
playing an increasing important role in supporting innovative 
technological advances to manage the corrosion of steel [78]. 
Nanomaterials are materials that have at least one of their mor-
phological features such as grain size, particle size, structure 
size, etc., in the nanoscale (less than 100 nm) [79].

This is primarily due to their small sizes, which allow higher 
volume fractions at the surfaces and thus higher interaction 
areas [80]. The nanostructures materials are known for their 
outstanding mechanical and physical properties due to their ex-
tremely fine grain size and high grain boundary volume fraction.

The focus is now shifting from synthesis to manufacture of 
useful structures and coatings having greater wear and corro-
sion resistance [79].

The nanocomposites established excellent antibacterial 
activity depending on the nanoparticle size as this parameter 
changes the surface area that leads to better interaction with 
the bacterial cells [5].

Nanocomposites are “materials with a nanoscale structure 
that improve the macroscopic properties of products.” Nano-
composites can then be defined as nanomaterials that combine 
one or more separate components in order to obtain the best 
properties of each component (composite). In nanocomposite, 
nanoparticles (clay, metal, carbon nanotubes) act as fillers in a 
matrix.

Okpala [81], reported the advantages of nanocomposites as: 
Highly dispersible in aqueous medium and uniform distribution 
of the active agent over an extended period of time.

The nanocomposite exhibits such advantages with addition 
of improvement of the environmental impact. It is very impor-
tant to add corrosion inhibitors to prevent metal dissolution 
and minimize acid consumption in acid pickling. The good in-
hibitor has many advantages such as high inhibition efficiency, 
low price, low toxicity and the availability [82].

The application of nanotechnology in the corrosion protec-
tion of metals has recently increased [83]. The environmental 
impact can also be improved by utilizing nanostructure partic-
ulates in corrosion inhibition, coating, and eliminating the re-
quirement of toxic solvents [84].

Nanocomposites are of two types: polymer nanocomposites 
and clay nanocomposites. The clay nanocomposites increase 
the additional properties and have dominated the polymer lit-
erature. But there are a large number of other significant areas 
of current and emerging interest [3].
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The clay mineral that is generating the most interest in use in 
nanocomposites is montmorillonite (MMT). This clay is widely 
available and cost effective, thus becoming the most widely 
used clay in nanocomposite formulations [81].

The montmorillonite clay is recently a current topic to study 
its utilization as additive and inert carrier for the water insolu-
ble organic compounds at the research level [7].

Recently, the synthesis and application of MMT-based anti-
bacterial have attracted great interest due to global concerns 
regarding public health. Some resent researchers have reported 
modified MMT clay with antibacterial activity. For example, sil-
ver, copper, and zinc ions have been immobilized on MMT [85], 
cetyltrimethylammonium [86], tetradecyltrimethylammonium 
[87], have been intercalated into the MMT layers.

Arafat [40], showed that on using different concentration of 
two organic compounds thiophene schiff bases of the chemical 
structure compound I (2-((Furan-2-ylmethylene)-NH2)-4,5,6,7-
tetrahydrobenzo- [b] thiophene-3-carbonitrile) and compound 
II (2-((2-Hydroxybenzylidene)-NH2)-4,5,6,7-tetrahydrobenzo-
thiophene-3-carbonitrile loaded on Na-MMT clay nanocompos-
ite, the corrosion rate decreased in comparison to the control 
indicating corrosion inhibition. Also, when using a concentra-
tion of 80 ppm NCI the IE% was about 100%. While in the case 
of NC II, the corrosion rate decreased in comparison to the con-
trol and IE % was about 100% at 60, 80 and 100 ppm (Table 1). 
The inhibition efficiency of NCI, NCII to MIC of CS coupons are 
related to the chemical structure of the two compounds. 

Table 1: Corrosion rates of inhibited and uninhibited carbon steel coupon and inhibitive effeciency of concentrations of NCI and 
NCII by Achromobacter xylosoxidans SCI.

Conc. (ppm) Initial weight (g) Final weight(g) Weight losses (g)
Weight loss without effect of 

the media (g)
CR without effect of 

the media (m p y)
IE%

(0 ppm)
Bacterial cultural
control

2.041
1.905

2.019
1.888

0.022
0.017

0.005
0

0.915
0

-------
--------

NCI
40
60
80
100

1.868
2.009
1.730
2.072

1.845
1.991
1.721
2.043

0.023
0.018
0.009
0.025

0.006
0.001

0
0.008

1.099
0.184

0
1.465

ND
80%

100%
ND

NC H
40
60
80
100

1.965
1.812
1.942
1.981

1.947
1.803
1.930
1.966

0.018
0.009
0.012
0.015

0.001
0
0
0

0.199
0
0
0

80%
100%
100%
100%

In addition, pharmacology studies have revealed that MMT 
can adsorb to bacteria such as Escherichia coli, Staphylococcus 
aureus and immobilized cell toxins [6].

MMT is a natural clay and a safe carrier material with layered 
silicate structure, featuring with a large surface area, high ad-
sorption capacity and ion exchanging properties [88]. In particu-
lar, Nano-sized MMT has been successfully used as drug carrier, 
catalyst [89]) food additives [90], issue engineering materials 
[91] and in drug delivery system [7], due to its excellent bio-
compatibility and extensive uses in a broad range of medical 
and pharmaceutical applications [92].

Kumari [3], mentioned that the future of nanocomposites in 
less than two years, will be the worldwide production of nano 
composite and is valued to go over 600,000 tones and is set to 
cover the following key areas in the next five to ten years: a) An-
ti-corrosion barrier coatings. b) Drug delivery systems. c) New 
fire-retardant materials. d) Lubricants and scratch free paints. 
e) UV protection gels. f) New scratch/abrasion resistant mate-
rials. g) Superior strength fibers and films, also, in biomedical 
sciences as anticancer drug targeting [93].

The chemical corrosion inhibitors play an important role in 
the protection and mitigation strategies for retarding corrosion 
of metals and alloys. Organic compounds especially those hav-
ing heteroatoms, such as N, O, S, and P, have been frequently 
used as corrosion inhibitors to mitigate corrosion because of 
their effectiveness, ease of use, and economic aspect. In addi-
tion, the presence of heteroatoms acts as an active center to 

be adsorbed on the metallic surface and mitigate the metallic 
corrosion [8].

Organic corrosion inhibitors are a special group of substanc-
es or their mixtures that prevent or minimize the corrosion. In-
hibitors are adsorbed on the surface of the metal and form a 
protective thin film [94].

The organic corrosion inhibitors are widely used in industry 
because of their effectiveness at wide range of temperatures, 
compatibility with protected metal materials, good surface sol-
ubility and relatively low toxicity [95]. These compounds act as 
cathodic and anodic type inhibitors.

Cathodic corrosion inhibitors shift the corrosion potential to-
ward lower values and inhibit or delay the reactions occurring 
at the cathode (oxygen reduction and hydrogen evolution). In 
contrast, anodic-type corrosion inhibitors react with the metal 
cation to form an insoluble hydroxide and block the active sites 
on the metal surface.

It is very important to use the right amount of an anode in-
hibitor, because insufficient concentration to cover all the active 
sites can lead to localized corrosion which is difficult to detect. 
Mixed inhibitors provide the highest protection because they 
affect both cathodic and anodic reactions.

The mechanism of the action of the organic corrosion inhibi-
tors is based on the adsorption on the surface to form protec-
tive film which displace water from the metal surface and pro-
tect it against corrosion [94].
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The inclination towards eco-friendly corrosion inhibitors de-
velopment intersects across several goals of pharmaceutical re-
search, one of which is to discover or develop molecules with 
desired biological activity. Over the past two decades, extensive 
research and development have led to the discovery of new 
classes of corrosion inhibitors, and the importance of the use of 
several drugs as corrosion inhibitors has grown [96].

Because of their natural origin [97] as well as their non-tox-
ic characteristics [98] and negligible negative impacts on the 
aquatic environment [99] drugs (chemical medicines) seem to 
be ideal candidates to replace traditional toxic corrosion inhibi-
tors [96].

Organic compounds containing heteroatoms with electronic 
lone pair (N, O, S and P), or aromatic rings, can generally be 
used as anticorrosion. Recently, the attention of Schiff bases 
(organic compounds containing an azomethane group (-CH=N-) 
and their metal complexes have gained importance in medicinal 
and pharmaceutical fields due to a broad spectrum of biologi-
cal activities such as antibacterial, antifungal, antimicrobial and 
anti-HIV1 activities [100] and anticorrosion [101].

The nitrogen atom of azomethine may be involved in the 
formation of a hydrogen bond with the active centers of cell 
constituents and interferes in normal cell processes [101]. Also, 
Schiff’s bases are used as efficient inhibitors for steel corrosion 
due to the presence of C = N group [102].

The lone pair of electrons on N and S atoms, and the planar-
ity of the molecule are useful for its adsorption to the metal 
surface. They are inexpensive, non-toxic, harmless to the en-
vironment, biodegradable and have a significant anticorrosive 
proprety with low environmental impact [4].

The azomethine linkage and the donor atoms in the back-
bone of the schiff bases are responsible for their biological ac-
tivity and industrial application, which can be altered depend-
ing upon the type of substituent present on the aromatic rings. 
Also, Schiff bases, since they contain an azomethine-N, are 
well-known organic inhibitors of metal corrosion [103]. Thio-
phene nucleus has very promising characteristic and therefore 
can be considered as a significant topic of study in the field of 
heterocyclic chemistry. The lone pairs of electrons present on 
an S atom are more effectively delocalized in the heterocyclic 
ring compared to other heteroatoms such as O and N in case of 
furan and pyrrole because of the larger size of S atom.

In recent years, 2-aminothiophene derivatives have at-
tracted increasing importance in heterocycles with privileged 
structures. These compounds are known to have demonstrated 
broad spectrum of applications as antimicrobial, antibacterial, 
antioxidant and antifungal [104].

References

1.	 Little BJ and Lee JS. Microbiologically influenced corrosion. John 
Wiley & Sons Inc. 2007a.

2.	 Videla HA and Herrera LK. Microbiologically influenced corro-
sion: looking to the future. Int Microbiol. 2005; 8: 169-180.

3.	 Kumari PVK, Rao YS and Akhila S. Role of nanocomposites in 
drug delivery. GSC Biol. Pharmac Sci. 2009; 08: 094-103.

4.	 Aouniti A, Elmsellem H, Tighadouini S, Elazzouzi M, Radi S, et 
al. Schiff’s base derived from 2-acetyl thiophene as corrosion 
inhibitor of steel in acidic medium. J Taibah Univ Sci. 2016; 10: 
774-785.

5.	 Wang L, Hu C and Shao L. The antimicrobial activity of nanopar-
ticles: present situation and prospects for the future. Int J Nano-
med. 2017; 12: 1227.

6.	 Zhang L, Chen J, Yu W, Zhao Q and Liu J. Antimicrobial Nano-
composites Prepared from Montmorillonite/Ag+/Quaternary 
Ammonium Nitrate. J Nanomaterial. 2018; 7.

7.	 Haque SU, Nasar A and Inamuddin. Montmorillonite clay nano-
composites for drug delivery. In: Applications of Nanocomposite 
Materials in Drug Delivery. Biomaterial. 2018; 27: 633-648.

8.	 Singh AK, Thakur S, Pani B, Ebenso EE, Quraishi MA, et al. Hy-
droxy-N′- ((Thiophene-2-yl) methylene) benzohydrazide: Ultra-
sound-Assisted Synthesis and Corrosion Inhibition Study. ACS 
Omega. 2018; 3: 4695-4705.

9.	 Winston Revie R. Uhlig’s corrosion handbook. 3rd Edition, Wiley 
& sons. 2011.

10.	 Landolt D. Corrosion and Surface Chemistry of Metals. EPEL 
Press, Lausanne. 2007.

11.	 McCafferty E. Introduction to Corrosion Science (Springer Sci. 
Business Media). New York. 2010.

12.	 Rajala P. Microbially Induced Corrosion of carbon steel in a geo-
logically repository environment. PhD Thesis, Faculty Agricul-
ture and Forestry. Helsinki. Univ. VTT Tech Res Centre of Finland 
Ltd. 2017.

13.	 Gu T, Jia R, Unsal T, and Xu D. Toward a better understanding 
of microbiologically influenced corrosion caused by sulphate re-
ducing bacteria. J Mater Sci Technol. 2019; 35: 631-636.

14.	 Beech IB and Sunner J. Biocorrosion towards understanding in-
teractions between biofilms and metals. Current Opinion Bio-
tech. 2004; 15: 181-186.

15.	 Wade SA, Mart PL and Trueman AR. Microbiologically influenced 
corrosion in maritime vessels. Corros Material. 2011; 36: 68-79.

16.	 Flemming HC. Economical and technical overview. In: Microbi-
ally influenced corrosion of materials: scientific and engineering 
aspects. Springer. Berlin Heidelberg. 1996: 6-14.

17.	 Hillier E. Development of a procedure for the assessment of 
microbiologically influenced corrosion in risk-based inspection 
analysis. MSc. Thesis, Faculty of Science and Technology. Univer-
sity of Stavanger, London. 2014.

18.	 Little BJ and Lee JS. Biofilm formation in microbiologically influ-
enced corrosion. John Wiley & Sons Inc. 2007b; 1-21.

19.	 Characklis WG and Marchall KC. Biofilm a basis for an interdis-
ciplinary approach. In: Biofilms. John Wiley & Sons. New York. 
1990; 3-15.

20.	 Alasvand ZK and Rai VR. Microorganisms Induction and inhibi-
tion of corrosion in metals. Int Biodeterior Biodegr. 2014; 87: 
66-74.

21.	 Bhola R, Bhola SM, Mishra B and Olson DL. Microbiologically in-
fluenced corrosion and its mitigation: (A review). Material Sci 
Res. India. 2010; 7: 407-412.

22.	 Pal A and Paul AK. Microbial extracellular polymeric substances: 
central elements in heavy metal bioremediation. Indian J Micro-
biol. 2008; 48: 49-64.

23.	 Aruliah R and Ting YP. Characterization of corrosive bacterial 
consortia isolated from water in a cooling tower. ISRN Corros. 
2014; 803219.

24.	 Costerton JW, Cheng KJ, Geesey GG, Ladd TI, Nickel JC, et al. Bac-
terial biofilms in nature and disease. Ann Rev Microbiol. 1987; 



9

MedDocs eBooks

Research Trends of Microbiology

41: 435-464.

25.	 Borenstein SW. Microbiologically Influenced Corrosion Hand-
book, Cambridge, England: Woodhead. 1994.

26.	 Azeredo J and Oliveira R. The Role of Exopolymers in the Attach-
ment of Sphingomonas paucimobilis Biofoul. 2000; 16: 59-67.

27.	 Stoodley P, Sauer K, Davies DG and Costerton JW. Biofilms as 
complex differentiated communities. Ann Rev Microbiol. 2002; 
56: 187-209.

28.	 Thierry D and Sand W. Microbiologically Influenced Corrosion.
In: Corrosion Mechanisms in Theory and Practice. P Marcus and 
J Oudar. Marcel Dekker Inc. 2002; 563-604.

29.	 Characklis WG. Process analysis in microbial systems: Biofilms as 
a case study. Math Microbiol M Bazin London, Academic Press. 
1983.

30.	 Hamilton W. Microbially influenced corrosion as a model system 
for the study of metal microbe interactions: a unifying electron 
transfer hypothesis. Biofoul. 2003; 19: 65-76.

31.	 Dubiel M, Hsu CH, Chien CC, Mansfeld F, Newman DK. Microbial 
iron respiration can protect steel from corrosion. Appl Environ 
Microbiol. 2002; 68: 1440-1445.

32.	 Coetser SE and Cloete TE. Biofouling and biocorrosion in indus-
trial water systems. Crit Rev Microbiol. 2005; 31: 213-232.

33.	 Rajasekar A, Maruthamuthu S, Palaniswamy N and Rajendran 
R. Biodegradation of corrosion inhibitors and their influence on 
petroleum product pipeline. Microbiol Res. 2007b; 162: 355-
368.

34.	 Li Y and Ning C. Latest research progress of marine microbio-
logical corrosion and biofouling, and new approaches of marine 
anti-corrosion and anti-fouling. Bioactive Material. 2019; 4: 189-
195.

35.	 Chongdar S, Gunasekaran G and Kumar P. Corrosion inhibition 
of mild steel by aerobic biofilm. Acta Electrochimica. 2005; 50: 
4655-4665.

36.	 Emerson D, Fleming EJ and McBeth JM. Iron-oxidizing bacteria: 
an environmental and genomic perspective. Ann Rev Microbiol. 
2010; 64: 561-583.

37.	 Hedrich S, Schlomann M and Johnson DB. The iron-oxidizing 
proteobacteria. Microbiol. 2011; 157: 1551-1564.

38.	 Costello JA. The corrosion of metals by microorganisms: A litera-
ture survey. Int Biodeter Bull. 1969; 5: 101-106.

39.	 Rajasekar A, Babu TG, Pandia SK, Maruthamuthu S, Palaniswa-
my N, et al. Biodegradation and corrosion behavior of manga-
nese oxidizer Bacillus cereus ACE4 in diesel transporting pipe-
line. Corros. Sci. 2007a; 49: 2694-2710.

40.	 Arafat S. Recent Approaches in Mitigation of Microbiologically 
Induced Corrosion (MIC) and Preventive Strategies. PhD thesis, 
Faculty of Science Alexandria University. 2020.

41.	 DNV. Risk Based Inspection of Offshore Topsides Static Mechani-
cal Equipment. Recommended Practice - DNV-RP-G101. Det 
Norske Veritas. 2010.

42.	 Javaherdashti R. Impact of sulphate-reducing bacteria on the 
performance of engineering materials. Appl Microbiol Biotech-
nol. 2011; 91: 1507-1517.

43.	 Sreekumari KR, Sato Y and Kikuchi Y. Antibacterial metals a vi-
able solution for bacterial attachment and microbiologically in-
fluenced corrosion. Material. Transact. 2005; 46: 1636-1645.

44.	 Walsh D, Pope D, Danford M and Huff T. The effect of microstruc-
ture on microbiologically influenced corrosion. JOM J Miner Met 
Mater Sci. 1993; 45: 22–30.

45.	 Bryson JH. Corrosion of carbon steels. Corrosion: 13, ASM Hand-
book, ASM International. 2003; 13: 1220-1286.

46.	 Guthrie RIL and Jonas JJ. Steel processing technology. Proper-
ties and selection: Irons, steels, and high-performance alloys: 1, 
ASM Handbook. ASM Inter. 1990; 1: 107-125.

47.	 Javed MA, Stoddart PR, McArthur SL and Wade SA. The effect 
of metal microstructure on the initial attachment of Escherichia 
coli to 1010 carbon steel. Biofoul. 2013; 29: 939-952.

48.	 Javed MA. Factors affecting microbiologically influenced cor-
rosion of carbon steels in lab-based studies. PhD Thesis, Fac-
ulty Sci., Eng. Techn. Swinburne University of Technology, Mel-
bourne, Australia. 2015.

49.	 Shoesmith DW. Effect of metallurgical variables on aqueous cor-
rosion. Corrosion: fundamentals, testing, and protection: ASM 
Handbook. ASM International. 1992; 13: 73-81.

50.	 Noel JJ. Effects of metallurgical variables on aqueous corrosion. 
Corrosion: fundamentals, testing, and protection: 13A, ASM 
Handbook, ASM Int. 2013; 13A: 258-265.

51.	 Ibars JR, Moreno DA and Ranninger C. MIC of stainless steels: A 
technical review on the influence of microstructure. Int. Biode-
teriora. Biodegra. 1992; 29: 3-4.

52.	 Biezma MV. The role of hydrogen in microbiologically influenced 
corrosion and stress corrosion cracking. Int J Hydrogen Energy. 
2001; 26: 515-520.

53.	 Energy Institute. Guidelines for the management of Microbio-
logically Influenced Corrosion in Oil and Gas production. Energy 
Institute. 2014.

54.	 Javed MA, Stoddart PR, Palombo EA, McArthur SL and Wade SA. 
Inhibition or acceleration: Bacterial test media can determine 
the course of microbiologically influenced corrosion. Corros Sci. 
2014; 86: 149-158.

55.	 Yuan SJ, Liang B, Zhao Y and Pehkonen SO. Surface chemistry 
and corrosion behavior of 304 stainless steel in simulated sea-
water containing inorganic sulphide and sulphate-reducing bac-
teria. Corros Sci. 2013; 74: 353-366.

56.	 Guezennec J, Dowling NJE, Bullen J and White DC. Relationship 
between bacterial colonization and cathodic current density as-
sociated with mild steel surfaces. Biofoul. 1994; 8: 133-146.

57.	 Jayaraman A, Sun AK and Wood TK. Characterization of axenic 
Pseudomonas fragi and Escherichia coli biofilms that inhibit cor-
rosion of SAE 1018 steel. J Appl Microbiol. 1998; 84: 485-492.

58.	 Sherar BWA, Keech PG and Shoesmith DW. Carbon steel corro-
sion under anaerobic-aerobic cycling conditions in near-neutral 
pH saline solutions-Part 1: Long term corrosion behavior. Corros 
Sci. 2011; 53: 3636-3642.

59.	 Han EH and Féron D. Corrosion Awareness Day Activities .In-
stitute of Metal Research, the Chinese Academy of Sciences, 
Shenyang, China. WCO. 2019.

60.	 Koch G, Varney J, Thompson N, Moghissi O, Gould M and Payer J. 
International Measures of Prevention, Application, and Econom-
ics of Corrosion Technologies Study; NACE International: Hous-
ton, TX, USA. 2016.

61.	 Gurrappa I and Yashwanth IVS. The Importance of Corrosion 
and the Necessity of Applying Intelligent Coatings for Its Control 
Defence. In: Tiwari, A, Rawlins, and Hihara, L.H. eds. Intelligent 
Coatings for Corrosion Control. 2015.



10

MedDocs eBooks

Research Trends of Microbiology

62.	 Koch GH, Brongers MPH, Thompson NG, Virmani YP and Payer 
JH. Corrosion cost and preventive strategies in the United States: 
In handbook of environmental degradation of materials. William 
Andrew ed. 2005.

63.	 Zhu XY, Lubeck J and Kilbane JJ. Characterization of microbial 
communities in gas industry pipelines. Appl. Enviro Microbiol. 
2003; 69: 5354-5363.

64.	 Daniel J. An Electrochemist Perspective of Microbiologically In-
fluenced Corrosion Corros. Mater. Degrad. 2018; 1: 59-76.

65.	 Videla HA. Prevention and control of biocorrosion. Int Biodete-
rior Biodegrad. 2002; 49: 259-270.

66.	 Videla HA. Biocorrosion and biofouling of metals and alloys of 
industrial usage. Present state of the art at the beginning of the 
new millennium. Revista de Metalurgia, Madrid: Centro Nacio-
nal de InvestigacionesMetalúrgicas. 2003; 256-264.

67.	 Javaherdashti R. Microbiologically Influenced Corrosion, an en-
gineering insight. Springer. 2008.

68.	 Almajnouni D and Jaffer AE. Monitoring microbiological activity 
in a wastewater system using ultraviolet radiation as an alterna-
tive to chlorine gas. Corrosion, NACE international. 2003; 03067.

69.	 Pound BG, Gorfu Y, Schattner P and Mortelmans KE. Ultrasonic 
Mitigation of Microbiologically Influenced Corrosion. Corros. 
2005; 51: 452-463.

70.	 Ravikumar HR, Shwetha SR and Karigar CS. Biodegradation of 
paints: a current status. Indian J Sci Technol. 2012; 5: 1977-1987.

71.	 Maruthamuthu S, Mohanan S, Rajasekar A, Muthukumar N, 
Ponmarippan S, et al. Role of corrosion inhibitor on bacterial 
corrosion in petroleum product pipelines. Indian J Chem Tech-
nol. 2005; 12: 567-575.

72.	 Singh A, Ebenso EE and Quraishi MA. Corrosion inhibition of car-
bon steel in HCl solution by some plant extracts. Inte. J Corros. 
2012; 1-20.

73.	 Zuo R. Biofilms: strategies for metal corrosion inhibition employ-
ing microorganisms. Appl Microbiol Biotechnol .76: 1245–125. 
Acta Biomaterial. 2007; 98: 196-121.

74.	 Videla HA and Herrera LK. Understanding microbial inhibition 
of corrosion. A comprehensive overview. Int Biodeterior Biode-
grad. 2009; 63: 896-900.

75.	 Sharma SK, Mudhoo A, Khamis E and Jain G. Green Corrosion 
Inhibitors: An Overview of Recent Research. J Corr Sci Eng. 2008; 
14: 1-33.

76.	 Yuan SJ, Tang SW, Lv L, Liang B, Choong C and Pehkonen SO. Poly 
(4-vinylaniline)-Polyaniline Bilayer Modified Stainless Steels for 
the Mitigation of Biocorrosion by Sulphate-Reducing Bacteria 
(SRB) in Seawater. Industrial Eng Chem Res. 2012; 51: 14738-
14751.

77.	 Ahmed KBA, Raman T and Veerappan A. A Future prospects of 
antibacterial metal nanoparticles as enzyme inhibitor. Material 
Sci Eng C. 2016; 68: 939-947.

78.	 Abdel Hameed RS, Abu-Nawwa AH and Shehata HA. Nanocom-
posite as corrosion inhibitors for steel alloys in different corro-
sive media. Adv Appl Sci Res. 2013; 4: 126-129.

79.	 Saji VS. The impact of nanotechnology on reducing corrosion 
cost. In Corrosion Protection and Control Using Nanomaterials; 
Philadelphia, PA, USA. 2012; 3-15.

80.	 Abdeen DH, El Hachach M, Koc M, Muataz A and Atieh MA. A 
Review on the Corrosion Behaviour of Nanocoatings on Metallic 
Substrates. Material. 2019; 12: 210.

81.	 Okpala CC. Nanocomposites–an overview. Int J Eng Res. Dev. 
2013; 8: 17.

82.	 Abdel Hameed RS. Amino lysis of polyethylene terephthalate 
waste as corrosion inhibitor for carbon steel in HCl corrosive 
medium. Adv Appl Sci Res. 2011; 2: 483-499.

83.	 Nalwa HS. Handbook of Nanostructured Materials and Nano-
technology. Academic Press, San Diego. 2000; 1: 75.

84.	 Voevodin N, Balbyshev VN, Khobaib M and Donley MS. Nano-
structures coatings approach for corrosion protection .Prog Org 
Coat. 2003; 47: 416-423.

85.	 Sohrabnezhad S, Rassa M and Seif A. “Green synthesis of Ag 
nanoparticles in montmorillonite.” Material Letter. 2016; 168: 
28-30.

86.	 Herrera P, Burghardt R, Huebner HJ and Phillips TD. “The efficacy 
of sand-immobilized organ clays as filtration bed materials for 
bacteria.” Food Microbiol. 2004; 21: 1-10.

87.	 Ambrogi V, Pietrella D and Nocchetti M. “Montmorillonite–chi-
tosan–chlorhexidine composite films with antibioflm activity 
and improved cytotoxicity for wound dressing.” J Colloid Inter-
face Sci. 2017; 491: 265-272.

88.	 Xia X, Jiang Y, Zhao L, Li F, Xue B, et al. Wet grinding of montmo-
rillonite and its effect on the properties of mesoporous mont-
morillonite, Colloids Surf. Physicochem. Eng. Aspects. 2010; 
356: 1-9.

89.	 Zhang LY, Chen MX, Jiang YL, Chen MM, Ding YA, et al.preparation 
of montmorillonite-supported copper sulphide nanocomposites 
and their application in the detection of H2O2. Sensors Actuat 
B: Chem. 2016; 239: 28-35.

90.	 Carraro A, Giacomo AD, Giannossi ML, Medici L, Muscarella M, 
et al. Clay minerals as adsorbents of aflatoxin M1 from contami-
nated milk and effects on milk quality. Appl Clay Sci. 2014; 88-
89: 92-99.

91.	 Mohd SS, Abdullah MAA, Amin KA. Gellan gum/clay hydrogels 
for tissue engineering application: mechanical, thermal behav-
ior, cell viability, and antibacterial properties. J Bioact Compat. 
Pol. 2016; 6: 648-666.

92.	 Zou YH, Wang J, Cui LY, Zeng RC, Wang OZ, et al. Corrosion resis-
tance and antibacterial activity of zinc-loaded montmorillonite 
coatings on biodegradable magnesium alloy AZ31-H. 2019.

93.	 Mishra DK, Yadav KS, Prabhakar B, Gaud RS. Nanocomposite for 
cancer targeted drug delivery in Applications of Nanocomposite 
Materials in Drug Delivery. Biomaterial. 2018; 14: 323-337.

94.	 Brycki BE, Kowalczyk IH, Szulc A, Kaczerewska O and Pakiet M. 
Organic corrosion inhibitors. In: Corrosion Inhibitors, Principles 
and Recent Applications 1. 2017.

95.	 Meng Y, Ning W, Xu B, Yang W, Zhang K and Chen Y. Inhibition of 
mild steel corrosion in hydrochloric acid using two novel pyri-
dine Schiff base derivatives: A comparative study of experimen-
tal and theoretical results. RSC Advances. 2017; 7: 43014-43029.

96.	 Gece G. Drugs: A review of promising novel corrosion inhibitors. 
Corros. Sci. 2011; 53: 3873-3898.

97.	 Harvey AL. Natural products in drug discovery. Drug Discov To-
day. 2008; 13: 894-901.

98.	 Struck S, Schmidt U, Gruening B, Jaeger IS, Hossbach J, Preissner 
R. Toxicity vs. potency: elucidation of toxicity properties discrim-
inating between toxins, drugs, and natural compound, Genome 
Inform. 2008; 20: 231-242.



11

MedDocs eBooks

Research Trends of Microbiology

99.	 Enick OV. Do pharmaceutically active compounds have an eco-
logical impact, M.Sc. Thesis, Simon Fraser University, Burnaby. 
2006.

100.	 Mohan C, Kumar V, Kumari S. Synthesis, Characterization, And 
Antibacterial Activity of Schiff Bases Derived from Thiosemicar-
bazide, 2-Acetyl Thiophene And Thiophene-2 Aldehyde. Res J 
Pharm. 2018; 9.

101.	 Kajal A, Bala S, Kambo S, Sharma S and Saini V. Review Article 
Schiff Bases: A Versatile Pharmacophore. J. Catalyst. 2013; 14.

102.	 Issaadi S, Douadi T, Zouaoui A, Chafaa S, Khan MA and Bouet G. 
Novel thiophene symmetrical Schiff base compounds as corro-
sion inhibitor for mild steel in acidic media, Corros Sci. 2011; 53: 
1484-1488.

103.	 Zemede YB and Kumar AS. Synthesis, Characterization, Corro-
sion inhibition and Biological Evaluation of Schiff Bases. Int J 
Chem Tech Res. 2014; 15: 279-286.

104.	 Gündüzalp AB, Çolak N, Altiner S, Şahin ZS. Synthesis, Charac-
terization and Theoretical Calculations of Schiff Base Containing 
Thiophene Ring System. Int J Chemi Stud. 2018; 6: 19-31.


