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Currently, a lot of researcher’s attention is devoted to the problem of microbiologically influenced 
corrosion (MIC), since it causes huge damages to the economy, initiating the destruction of oil and 
gas pipelines and other underground constructions. To protect industrial materials from MIC effects an 
organic chemical inhibitors are massively used. However, the problem of their use is associated with 
toxicity, dangerous for the environment that caused the need for development the alternative methods of 
MIC repression. At the review, the data about different types of inhibitors-biocides usage has provided. 
The chemical inhibitors features are given and the mechanisms of their protective action are considered. 
The screening results and use of alternative and eco-friendly methods for managing the effect of 
corrosion caused by sulfate-reducing bacteria (SRB) are highlighted. Methods of joint application of 
chemical inhibitors and enhancers, such as chelators, biosurfactants, which contribute to reducing the 
concentration of chemical inhibitors, are discussed. The possibility of disruption of the quorum sensing 
interaction in the bacterial community to prevent the biofilm formation is considered. The information 
about the use of natural plant extracts, food waste, as well as by-products of agro-industrial production to 
combat MIC is provided. The development of biological corrosion control methods (to combat MIC) is of 
great importance for creating the best alternative and eco-friendly approaches to managing the effect of 
corrosion caused by SRB. The analysis of the literature data indicates the need to find the best alternatives 
and environmentally friendly solutions.
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Recently, it has been proved that microbio
logically influenced corrosion (MIC) is a cause of  
20 % of all cases of corrosion of oil and gas pipe
lines, underground metal structures, industrial 
equipment and marine vessels [1–4]. According 
to researchers, MIC accounts for 30–40 % of cor
rosion losses in the oil and gas industry, while the 
cost of replacing pipelines reaches 250 million $  
per year [5, 6]. The direct costs of fighting MIC 
are billions of dollars, including millions of dollars 
spent on inhibitors-biocides [6]. Considered the 
mentioned above the development and improving 
the inhibitors used as well as searching the 
alternative, eco-friendly biocides is an actual prob
lem. 

The role of sulfate-reducing bacteria in bio
corrosive processes. According to the modern 
concept, MIC is a bio electrochemical process 
occurring in a biofilm on the metal surface [7, 8]. 
In MIC, sulfate-reducing bacteria (SRB), which are 
directly involved in the bio electrochemical process 
occurring on the metal surface play the leading role 
[9, 10]. SRB are widespread in anaerobic zones with 

a sulfur and carbon compounds as well as in marine 
hypersaline environments [11, 12]. A significant 
amount of SRB habits in an anaerobic environment 
contaminated with gasoline, fuel oil or other 
petroleum products [13]. Individual SRB cells, 
capable of decomposing hydrocarbons, founded in 
crude oil [14, 15]. SRB colonize oil pipelines, tank 
vessels or other industrial constructions that have 
suitable environmental conditions. In oil fields, 
hydrogen sulfide produced by SRB, the presence 
of which leads to a deterioration in the quality of 
oil and gas, making it difficult to process them. 
Difficulties caused by bacterial activity are observed 
during the exploitation of oil fields. Emergency 
spills of hydrocarbons and their mixtures into the 
environment and, consequently, its pollution are 
also occurred. The detection of SRB and increasing 
in their number is a clear signal of MIC, thus the 
monitoring of the corrosion processes development 
have focused on the detection of SRB. 

Mechanisms of microbiologically influenced 
corrosion. MIC of iron and steels in the presence 
of SRB is a complex multi-stage electrochemical 
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process initiated and catalyzed by bacteria. Bacteria 
are directly involved in that type corrosion, due 
to the metabolic reaction of dissimilatory sulfate 
reduction (SO4

2- + 8H+ → S2- + 4H2O). Sulfate 
reducers play a key role in the process of cathode 
depolarization, using polarized hydrogen from 
the metal surface for an energy-generating sulfate 
reduction reaction, thus accelerating corrosion. 
In addition, they can stimulate corrosion due to 
the secondary effect of their metabolites (H2, 
S0, HS-, S2-), which form on the metal surface a 
galvanic pair “iron sulphide-iron”. The formation 
of sulphide films significantly increases the rate 
of corrosion and causes pitting formation [16, 17]. 
This mechanism of direct and indirect participation 
of SRB in the corrosion of carbon steels has been 
confirmed by our electrochemical studies. The 
introduction of Desulfovibrio sp.10 strain into the 
sterile Postgate “B” medium led to acceleration 
of the cathode and anode corrosion reactions on 
steel and shifted the stationary potential in the 
negative direction. This may indicate the direct 
participation of bacteria in the cathode reaction and 
the subsequent decrease in their catalytic activity 
[18]. 

SRB is a diverse group of bacteria with 
significantly different corrosion activity [19, 20]. 
Other bacterial species that produce corrosive 
compounds can also be a factor in pitting corrosion. 
In particular, some bacterial species of Clostridium 
genus could stimulate MIC by producing organic 
acids and H2S using sulfur or thiosulfate as electron 
acceptors [21–23].

The role of biofilm in microbiologically 
influenced corrosion. Studies of recent decades 
have shown that in natural ecosystems, most 
bacteria exist in the form of specifically organized 
biofilms attached to substrates [7, 8]. Biofilms are a 
highly organized, structured community of bacteria 
of one or more species [24, 25]. The microbial 
community functions in the biofilm as a coordinated 
consortium loaded in the exopolymer matrix (EPM) 
of extracellular metabolites synthesized by it [24, 
26]. 

Biofilms are the optimal form of bacterial 
existence and represent an accumulation of 
cells and their metabolic products, among 
which exopolymers play an important role. 
In the composition of exopolymers proteins, 
exopolysaccharides, lipopolysaccharides and other 
compounds containing functional groups that can 
react with metal ions have been identified [27]. 
Because of this interaction, exopolymers integrate 
metal ions, which accelerates the corrosion process. 

In this case, the biofilm acts as an anode on which 
the metal is destroyed [28]. Commonly SRB in a 
biofilm are developing in a microbial community, in 
which other bacteria persist, including heterotrophs, 
which can be aerobes, facultative or obligate 
anaerobes [29]. The corrosion aggressiveness of the 
microbial community has determined by the ability 
of the biofilm formed by it to catalyze destruction 
electrochemical processes on the metal surface  
[27, 29]. 

In the biofilm, bacteria can use various protective 
mechanisms, including diffusion restriction, 
decreasing the metabolic rate for reducing nutrient 
intake, formation of resistant cells, activation 
of resistance genes, etc. [30, 31]. Protective 
mechanisms reduce the susceptibility of bacteria to 
biocides. This is typical for metal pipelines, where 
corrosion deposits changes the spatial organization 
of the surface and create a barrier for the diffusion 
of biocide and biostatic inhibitors. The bacterial 
defense mechanism against biocide action is a 
factor of evolution and can develop a high level of 
bacterial resistance to biocides and inhibitors [32].

The use of chemical inhibitors to fight 
microbiologically influenced corrosion. The most 
promising and effective method of fighting MIC 
is the use of inhibitors and biocides. Currently, 
a large number of metal corrosion inhibitors 
have been created, but only a limited number of 
compounds usable in industry are known as MIC 
inhibitors. Since MIC inhibitors, in addition to the 
requirements characteristic of the chemical process, 
have a number of specific requirements related to 
the peculiarities of biological corrosion running. 
In particular, the metabolic activity of bacteria, 
the effects on the cathode and anode reactions 
of the corrosion process as well as possibility of 
the formation of a galvanic pair “iron sulphide ̶ 
iron” have been noticed. MIC inhibitors should 
have bactericidal properties, be eco-friendly and 
retain their protective properties for a long time. 
The spectrum of chemical inhibitors is currently 
very wide. The most common MIC inhibitors are 
heterocyclic organic compounds, containing atoms 
of oxygen, sulfur and nitrogen, also nitrogen-
containing heterocyclic compounds and their 
combinations with metal salts, high molecular 
weight alcohols and aldehydes, amines and 
amides, sulfonium acid, fatty acid derivatives of 
thiourea, thiazole, quaternary nitrogen-containing 
compounds, phenols, aldehydes (formaldehyde), 
heavy metal salts, etc. [33–38]. Aldehydes 
(formaldehyde, glutaraldehyde), and amine 
(quaternary amines and cacodemon), halogenated 
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(bronopol and 2-2-dibrom-3-nitrilopropionamide) 
and sulfur compounds, carbamate, metronidazole 
and quaternary phosphonium salts are used as 
inhibitors-biocides to fight SRB in the oil and gas 
industry [39–41]. 

We conducted comparative studies from 
estimating the efficacy of the spectrum of industrial 
inhibitors in the presence of Desulfovibrio sp. in 
the medium [42]. Benzoates, thiourea derivatives, 
amines and high molecular weight polyethylene 
alkyl esters, nitrogen-containing heterocyclic 
compounds and cationic nitrogen-containing 
surfactants were used. The study found that the 
most effective corrosion inhibitors of low-carbon 
steel in the presence of Desulfovibrio sp. 10 bacteria 
were cationic nitrogen-containing surfactants or 
their combinations with heavy metals salts and 
halide ions [42]. These compounds suppressed the 
corrosion of steel due to decreasing the activity of 
SRB. Adsorbed on the metal surface and forming 
a protective film, the inhibitors hold down the 
process of hydrogen release and, thus, reduced 
the catalytic activity of SRB as a depolarizers 
of the cathode process [43]. According to the 
researchers, the biological effect of quaternary 
ammonium cationically active surfactants consists 
in the destruction of the bacterial cell membranes 
structures and denaturation of cellular proteins, 
which improves the penetration of antimicrobial 
compounds [39, 41]. In the oil and gas industry, 
in addition to mentioned above compounds, 
imidazolines, acetylated alkandienes, oleates, 
butyrates, caproates, dimethylbenzenesulfonates, 
as well as compounds containing boron, stanum, 
mercury are used [44]. Also it is known about the 
use of synergistic compositions of inhibitors, such 
as glutaraldehyde with quaternary ammonium salts 
[45, 46]. 

Duncan K.E. [47] showed the effect of film-
forming corrosion inhibitor chemistries with a 
hydrophobic tails from C8 to C20 on a sulfidogenic 
microbial community isolated from the biofilm 
from oil pipeline. For this aim, a model pipeline 
system has created using various inhibitors. 
Inhibitor A had a hydrophobic tail C12-C20, it 
contained nitrogen-containing surfactants, such 
as quaternary ammonium or imidazoline, which 
have a high toxicity. The less toxic inhibitor B 
with a short hydrophobic chain C8-C10, contained 
polyaminoacids or various sulfur and nitrogen 
compounds with or without small hydrophobic 
tails. In the model system, two flow cells received 
no chemical treatment (“controls”). An inhibitor 
A was introduced into two flow cells, and an 

inhibitor B was introduced into other two. From 
tank, the nutrient medium and bacterial inoculum 
continuously pumped through six flow cells 
containing mild steel samples. The samples were 
extracted after 1 month and the corrosion and 
composition of the biofilm microbial community 
were analyzed. There have revealed the changes 
in the composition of the dominant species in the 
biofilm. It has noted that SRB species (Desulfovibrio 
indonesiensis) prevailed in the initial inoculum, but 
during the experiment, its representation decreased, 
and previously secondary members of the 
community became dominant, which depended on 
the presence of a type of corrosion inhibitor A or B. 
These results suggest that certain SRB species are 
better competitors for attachment to metal surfaces 
(for example, Desulfovibrio alkalitolerans) and 
that corrosion inhibitors may affect SRB species 
differently, for example, more representatives of 
Desulfomicrobium are found in biofilms treated 
with an inhibitor A, which is considered more 
toxic. The total number of pitting with a diameter of  
>10 mm and the maximum corrosion rate 
significantly correlated with each other and with 
the total amount of SRB Desulfomicrobium sp. The 
obtained results showed that the effect of corrosion 
inhibitors on the microbial community is complex 
and cannot be equated with a non-discriminatory 
destruction effect. The biomass in the flow cells 
treated with inhibitor A was in 10–20 times higher 
than for inhibitor B, contrary to the expected toxic 
effect. Both due to the chemical complexity of the 
inhibitors and microbial community in the flow 
cells, it was impossible to determine the direct 
roles of the various members of the microbial 
community. The maximum frequency of pitting 
corrosion has significantly correlated with the 
sum of bacteria amount of the Desulfomicrobium 
genus together with Clostridiales and the sum of 
bacteria amount of the Desulfomicrobium genus 
together with Betaproteobacteria. The absence 
of a reliable correlation with the number of 
Deltaproteobacteria suggests that not all these 
representatives contributed equally to MIC and that 
it is not enough to target one bacterial group during 
MIC monitoring. The obtained results confirmed 
previous observations that MIC is the result of a 
complex interaction of biological, chemical and 
physical factors [47].

Metabolic inhibitors. In addition to the above-
mentioned inhibitors-biocides, metabolic inhibitors 
are used to fight SRB and suppress the production 
of biogenic sulfide. A metabolic inhibitor is a 
compound that effectively repress the metabolic 
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activity of SRB without direct destroying the 
bacteria after contact with the inhibitor. Metabolic 
inhibitors suppress the ability of SRB to produce 
ATP and, as a result, cells are unable to grow and/
or divide, which can ultimately cause their death. 
Commonly, nitrites, molybdates, tungstates, sele
nates and anthraquinones are used as metabolic 
inhibitors. As is known nitrite and molybdate 
inhibit the metabolism of SRB. Nitrite inhibits 
the enzymes of – dissimilatory sulfate reduction 
pathway, blocking the sulfate dissimilation of SRB. 
The enzyme ATP sulfurylase activates the sulfate 
from ATP to adenosine phosphosulfate. Due to 
application of molybdenum in this reaction, an 
unstable adenosine phosphomolybdate is formed, 
and hydrolyzes spontaneously to AMP and 
molybdenum, exhausting the reserves of ATP.

Positive results have been reported on the use 
of nitrite and/or molybdenum for the control of 
sulfate reduction and methanogenic activity in 
sewage systems, pig manure treatment systems and 
anaerobic digesters [48–50]. The inhibitory effect of 
nitrite on sulfate reduction and methane formation 
in sewage systems has studied in laboratory and 
in situ conditions. It has showed that inhibition 
by nitrite depends on both the concentration and 
the time of exposure, and stronger inhibition has 
observed at higher concentrations of nitrite and/or 
longer exposure time [51]. The addition of nitrite 
for 3 weeks led to a significant (>90 %) decrease 
in the number and activity of sulfate-reducing and 
methanogenic bacteria in biofilms obtained from 
the surface of sewer systems [52]. 

To control the formation of sulphides and 
methane, formaldehyde and molybdate are 
also periodically added to the sewer systems. 
Formaldehyde at a concentration of 12–19 mg/L 
was able to suppress the formation of sulphides 
in wastewater [53]. Although biocides such as 
formaldehyde and molybdate inhibit SRB, their 
potential negative residual environmental effects 
impair their widespread use. For comparison, nitrite 
can be easily utilized by heterotrophic bacteria in 
sewer networks and/or sewage treatment plants 
and, therefore, does not pose a serious problem 
for the environment. In addition, it has shown that 
certain doses of nitrite stimulate the development 
of nitrite-reducing sulfide-oxidizing bacteria that 
are able to oxidize residual sulfide with nitrite. This 
means that nitrite acts as a metabolic inhibitor and 
as sulfide oxidizer. 

In oil and gas fields, in order to reduce the 
concentration of a chemical biocide, a combination 
of a biocide and a metabolic inhibitor also used. 

The biogenic sulphide production by SRB 
inhibition occurs due to the synergistic action of the 
biocide component and the metabolic inhibitor. The 
composition of synergistic combinations includes 
the metabolic inhibitors nitrite and molybdate 
and the biocides glutaraldehyde, brochopol, 
formaldehyde, benzalkonium chloride (quaternary 
amonium cationic active surfactant), quaternary 
phosphonium (TPHS) [54]. The efficacy of 
different biocides and metabolic inhibitors (nitrites 
and molybdates) mixtures has studied on the 
SRB microbial consortium isolated from process 
water obtained from the Colleville oil field in 
Saskatchewan, Canada. In the consortium mainly 
identified bacteria of the Desulfovibrio genus. It has 
found that glutaraldehyde, benzalkonium chloride 
and bronopol showed synergism with metabolic 
inhibitors in most combinations. The significant 
synergy has observed between mentioned above 
biocides and nitrite. The specific action of nitrite 
as an inhibitor of dissimilatory sulfite reductase 
can be combine with a wide range of biocides to 
achieve synergy. Molybdenum was less effective 
than nitrite in combination with biocides. It is 
known that nitrite reduces to nitrogen or ammonia, 
which do not cause great environmental harm. 
Since molybdenum forms more toxic products 
than nitrite, the use of a synergistic combination 
of “nitrite-biocide” to suppress sulfate reduction is 
more favorable from a practical point of view for 
use in oil and gas reservoirs, where it is necessary 
to control the formation of sulfides [54]. 

Since the 1990s, nitrate has been used in 
oil tank systems to combat SRB in oil fields for 
biological purification [55–58]. Nitrate has a direct 
and indirect effect on the recovery of sulfate and 
controls the reduction of sulfate in several ways: 
a) as one of the most thermodynamically favorable 
electron acceptors; nitrate reduction is much 
more preferred than sulfate, leads to competitive 
exception of organisms, which reducing sulfate, 
unless they compete for the same electron donor; 
b) in a case of incomplete reduction of nitrate can 
be formed intermediate nitrite, which is very toxic 
to sulphate-reducing bacteria; c) the reduction of 
nitrate associated with the oxidation of sulfides, 
may form elemental sulfur or sulfate, depending 
on bacterial strain [59, 60].

Also perchlorates are used as a specific inhi
bitor to combat SRB [61–63]. Perchlorate is 
effective at lower concentrations compared to 
nitrate as an inhibitor of sulfate reduction. It acts 
as a direct inhibitor of some sulfate reduction 
pathway enzymes, and an indirect inhibitor being 
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a more energetically advantageous reducing agent 
of sulfate compared to nitrate [64]. Taking into 
account the inhibitory properties of nitrates and 
perchlorates, the efficacy of their combined action 
has studied. The efficacy of mixed treatment with 
nitrates and perchlorates has studied on a pure 
culture of Desulfovibrio alaskensis G20 under 
periodic cultivation conditions [63]. The study 
showed that the inhibition is additive, but tends 
to antagonize, demonstrating that two compounds 
have similar mechanisms of action. Subsequent 
biochemical and molecular studies confirmed that 
the common target of the inhibitors was the ATP-
sulfurylase enzyme, an necessary for the reduction 
of sulfate and present in all SRBs. Moreover, 
perchlorate is synergistic with nitrite, and nitrate 
with chlorite, which suggests that intermediates of 
the metabolism of individual pathways can mediate 
the synergistic effect of combined inhibition. The 
efficacy of the combined action of nitrate and 
perchlorate has also studied in a dynamic system 
using a microbial community isolated from an oil 
field [65]. For evaluation of the possible synergy 
from the treatment both with nitrate and perchlorate, 
glass columns filled with sulfide biogenesis soured 
marine sediment and pre-soured marine sediments 
were washed with a medium containing sulfate 
and treated with inhibitors: (a) perchlorate; (b) 
nitrate; (c) perchlorate and nitrate; or (–) without 
an inhibitor. Changes in the microbial community 
were tracked along the length of the columns during 
six stages of increasing the treatment concentration. 
At final stage, all the processing has deleted. The 
results showed that the combination of perchlorate 
and nitrate in equimolar ratios is an effective 
strategy for sulfidogenesis inhibiting, which is 
more effective than treatment with nitrates only. 
The analysis of the microbial community structure 
showed that the combined inhibitors act similarly 
to the independent treatment with perchlorate, and 
without nitrate treatment. With mixed treatment, a 
microbial community is formed, similar to that of 
perchlorate treatment. This confirms the idea that 
perchlorate is the main active ingredient that causes 
inhibition in the columns during mixed treatment. 
Perchlorate has some important distinguishing 
effects on the community that are not reveal when 
treated with only nitrates. All known dissimilatory 
bacteria that reduce perchlorates have the ability 
to oxidize sulfide to elemental sulfur [62, 66]. 
Elemental sulfur concentrations were higher in 
columns containing perchlorate, which confirms 
the results of previous studies, that the reduction 
of perchlorate is associated with the bio oxidation 

of sulfides [62, 66]. Since sulfide is an electron 
donor in this reaction, the final sulfur concentration 
will directly depend on the residual sulfide 
concentration after suppressed SRB’s activity. 
Representatives of the genus Desulfotignum, 
one of the most common sulfate reducers in this 
community, have inhibited only in columns treated 
with perchlorate. The presented results show that 
single perchlorate or a mixture of perchlorate plus 
nitrate is more effective for fighting with biogenic 
sulfide souring in oil fields than one nitrate. In 
addition, when perchlorate had added, changes 
occur in the microbial community led to reduction 
of sulfates, hence the suppression of the formation 
of hydrogen sulfide and sulphides in oil fields. 

Alternative approaches to fight microbio
logically influenced corrosion. Traditional che
mical inhibitors-biocides, such as amines, amides 
and salts of quaternary compounds are quite toxic; 
in addition, most of these substances do not have the 
required level of biodegradability and are harmful 
to the environment. Last years, alternative methods 
have developed to reduce the negative impact of 
inhibitors and biocides on environment. The search 
for new substances based on natural compounds 
with antimicrobial properties is relevant.

The use of biocide enhancers. One of the ways 
to reduce the dosage of chemical biocides and 
reduce their harmful effect on the environment is 
the use of substances with enhancing effect. Biocide 
enhancers do not necessarily have to possess 
biostatic or biocide properties. If the substance 
contributes to the disintegration of biofilm cells 
and their transformation into planktonic ones, it has 
used as an enhancer of chemical biocides. Various 
substances are known that can be used as enhancers 
of chemical biocides.

Chelators are complexing agents that bind 
metal ions presented in water-soluble ingredients. 
Chelators can increase the permeability of the outer 
membrane of gram-negative bacteria cell walls, in 
particular SRB, since they can chelate Mg2+ and 
Ca2+ ions, as well as denature proteins, weakening 
the membrane. This makes the cell more susceptible 
to the attack of biocides and, consequently, 
increases their efficacy [67]. The use of chelators as 
biocide enhancers for resistant industrial biofilms 
controlling was patented by Raad et al. [68, 69] 
and was studied by other researchers [70, 71]. The 
most common chelators used as biocide enhancers 
to combat SRB are ethylenediamindisuccinate 
(EDDS), ethylenediaminetetraacetic acid (EDTA) 
[69]. In experimental studies, the effects of biocide 
enhancers for the suppression of planktonic and 
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biofilm cells of the corrosive-relevant SRBs 
Desulfovibrio vulgaris ATCC 7757 were studied. A 
triple biocide mixture consisting of glutaraldehyde 
biocides tetrakis hydroxymethyl-phosphonium 
sulfate (THPS) and chelators – EDDS, and 
methanol was used in the work. This cocktail has 
showed the significant effectiveness in suppressing 
SRB. In particular, glutaraldehyde enhanced with 
methanol and EDDS completely removed the 
biofilm on carbon steel samples in a modified 
medium [72].

The use of D-amino acids as biocide enhancers 
[73]. Also suggested that some D-amino acids 
modify the synthesis of peptidoglycan molecules 
present in the walls of all bacterial cells [74]. 
D-amino acids can to disperse the biofilm by 
disrupting protein synthesis [75]. In a study by 
Xu et al. [76], D-amino acids has used to treat a 
biofilm formed on steel samples by Desulfovibrio 
vulgaris bacteria isolated from oil fields. Since 
D-amino acids slightly inactivated biofilm cells, the 
authors suggested that biocidal stress is necessary 
to combat resistant industrial biofilms. For this 
purpose, the combined use of a THPS inhibitor and 
D-amino acids (D-tyr, D-met, D-leu and D-trp) 
(has) have used, which significantly reduced the 
formation of SRB biofilms that cause corrosion on 
carbon steel surface. In addition, it was investigated 
the suppressing efficacy of pure culture D. vulgaris 
and biofilm microbial community with THPS 
biocides and alkyldimethylbenzyl ammonium 
chloride together with D-amino acids. Significant 
synergistic effect has observed when using 
THPS and D-amino acid (D-tyr). However, the 
suppression of pure culture D. vulgaris was more 
effective than the suppression of the microbial 
community in the biofilm [76]. The use of D-amino 
acids as a biocide enhancer is promising in the fight 
against MIC.

The use of bacteriophages to fight microbio
logically influenced corrosion. Bacteriophages 
have used to prevent biofouling in wastewater 
treatment systems [77]. Studies have shown 
that the bacteriophage can remove biofilm 
from membrane filters. However, the use of 
bacteriophages in industry is problematic due to the 
extreme specificity of their hosts. Phages affecting 
D. vulgaris or D. aespoeensis, may not infect 
other Desulfovibrio species [78, 79]. Therefore, 
a cocktail of phages will be required for the SRB 
industrial biofilm community. However, the large-
scale use of phage mixtures is cost consuming. 
Since some specific phages can infect persistent 
cells in biofilms it is suggested that phages can 

be combined with biocides and their enhancers. 
Additional researches still are needed for the 
industrial use of phages.

The use of biosurfactants. Their use can be 
effective environmentally friendly alternative 
solution to replace traditional chemical biocides. 
Biosurfactants are secondary metabolites, surface-
active amphiphilic compounds synthesized by 
certain bacteria, fungi and yeasts. Biosurfactants 
are environmentally safe due to their low toxicity 
and high biodegradability. The producers of 
some known biosurfactants are Pseudomonas 
aeruginosa  – rhamnolipids, Bacillus subtilis – 
surfactin, yeast of Candida genus – sophorolipids, 
Acinetobacter calcoaceticus – emulsifier [80, 81]. 
Biosurfactants have anti-adhesive, antimicrobial 
and biofilm-destroying properties. Bacterial 
surfactants, directly interacting with the matrix 
components, change the physical properties of the 
biofilm surface and induce its degradation. Bacteria 
of Bacillus genus are well-known producers of 
biosurfactants. In addition to the synthesis of a wide 
range of antimicrobial compounds (polymyxin B, 
gramicidin S), they produce surfactant lipopeptides, 
i.e. rhamnolipids, glycolipids. Some species of 
Bacillus genus (natural or genetically modified) 
can produce antimicrobial compounds in the 
biofilm that inhibit the development of SRB, led 
to decreasing of steel corrosion rate [82]. It has 
been shown that the supernatants of gramicidin 
S producers inhibit the SRB growth [83]. Bio
surfactant produced by Bacillus licheniformis 
after addition to the medium at a concentration of  
1 % completely killed SRB in 3 hours. Studies by 
Purwasena et al. [84] showed that the biosurfactant 
produced by native bacteria Bacillus sp. isolated 
from an oil reservoir has anticorrosive properties. 
Based on this compound, a new antimicrobial 
preparation is developing, designed to fight 
biofilm-forming bacteria. The minimum inhibitory 
concentration of the preparation was determined 
to suppress the biofilm microbial community 
and reduce the corrosion rate of carbon steel 
[84]. It was studied a glycolipid produced by 
Pseudomonas stutzeri F01 as an environmentally 
friendly microbial inhibitor (biocide) of carbon 
steel corrosion (API 5LX), which is widely used 
in the oil and gas industry. The authors have shown 
that this biosurfactant has antibacterial properties 
against corrosive SRB species, manganese-
oxidizing or iron-oxidizing bacteria [85]. It was 
noticed the decreasing of stainless steel corrosion in 
the presence of surfactants produced by Pseudomo
nas fluorescens [86]. Among the bacteria isolated 
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from the oil reservoir, producers of glycolipids 
and rhamnolipids had identified. The screening of 
biosurfactants that potentially have been used as 
an alternative biocide for biofilms associated with 
biocorrosion in the oil and gas industry was carried 
out. The studied biosurfactants may be promising 
for use in the oil industry not only to increase oil 
output, but also as alternative biocides [87].

Quorum Quenchers for inhibition of Quo
rum Sensing in biofilms. Main MIC processes 
occur in a biofilm, the formation of which is 
regulated by quorum sensing (QS) mechanism 
for transmitting chemical signals used by huge 
amount of bacteria [88]. QS is the gene expression 
regulation in response to fluctuations in cell density 
in a biofilm. Bacteria synthesize and release into 
the environment chemical signaling molecules 
called auto-inductors [89]. Different bacteria use 
various signaling molecules for QS. Typically, 
as signaling molecules Gram-negative bacteria 
use N-acyl-homoserine lactone (AHL), while 
Gram-positive bacteria use peptides [90]. Despite 
the huge amount of knowledge devoted to QS in 
the model bacteria Vibrio harvey and V. fischeri 
species, this mechanism is still little-known for 
SRB. In particular, the presence of QS in SRB has 
proved in the works [91]. To identify quickly the 
activity of QS in bacteria, the authors developed 
an analysis based on the expression of β-galac
tosidase enzyme. The result showed that several 
AHLs (C6-AHL, oxo-C6-AHL, C8-AHL, C10 
AHL and C12-AHL) have produced by D. vulgaris 
and other Desulfovibrio species [91]. Various 
AHLs have founded in the biofilm of microbial 
mats containing a large amount of SRB [92]. As 
an alternative approach to reduce corrosion losses, 
the possibility of regulating the formation of a 
biofilm by influencing QS is considered. A new 
method based on Quorum Quenchers (QQ), which 
blocks the ability of bacteria to communicate in 
a biofilm, is proposed. The approach of QQ as a 
method of MIC suppression based on suggestion 
that interference with bacterial communication 
QS-channels, will limit the formation of biofilm 
and the resulting SRB metabolic activity. The use 
of QQ reduced the biofouling of membranes and 
suppressed the virulence factors of some pathogens 
[93]. In recent years, there has been evidence that 
QQ can be achieve due to enzymes that interfere 
with the transmission of bacterial signals in the 
biofilm. Highly-stable SsoPox enzyme (quorum 
suppressing lactonase) has been developed, which 
interferes with the transmission of bacterial signals 
[94]. It has been shown that by disrupting QS 

lactonases are able to inhibit bacterial virulence 
and the formation of bacterial biofilm [95, 96]. 
To estimate the effect of biological and enzymatic 
additives in QQ for reducing steel corrosion, a 
comparative study of their anticorrosive activity 
has conducted. Various chemical (magnesium 
peroxide), biological (surfactin, capsaicin and 
gramicidin) and extremely stable non-biocidal 
enzyme lactonase have used. Under laboratory 
conditions, experimental steel samples were 
puted in water picked from the Upper Harbor of 
Duluth, Minnesota where significant corrosion of 
the steel constructions has noted. Biocorrosion has 
measured after 8 weeks by counting the number 
and degree of pitting on the samples, as well as 
using an ESEM images of their surface. All three 
experimental additives significantly reduced the 
formation of pitting on steel samples: surfactin, 
magnesium peroxide and quorum-quenching 
lactonase by 31 %, 36 % and 50 %, respectively. 
Therefore, the addition of lactonase most reduced 
corrosion. The sequencing of the V4 region of 
the 16S rRNA gene in the total microbial DNA 
showed that decrease in corrosion was associated 
with significant changes in the composition of 
bacterial communities on steel surfaces. These 
results demonstrate the potential of highly stable 
quorum-quenching lactonases to provide a reliable 
method of processing steel structures and prevent 
biocorrosion [97]. However, the large-scale use of 
QQ for SRB inhibition has not yet been used, since 
there is insufficient data on the presence of QS in 
SRB. 

Use of natural resources, plant extracts and 
food industry waste to fight sulfate-reducing 
bacteria. Connected by problem of environmental 
pollution, many works recently has been devoted 
to the study of a new type of biocides, the so-called 
“green inhibitors”. The term “green inhibitors” 
is highly effective, eco-friendly substances of 
organic origin obtained from natural resources, 
plant extracts and from food industry wastes. 
Despite chemical ones, “green inhibitors” have 
characterized by biodegradability, renewability 
and environmental safety [98]. These include, 
for example, plant extracts widely distributed in 
nature, in addition, by-products of agro-industry 
and agricultural waste are used [99]. For example, 
cow urine in a much lower concentration compared 
to its chemical analogues was able to kill living 
SRB [100]. 

Questions about the use of plant extracts 
and food industry wastes to fight the activity of 
bacteria, including SRB, have been considered 
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in numerous works [101–103]. Zain et al. [99] 
tested 8 natural biocides on SRB culture for their 
antibacterial activity. Extracts of various plants 
were used such as Allium sativum (garlic), Zingiber 
officinale (ginger), Curcuma longa (turmeric), 
Piper beetle (betel leaves), Capsicum pepper 
(chili), oak galls (manjakani), Clinacanthus nutans 
(belalai gajah) and Camellia sinensis (green tea). 
For this purpose, 10 g of a powdered sample of 
dried plant parts was extracted with 50 % metha
nol (green tea, turmeric, betel leaves and garlic),  
100 % methanol (cloves, chili, manjakani and 
ginger) and distilled water (belalai gajah leaves). 
Then under reduced pressure, methanol was 
evaporated to yield darkbrown syrup, and between 
CHCl3 and water, the syrup was partitioned. Then, 
using 3 % HCl, the CHCl3 partition was extracted 
and the CHCl3 solution was evaporated to obtain the 
green viscous residue. Dried extracts were added to 
Postgate “B” media in final concentration 5 %. The 
studied herbs differed in their effect on the SRB 
growth. Some extracts even enhanced the growth 
of planktonic SRBs, and some stimulated the 
formation of biofilms. Extracts from the green tea, 
belalai gajah and turmeric leaves turned out to be 
the most promising, since they not only prevented 
the formation of biofilm, but also decreased the 
overall growth of SRB. After adding 5 mL of 
these extracts to 100 mL of bacterial culture, the 
number of planktonic cells decreased by more than 
50 %, which can subsequently lead to a decrease 
in corrosion losses. The antimicrobial effect of 
the tested plant extracts is most likely due to the 
presence of such compounds as flavonols, phenolic 
acid, terpenes, anthocyanins, stilbens and tannins 
[99]. Neem extract also showed antimicrobial 
properties and reduced the corrosion aggressiveness 
of SRB by 50 %. Other natural plant extracts also 
showed a significant effect on the activity of SRB, 
although they did not completely suppress bacterial 
growth [6].

Many works are devoted to the study of the 
possibility of using biowastes as MIC inhibitors. 
By-products of the food industry and solid wastes 
that are usually disposed of or used for animal feed 
can serve as a cheap source of biologically active 
biocidal compounds [104]. Pectin extracted from 
citrus peel has used as an environmentally friendly 
corrosion inhibitor of mild steel [105]. Watermelon 
rind, seeds and by-products obtained from tomatoes 
were also used [106]. Moreover, the possibility of 
using fresh plant leaves from bananas, sugar cane 
and watermelons has investigated [107]. Among a 
large number of eco-friendly bioсides, the seeds 

of Phoenix clactylifera have been used to prevent 
corrosion. The fruit of this berry is edible and very 
useful, and the seed, discarded as waste has studied 
for inhibition of steel corrosion. The inhibition 
efficacy was approximately 97 % at 50°C [108].

Extracts of the peel of fruits such as mango, 
cashew, passion fruit and orange, as well as seeds 
and by-products of fruit juices production have 
studied as inhibitors of steel corrosion in an acidic 
environment [109]. The use of these bioactive 
residues provided an efficient, low-cost and 
environmentally safe platform for the production 
of useful compounds. Extracts from leaves, 
bark, seeds, fruits and roots consist of mixtures 
of compounds containing heteroatoms, often 
acted as effective inhibitors of metal corrosion in 
various aggressive environments. In addition to 
their eco-friendly properties, many plant extracts 
are inexpensive, easily accessible and renewable 
sources of substances of promising industrial 
significance. These characteristics are justified 
by the abundance of plant extracts components 
common with molecular and electronic structures 
of casual organic corrosion inhibitors, which 
provides them the ability to adsorb on metal 
surfaces [98, 99].

Conclusions. Organic chemicals that act as 
corrosion inhibitors developed for the oil industry 
back in the 1950s. However, the main problem of 
their use directly related to the toxicity impact for 
the environment, including for human health. The 
ideal and easiest way to reduce the harmful effects 
of chemical compounds is to replace them with 
less toxic alternatives. One of such methods is the 
addition of enhancers to chemical inhibitors, such 
as chelators, biosurfactants, D-amino acids, and 
other substances that help reduce the concentration 
of chemical inhibitors. The possibility of disruption 
of the QS interaction in the bacterial community, 
which helps to prevent the formation of biofilms 
on abiotic surfaces, is also considered. There is 
an increasing interest in the use of natural plant 
extracts, food waste, as well as by-products of 
agroindustry as inhibitors-biocides to prevent 
corrosion. The presence of certain chemicals 
in “green biocides”, which can either damage 
the cellular structure of SRB, or interfere with 
the perception of quorum and limit intercellular 
communication, gives a new understanding of the 
prospects for using eco-friendly “green inhibitors-
biocides”. However, additional research needed 
to elucidate the direct mechanism of action of 
these inhibitors and their effect on the metabolic 
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activity of SRB and, consequently, the reduction of 
corrosion. The use of biological methods to fight 
SRB is of great importance for creating a better 
alternative and eco-friendly way to manage the 
effect of corrosion caused by SRB. The search for 
the best alternatives and environmentally friendly 
solutions is now an urgent problem. Despite the 
existence of numerous studies on the production 
of “green inhibitors-biocides” of a new type, 
researchers are still far from achieving the main 
goals for the production of eco-friendly inhibitors. 
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Ре зюме
В теперішній час велика увага дослідників 

присвячена проблемі мікробно індукованої коро-
зії, оскільки вона наносить значні збитки в еконо-
міці, ініціюючи руйнування нафто- і газопроводів 
та інших підземних комунікацій. Для захисту про-
мислових матеріалів від впливу мікробно індуко-
ваної корозії масово використовують органічні 
хімічні інгібітори. Однак проблема їх викорис-
тання пов’язана з токсичністю, небезпечною для 
оточуючого середовища, що обумовило необхід-
ність розробки альтернативних методів боротьби 
з мікробно індукованою корозією. В огляді наве-
дено дані про використання різних видів інгібіто-
рів-біоцидів. Наведено характеристику хімічних 
інгібіторів і розглянуто механізми їх захисної дії. 
Приведені власні порівняльні дослідження ефек-
тивності ряду промислових інгібіторів. Показано, 
що за наявності Desulfovibrio sp. найбільш ефек-
тивними інгібіторами корозії маловуглецевої сталі 
є катіоноактивні азотовмісні поверхнево-активні 
речовини. Розглянуто приклади використання 
для боротьби з сульфатвідновлювальними бакте-
ріями метаболічних інгібіторів, а саме – нітриту 
та молібдату, що інгібують метаболізм бактерій. 
Висвітлено результати пошуку та використання 
альтернативних і екологічно безпечних методів 

захисту від корозії, що викликана сульфатвід-
новлювальними бактеріями. Обговорено методи 
сумісного використання хімічних інгібіторів та 
посилювачів, таких як хелатори, біосурфактанти 
та D-амінокислоти, які сприяють зниженню кон-
центрації хімічних інгібіторів. Розглянуто мож-
ливість порушення кворум-сенсорних взаємодій 
у бактеріальному угрупованні для попередження 
формування біоплівки. Наведено відомості про 
використання для боротьби з мікробною корозією 
натуральних екстрактів рослин, а також відходів 
продукції агропромислового виробництва та по-
бічних продуктів харчової промисловості, які, 
зазвичай, використовуються як корми для тварин 
або викидаються. Як екологічно чистий інгібітор 
корозії сталі запропоновано використовувати екс-
тракти шкірки фруктів, таких як манго, банани, 
маракуя, апельсин, а також побічні продукти пе-
реробки томатів та фруктових соків. Окрім цього, 
висвітлено експериментальні дослідження з мож-
ливості використання свіжого листя цукрового 
буряку. Наведено приклади використання для за-
побігання утворення біоплівки та зниження актив-
ності сульфатвідновлювальних бактерій екстра-
ктів різноманітних трав’янистих рослин, зокрема, 
доведена перспективність використання екстра-
ктів листя зеленого чаю та куркуми. Показано, що 
екстракти з листя, кори, плодів та коріння склада-
ються з суміші сполук, що містять гетероатоми, 
які можуть бути ефективними інгібіторами корозії 
металів. Висунуто також припущення, що антимі-
кробний ефект протестованих екстрактів рослин 
пов’язаний з наявністю в них таких речовин, як 
флавоноли, фенольна кислота, терпени, антоціани, 
стильбени та танін. Показано, що фітохімічні ком-
поненти в екстрактах рослин мають багато спіль-
ного з молекулярними та електронними структу-
рами органічних інгібіторів корозії, що забезпечує 
здатність адсорбуватися на металевих поверхнях 
та сприяти в боротьбі з мікробною корозією. Роз-
робка біологічних способів боротьби з мікробною 
корозією має велике значення для створення аль-
тернативних та екологічно безпечних підходів до 
керування ефектом корозії, що обумовлена суль-
фатвідновлювальними бактеріями. Аналіз даних 
літератури свідчить про необхідність пошуку кра-
щих альтернатив і екологічно безпечних рішень.

Ключові слова: інгібітори мікробної корозії, 
сульфатвідновлювальні бактерії, «зелені» біоциди. 
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