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Abstract: This paper tackles bacteria of the genus Bacillus as both biodamaging/biodegrading
and biocontrolling agents. The article addresses the said bacteria’s ability to form biofilms and
corrosive, antimicrobial and antibiofilm proactive compounds, primarily, siderophores. Their role
depends on the species, microorganism strain, production of antimicrobial substances, biofilm
formation, and the type of damaged material. The bacteria under analysis have demonstrated the
ability to cause as well as inhibit biodamage. The involvement of bacteria of the genus Bacillus
in microbiologically influenced corrosion processes is determined by the production of corrosive
metabolites and the impact of certain bioelectrochemical mechanisms. Lipopeptides generated
by Bacillus subtilis (surfactin, iturin and fengycin) are capable of modifying surfaces’ hydrophobic
properties and impacting the microbes’ adhesion to surfaces. Produced by Bacillus velezensis, the
siderophore bacillibactin at a high concentration is capable of inhibiting the formation of bacterial
biofilms, thus slowing down the degradation of materials. Further study of siderophores as green
inhibitors of microbiologically influenced corrosion may be promising as the said compounds possess
antibiofilm-forming properties and high-intensity inhibitory capabilities.
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1. Introduction

In the context of rapid development of technology and construction, as well as creation
of new materials, the issue of material biodamage and appropriate protection appears as
the focus of substantial research [1–3]. Biodamage (biodegradation) of materials can be
responsible for human-made ecological catastrophes [1]. Bactericides have traditionally
been used to prevent microbiologically influenced corrosion (MIC), although they pose
health, safety and environmental problems [4]. Derivatives of substandard pesticides are
proposed as inhibitors of MIC [5].

On the other hand, the processes of biodegradation involve chemical elements in
geochemical cycles leading to the removal of xenobiotics from the environment [3].

As an alternative, the use of microorganisms (biocides) is suggested as a protective
means against biodamage [6]. However, the research in the field of biological control
has been conducted under laboratory conditions and its effectiveness has not yet been
confirmed [7].

Sulfate-reducing bacteria (SRB) are most commonly associated with MIC, while little
attention has thus far been paid to the representatives of other taxonomic groups [7].
Bacteria of the genus Bacillus deserve attention both as biodamaging/biodegradable and
biocontrolling agents, as they are able to form corrosive compounds [8], polymer-degrading
compounds [9], antimicrobials [10] and antibiofilm-forming compounds [11]. Therefore,
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this paper provides analysis of Bacillus’s impact upon some metals and extensively used
synthetic plastics as biodamage/biodegradation agents.

2. Representatives of the Genus Bacillus as Corrosive Bacteria

A range of mechanisms have been considered to explain MIC [12]: (1) cathodic depo-
larization theory; (2) attack by sulfides; (3) direct electron uptake by the microorganisms,
including redox mediators; 4) the impact of microorganisms on the mineralogy of surface
films. Most of these mechanisms are based on SRB and were meant for anaerobic environ-
ments. However, none of the said mechanisms is truly explanatory [12]. In addition to
these mechanisms, as Moura et al. state [13], the formation of corrosive media is associated
with the generation of acid or with the impact of bacteria. Bacillus is one of the represen-
tative microorganisms for MIC research [8]. In the case of metal corrosion, Bacillus sp.
account for 10% of the total number of taxonomic units among the isolated heterotrophic
bacteria [14]. In layers of rust on steel plates that were submerged in sea water, the genera
Bacillus and Vibrio were dominant, accountings for 53.06% of the total number [15]. In
a number of microbiological, physiological, biochemical and molecular genetic studies,
ammonifying bacteria were isolated from the samples of the soil ferrosphere and iden-
tified as Bacillus simplex strain ChNPU F1 and Fictibacillus sp. strain ChNPU ZVB1 [16].
Much attention has been paid to the corrosive effects of Bacillus on metals, but the mech-
anism of degradation is still unclear and controversial [8]. Microbial damage to metals
depends on the species and strain of bacteria of the genus Bacillus. The potential of two
hydrocarbon-degrading bacteria (Gram-positive bacterium, Bacillus cereus (B. cereus) strain
ACE4, and Gram-negative bacterium, Serratia marcescens strain ACE2) to corrode aluminum
alloy AA 2024 was determined by using electrochemical impedance spectroscopy and sur-
face analysis (implementing electronic microscopy, energy-dispersive X-ray spectroscopy,
atomic force microscopy and Fourier-transform infrared spectroscopy techniques) [17]. The
authors explain the marked corrosion effect of B. cereus by the presence of catalase and
cytochrome oxidase enzymes.

The active agent in the biofilm formation is the bacterium B. cereus strain GU 812900
which was isolated from a stainless steel test panel by Bragadeeswaran et al. [18]. The
authors proved that the corrosion rate depended on the concentration of the exopolysac-
charides within this microorganism. In particular, the corrosion rate increased as the
concentration of the exopolysaccharides grew.

The corrosive activity of B. cereus and Bacillus licheniformis (B. licheniformis) involved
in biodamage of materials is determined by their being nitrate-reducing bacteria [19,20].
MIC bioelectrochemical mechanisms of B. licheniformis and B. cereus can be notated as the
following reactions [19,20] (Table 1):

Table 1. Reactions of MIC bioelectrochemical mechanisms of B. licheniformis and B. cereus [19,20].

Reaction Type Reaction Equation

Oxidation Fe→ Fe2+ + 2e−

Reduction
2NO3

− + 10e− + 12H+ → N2 + 6H2O

NO3
− + 8e− + 10H+ → NH4

+ + 3H2O

The B. licheniformis biofilm on a C1018 (UNS G10180) carbon steel coupon surface
was observed via a scanning electronic microscope (SEM) [19]. In this study, pitting data
indicate that B. licheniformis is more aggressive than typical SRB.

Electrochemical and surface analyses and live/dead staining were performed by Wan
et al. [20] to study the corrosion of X80 pipeline steel in the presence of B. cereus. As
the results of SEM and live/dead staining testify, some B. cereus appeared to adhere to
X80 steel. Electrochemical impedance spectroscopy showed that B. cereus could accelerate
the corrosion of X80 steel. In addition, surface morphology observations indicated that B.
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cereus could accelerate pitting corrosion in X80 steel [20]. The corrosive effect of B. cereus
strain SNB4 on mild steel coupons is shown by Bano et al. [21].

The synergistic effect of slime-forming bacteria B. cereus var. mycoides strain CECT
193 and SRB Desulfovibrio desulfuricans strain DSM 642 was investigated by Santana
et al. [22]. This study discusses B. cereus’s stimulation of the development of sulfate-
reducing bacteria and, accordingly, intensifying the tendency to progress corrosion [22]. A
seawater system with sodium lactate containing both investigated strains demonstrated a
clear decrease in the polarization resistance throughout the test duration (14 days). The
value of the corrosion potential tends to negative values to a greater extent than the other
systems, which indicates the synergic effect of both bacteria. The authors noted that B.
cereus var. mycoides is a facultative anaerobic bacterium and, therefore, it favors the devel-
opment of SRB and consequently determines a greater tendency towards corrosion after an
initial phase of enhanced protection [22].

The influence of Bacillus mycoides (B. mycoides) upon samples of Zn, Al and steel was
studied over 2 years under controlled humidity (97%) and temperature (26 ◦C) [23]. The
corrosion activity was evaluated periodically by measurements of polarization resistance
via electrochemical impedance spectroscopy. Acceleration of zinc corrosion under the
influence of B. mycoides is discussed in [23].

Surface analysis methods, a mass loss method and electrochemical tests were em-
ployed to investigate the corrosion behavior of Q235 steel under the synergistic effect of
Thiobacillus thiooxidans (T. thiooxidans) and Bacillus [24]. The study explicates that circular
corrosion poles, much different from the ones in the single-bacterium cultures, appeared on
the surface of the sample immersed in the mixed culture. The corrosion rate identified via
the mass loss method in the microbial association was close to the average values typical for
a single-bacterium system. Electrochemical impedance spectroscopy shows that two time
constants existed in the T. thiooxidans + Bacillus system after 2 days of immersion, where
the corrosion resistance of the film was initially enhanced and then weakened [24]. Karn
et al. [25] recorded different levels of peroxidase and catalase enzyme production by strains
of Bacillus sp. In a specific range, the enzymes can induce corrosion, however, this is a strain
characteristic [25]. In the experiment, Bacillus paralicheniformis (B. paralicheniformis) strain
720 R2A_5R_0.5, isolated as a part of the International Space Station microbial community,
was aerobically and anaerobically incubated together with Cupriavidus metallidurans strain
pH5_R2_1_II_A and Cutibacterium avidum strain R7A_A1_IIIA with untreated aluminum
alloy platelets, anodized aluminum alloy platelets and pieces of NOMEX®fabric [26]. The
NOMEX®fabric itself remained intact over a period of 6 weeks, but served as an excellent
attachment surface for B. paralicheniformis biofilms. B. paralicheniformis adhered to neither
the untreated nor anodized aluminum alloy. However, the untreated aluminum alloy
which was co-incubated with B. paralicheniformis showed only some signs of corrosion
compared to the untreated negative control incubated in sterile medium [26]. Lipopeptides
produced by B. subtilis (surfactin, iturin and fengycin) decreased the hydrophobicity of
Teflon [27].

Table 2 provides generalizations on the involvement of the genus Bacillus in the
processes of biodamage of metals and alloys.

Therefore, the bacteria of the genus Bacillus are representatives of microorganisms
investigated in the processes of MIC of metals and alloys in both monocultures and as-
sociative cultures. The involvement of these bacteria in MIC processes is associated with
the production of corrosive metabolites and the involvement of bioelectrochemical mecha-
nisms.
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Table 2. Diversity of members of the genus Bacillus involved in biodamage of metals and alloys.

Representative of the Genus Bacillus Research Material References

Bacillus cereus

Al 2024 Aeronautical alloy [18]

Mild steel [20]

Stainless steel [18]

AISI 304 stainless steel [22]

Bacillus licheniformis/paralicheniformis C1018 carbon steel [19]

Bacillus mycoides Zn [23]

Bacillus subtilis
10 MnNiCrCu steel [7]

Teflon [27]

Bacillus sp. Q235 steel [24,25]

3. Bacteria of the Genus Bacillus in the Biodegradation of Some Synthetic Plastics

In this study, we focused on the diversity of bacteria of the genus Bacillus, which
biodegrade polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride
(PVC), poly (ethylene terephthalate) (PET) and polyurethane (PUR). These polymers are
synthesized from fossil hydrocarbons, a non-renewable resource, and comprise more than
90% of the global total production of polymeric materials [28]. Enzymes released by mi-
croorganisms during growth and development act as aggressive media in biodamage of
insulating materials [1]. In particular, such compounds are able to produce the bacterium
B. mesentericus (B. subtilis), found on polymer coatings [1]. Degradation of polyethylene
can be classified as abiotic (caused by temperature and UV irradiation) or biotic (biodegra-
dation caused by the action of microorganisms). Microorganisms modify and consume the
polymer, leading to changes in its properties. Bacteria of the genus Bacillus, among other
bacterial strains, are involved in the biodegradation of polyethylene [29,30]. B. amyloliquefa-
ciens, B. brevis, B. cereus, B. circulans, B. halodenitrificans, B. mycoides, B. pumilus, B. sphericus
and B. thuringiensis appear to be particularly active agents causing biodegradation of this
material. Restrepo-Flórez et al. [29] highlight that although the damage to polyethylene
is connected to only one of these two damage modes, both typically act cooperatively in
nature [31]. The abiotic mechanisms of deterioration of polyethylene have been described
in [31]. The biodegradation of polyethylene and mechanisms associated with this process
are analyzed in review publications [29,30]. The biodegradation of polyethylene under
normal conditions is extremely slow, while the knowledge of complete metabolic pathways
involved in the process, as well as the inventory and structure of respective enzymes, is
quite basic [29]. The authors discuss changes of PE in the presence of microorganisms:
(1) functional groups on the surface; (2) the surface topography; (3) the hydrophobic-
ity/hydrophilicity of a surface; (4) mechanical properties; (5) crystallinity; (6) molecular
weight distribution. It is indicated that the loss of molecular weight and the oxidation
of the molecules are the result of synergistic effects caused by biotic and abiotic factors
(photo-oxidation or heat treatment) [29]. In particular, thermo-irradiation pretreatment
was important for the biodegradation of PE by Bacillus amyloliquefaciens (B. amyloliquefa-
ciens) [32]. Biofilm colonization is the initial step in the degradation of this polymer [29].
Bacteria that form biofilms are capable of producing surfactants, molecules that can mediate
the attachment process of microorganisms to a hydrophobic surface [29]. Hydrocarbon
polymers are resistant to biodegradation, which results from highly stable C-C and C-H co-
valent bonds [33]. Restrepo-Flórez et al. [29] note the theoretical possibility of polyethylene
being used as a carbon source for microorganisms, similar to many other hydrocarbons,
but subject to the reduction in PE molecular weight by the chemical/biochemical processes.
The presence, in some members of the genus Bacillus, of enzymes related to the Pseudomonas
putida GPo1 membrane-bound alkane hydroxylase system [34] increases this probability.
Such enzymes are involved in a complicated chemical reaction: the regio- and stereospecific
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activation of C-H bonds. There are reports that the weight loss of degradable polyethylene
(PE with chemical or photoinitiators or both) positively correlated with CO2 emission in
the consortium of Pseudomonas frequentans + B. mycoides under the condition of treatments
with or without preheating [35]. Based on this, the researchers conclude that the disposal
of degradable polyethylene by these bacteria is a source of carbon.

The initial step involves hydroxylation of C-C bonds, generating primary or secondary
alcohols, which are further oxidized to aldehydes or ketones, and then to carboxylic
acids [36]. Thus, microbial oxidation decreases the number of carbonyl groups due to the
formation of carboxylic acids. Carboxylated n-alkanes are analogous to fatty acids, which
can be catabolized by bacteria via the β-oxidation system pathway (Figure 1). However,
neither the breaking of C-C bonds within the backbone of PE polymers nor the generation
of long carbon chain carboxylic acid hydrolysis products have been reported [36].
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Figure 1. Mechanism for the biodegradation of PE [36].

Thus, bacterial isolates B. amyloliquefaciens contributed to the depolymerization of
biodegraded products in extracellular media, indicating the biodegradation process of
PE [37]. The participation of B. brevis in PE biodegradation is noted in the work of Wasser-
bauer et al. [38]. B. cereus degraded UV-irradiated PE associated with a pronounced
extracellular production of both laccases and MnP [39]. Biodegradable properties against
PE were also observed for B. cereus strain Ma-Su CECRI-1 [40] and B. cereus strain A5,a [41].
In the latter case, a high biodegradable activity (35.72 ± 4.01%) in relation to PE was
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registered [41]. The ability to biodegrade PE is also inherent to B. subtilis [42]. B. subtilis
produced surface active compounds (biosurfactants) that enhance the degradation process
of PE [43].

The ability of B. mycoides and B. subtilis (Bacillus species indigenous to the Niger Delta
mangrove soil) to biodegrade polyethylene was studied by Ibiene et al. [44].

Bacillus safensis and B. amyloliquefaciens have demonstrated the biodegradable ability
for low-density polyethylene thermoplastic. Moreover, B. safensis had better biodegradable
ability than B. amyloliquefaciens, shown by the registered weight reduction [45].

It is worth noting that only genus (Bacillus) identification of bacteria has been es-
tablished in most studies. Thus, in a number of studies, Bacillus sp. are indicated as
polyethylene-degrading bacteria [46–51], the ability of which to form a biofilm on the
surface of this material and reduce its hydrophobicity by isolated bacteria was noted in
the article of Yang et al. [49]. The biofilm formation on the surface of polyethylene and its
biodegradation were also observed for B. mycoides [35].

A brief summary of the articles devoted to the biodegradation of PE with the partici-
pation of bacteria of the genus Bacillus is presented in Table 3.

Polypropylene was biodegraded by the B. flexus + Pseudomonas azotoformans and B.
flexus + B. subtilis associations [52]. Polypropylene was subjected to biodegradation by
B. cereus [53,54], B. thuringenesis and B. licheniformis [54]. The latter three species are also
involved in the biodegradation of polypropylene-poly-L-lactide [54]. Degradation of PP
microplastics by B. gottheilii caused a weight loss of 3.6% after 40 days [55].

Biodegradation of polypropylene has been improved by using polymer blends of
carbohydrates, starch or cellulose blends such as that reported for polyethylene and
polystyrene [56]. The use of the blends facilitates adhesion of the microorganisms to
the surface of the polymer and acts as a co-metabolite. Biodegradation of polycaprolactone
blended PP has also been demonstrated using lipase since lipase is well known to degrade
the ester linkages of polycaprolactone [56].

Bacillus sp. degrades polystyrene [57–59]. The following studies provide insights
into biodegradation of PS caused by B. aryabhattai [60], B. subtilis [61], and B. paralicheni-
formis [62]. B. cereus and B. gottheilii reduced PS granule weight by 7.4% and 5.8%, respec-
tively, within 40 days [55]. B. cereus was also noted as a biodegradable PS in [63].

Strains B. subtilis and B. cereus formed biofilm on PET and poly (lactic acid), demon-
strating biochemical activity and accelerating biodegradation of both plastic materials [64].
B. cereus was also identified as part of two consortia capable of biofilm formation and PET
degradation [65]. B. megaterium formed a biofilm on PET film [28]. Carboxylesterases from
B. licheniformis and B. subtilis partially hydrolyzed PET fibers and showed a high activity
against PET oligomers [66].

The mechanism of PET biodegradation is demonstrated in Figure 2. The PET-digesting
enzyme labeled as PETase converts PET to mono(2-hydroxyethyl) terephthalic acid (MHET),
with minimal amounts of terephthalic acid (TPA) and bis(2-hydroxyethyl)-TPA as sec-
ondary products [56].

B. flexus has been proved to biodegrade poly (vinyl chloride) (PVC) film [67]. Bacteria
of this species have been able to form dense biofilm on the plastic film surface and cause
a decrease in the mean molecular weight of the PVC film [67]. Bacillus sp., triggering
degradation of PVC, caused weight loss of the material of 0.26± 0.02% in comparison to
initial weights after 90 days [51].

The involvement of bacteria of the genus Bacillus in the biodegradation of polyurethanes
is discussed in a review article by G.T. Howard [68]. PUR-degrading bacteria are B. chiti-
nolyticus and B. pumilus [69] and B. subtilis [70–72].

Oxidative degradation has been generally associated with poly(ether-urethane) [73].
This mechanism is illustrated by the following reactions (Table 4).
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Table 3. A summary of the articles on the biodegradation of PE with the participation of bacteria of the genus Bacillus.

Representative of the
Genus Bacillus Research Material Preliminary Treatment Incubation Time Proposed Biodegradation Mechanisms References

1 2 3 4 5 6

Bacillus amiloliquefaciens Low-density PE (LDPE) Heat treatment 60 days Depolymerization, various surface chemical changes,
LDPE used as a sole carbon source [37]

Bacillus brevis

PE Bralen NA 7-25; PE Bralen VA 20-12,
SA 200-22; PE Bralen RA 2-19; PE

BralenFA 7-15; PE Liten BB 29; PE Liten
BB 38; Ground PE Liten FB 22-402

Not indicated 64 h

Enzymatic oxidation (monooxygenase hydroxylation
system); oxidation of PE with the formation carbonyl,
ester and hydroxyl groups; changes in the mechanical

properties of PE

[38]

Bacillus cereus PE UV treatment; autoclaving;
surface sterilization 12 weeks

Enzymatic (laccase and manganese peroxidase)
degradation; the formation of carboxylic acids,

aldehydes, alcohols, esters, ethers, aromatics, alkene
and phenol groups; changes in relative elongation,

relative tensile strength and molecular weight
distribution; UV-treated PE as sole source of carbon is

much better than autoclaved and surface sterilized

[39]

Bacillus cereus

LDPE (24FSO40); oxo-biodegra dable PE
(10% oxo-biodegra dable additive, 90%

PE)

UV-B treatment; heat
treatment 90 days

Influence of bacterial enzymes (oxidative
(oxidoreductase) and degradative). The utilization of
PE, especially the oxygenated fragments, by bacteria
as their sole source of carbon. The increase in surface

energy and decrease in contact angle; increased
hydrophilicity of PE, which facilitates the bacterial

attachment on the surface of polymer

[40]

LDPE Not indicated 16 weeks
No mechanism proposed. There is the formation of

aldehydes and ketones which are intermediate
products of biodegradation of PE

[41]

Bacillus subtilis LDPE; HDPE UV treatment 30 days

Treated PE had more weight loss than untreated PE
because UV rays act as an initiator of PE oxidation

which enhances the bacterial degradation. The
addition of biosurfactant (surfactin) of B. subtilis

caused the most efficient loss of PE, which proves the
assistance in attachment of microbes to PE films.

There is the formation of ketone, aldehyde, carboxyl
acids and alcohols after biodegradation

[43]
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Table 3. Cont.

Representative of the
Genus Bacillus Research Material Preliminary Treatment Incubation Time Proposed Biodegradation Mechanisms References

Bacillus sp.

LDPE; HDPE Not indicated 3 months

Bacteria adhere on plastics and destabilize their
polymeric structures. The process of biodegradation

of polymers is related to the transformations of
chemical groups and mineralization of polymeric

materials into CO2

[51]

LDPE DFDA-9020 Not indicated 60 days

Changes in surface topography, decrease in
hydrophobicity, the formation of carbonyl groups,

decrease in molecular weight and release of soluble
daughter products were key reactions of PE

biodegradation. PE acted as sole carbon source

[49]

Polymer composites containing LDPE
and cornstarch

Fertilizer (cow dung and
dolomite powder) 12 months

Degradation of starch particles by soil
microorganisms in PE–starch composites accelerates
biodegradation of the binder as it alleviates access of
microorganisms to the least ordered surface layers of

the polymer binder at the interfaces

[46]

LDPE Not indicated 6 months Not indicated [50]

Bacillus amyloliquefaciens,
Bacillus safensis LDPE Pretreatment of 0.1%

mercuric chloride 30 days

Enzyme action is assumed (extracellular and
intracellular). pH of the aqueous media increased

toward alkalinity that might be considered for
degradation. Bacteria used plastic as sole source of

carbon and energy

[45]

Bacillus mycoides,
Bacillus subtilis LDPE; HDPE Sunlight 24 weeks

Biodegradation of films followed Norrish type I and
II degradation. This is evident by the various

degradation products revealed by FTIR spectra.
Treated films served as sole carbon sources

[44]
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Table 3. Cont.

Representative of the
Genus Bacillus Research Material Preliminary Treatment Incubation Time Proposed Biodegradation Mechanisms References

Bacillus sphericus,
Bacillus cereus LDPE; starch-blended LDPE; HDPE Heat treatment 12 months

Abiotic and biotic degradation PE have synergistic
relationship. Thermal treatment plays a vital role in
enhancing the rate of biodegradation. Blends with

starch have a higher weight loss then unblended PE.
The formation and disappearance of ester, keto,

double bond and vinyl groups. Influence of bacteria
increases with wettability of the polymer, decreases

with tensile strength and percentage crystallinity.
Bacillus species utilize PE as carbon source. The

decrease in carbonyl index due to biodegradation
occurs by the Norrish-type mechanism or by the

formation of ester

[47]

Bacillus subtilis, Bacillus
cereus, Bacillus lentus PE; plastics

Organic fertilizers (chicken
droppings, cow dung);

inorganic fertilizer (NPK)
9 months

No mechanism proposed. The high rate of CO2
evolution for soils with chicken droppings and cow

dung treatments was noted
[42]

Bacillus cereus +
Bacillus megaterium +

Bacillus subtilis,
Bacillus borstelensis

LDPE; HDPE films with iron, cobalt and
manganese stearates as pro-oxidant

additives (at 0.2% w/w)
Thermal and photoaging 90 days

The first step of biotic degradation is the thermal and
photochemical oxidation. The material should be

substantially chemically transformed by the action of
the pro-oxidant additives under light and heat, and

thus more susceptible to microbial attack. The second
step is mineralization of materials. It is indicated that
the results are consistent with the oxidative activity of
microorganisms. Cobalt and manganese have high
catalytic effect in the photochemiical degradation

of LDPE

[48]

Bacillus mycoides;
Bacillus mycoides +

Penicillium frequentans
UV- and oxi-degradable PE Heat treatment 45 days

The formation of the Penicillium–Bacillus biofilm and
its architecture help in the effective transport of the

bacterium, colonization of PE and subsequent
degradation of its surface by enzymatic reactions

[35]
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Table 4. Reactions of the oxidative degradation poly(ether-urethane) [73].

Reaction Type Reaction Equation

Radical initiation −CH2 −O−CH2 −+OH → −CH2 −O−CH−+ H2O

Chain scission
−CH2 −O−CH−+OH → −CH2 −O−CHOH−

−CH2 −O−CHOH−+OH H3O+

→ HO− CO
(Acid)

−+−CH2 −OH

Cross linking −CH2 −O−CH−+−CH2 −O−CH− → −CH2 −O− CH
| − CH

| −O−CH2−

Thus, the reactive oxygen species initiate degradation of polyether urethanes through
oxidative attack of the soft segment. This reactive oxygen species abstracts an alpha-
methylene hydrogen atom from the polyether soft segment. The addition of a hydroxyl
radical to the carbon radical forms a hemiacetal, which oxidizes to an ester. Acid hydrolysis
of the ester results in chain scission of the soft segment and formation of acid end groups.
Significant chain scission results in the solubilization and extraction of low molecular
weight degradation products [73].

A similar oxidative mechanism was proposed for hard segment degradation [73].
Oxygen radicals abstract an alpha-methylene hydrogen atom from the chain extender
at the urethane. Additional hydroxyl radicals combine with the chain radical to form
a highly reactive carbonyl hemiacetal. Oxidative hydrolysis of the carbonyl hemiacetal
results in chain scission and formation of an unstable carbamic acid and carboxylic acid end
groups [73]. The carbamic acid decarboxylates readily to form a free amine. The mechanism
of polyurethane biodegradation with the participation of polyurethane esterases is shown
by Mohanan et al. [56] (Figure 3).
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Ru et al. [74] present the metabolic pathways of degradation of the plastics considered
by us (Figure 4).

Table 5 shows generalizations the biodiversity of bacteria of the genus Bacillus, which
are involved in the biodegradation of synthetic plastics.

Table 5. Diversity of bacteria of the genus Bacillus, which are involved in the biodegradation of
synthetic plastics.

Representative of the Genus Bacillus Research Material References

Bacillus amyloliquefaciens Polyethylene [29,30,37,45]

Bacillus aryabhattai Polystyrene [60]

Bacillus borstelensis Polyethylene [48]

Bacillus brevis Polyethylene [29,30,38]

Bacillus cereus

Polyethylene [29,30,39–41]

Polypropylene [53,54]

Polystyrene [55,63]

Poly (ethylene terephthalate) [64,65]

Bacillus chitinolyticus Polyurethane [69]

Bacillus circulans Polyethylene [29,30]

Bacillus flexus Poly (vinyl chloride) [67]

Bacillus gottheilii
Polypropylene [55]

Polystyrene [55]

Bacillus halodenitrificans Polyethylene [29,30]

Bacillus licheniformis/paralicheniformis

Polypropylene [54]

Polystyrene [62]

Poly (ethylene terephthalate) [66]
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Table 5. Cont.

Representative of the Genus Bacillus Research Material References

Bacillus megaterium Poly (ethylene terephthalate) [28]

Bacillus lentus Polyethylene [42]

Bacillus mycoides Polyethylene [29,30,35,42,44]

Bacillus pumilus
Polyethylene [29,30]

Polyurethane [69]

Bacillus safensis Polyethylene [45]

Bacillus sp.

Polyethylene [46–51]

Polystyrene [57–59]

Poly (vinyl chloride) [51]

Bacillus sphericus Polyethylene [29,30]

Bacillus subtilis

Polyethylene [42–44]

Polyethylene oxide hydrogel [43]

Polystyrene [61]

Poly (ethylene terephthalate) [64,66]

Polyurethane [70–72]

Bacillus thuringiensis
Polyethylene [29,30]

Polypropylene [54]

Bacillus cereus + Bacillus megaterium +
Bacillus subtilis Polyethylene [48]

Bacillus flexus + Bacillus subtilis Polypropylene [52]

Bacillus mycoides + Penicillium frequentans Polyethylene [35]
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otein; PP_0545, aldehyde dehydrogenase family protein; GlcDEF, glycolate oxidase; Gcl glyoxylate carboligase; GlxR,
tartronate semialdehyde reductase; TtuD, hydroxypyruvate reductase; PykF, pyruvate kinase; TPADO, TPA dioxygenase;
TphB, 1,2-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylate dehydrogenase; PCDO, protocatechuate 3,4-dioxygenase; CMLE,
b-carboxy-cis,cis-muconate lactonizing enzyme; CMD, b-carboxymuconolactone decarboxylase; ELH, enollactone hydrolase;
TR, b-ketoadipate:succinyl-CoA transferase; TH, b-ketoadipyl-CoA thiolase; ChnD, 6-hydroxycaproate dehydrogenase;
ChnE, 6-oxohexanoic dehydrogenase; ACoAL, adipate-CoA ligase; ACoAT, acetyl-CoA C-acyltransferase [74].

4. The Application of Bacteria of the Genus Bacillus to Materials’ Biodamage Control

It should be noted that today the question of the application of biological control for
protection against corrosion damage is debatable, as none of the methods for corrosion
inhibition by microorganisms found to be successful reached the practical application
stage [7]. However, there are noteworthy publications on the possibility of using bacteria
of the genus Bacillus to control the biodamage of materials.

The inhibition of corrosion by bacteria is often accomplished by: (1) a decrease in the
corrosive action of the medium in restricted parts of the metal–bulk solution interface, for
instance, by neutralizing the acidity of the medium; (2) the formation of protective films on
the metal surface or providing new protective films, in particular through the production
of EPS with metal-binding abilities; and (3) decreasing the cathodic reaction due to the
consumption of a cathodic electron acceptor by microbes [6].

In addition, the biocontrol properties of some microorganisms are determined by
their high antibacterial properties associated with the formation of antimicrobial com-
pounds [75] and antibiofilm-forming properties due to their ability to affect the quorum
sensing system [11]. Such microorganisms include members of the genus Bacillus. Thus, a
number of studies have proved that corrosion results from the formation of biofilms, while
Bacillus sp. [24,76], B. thuringiensis strain SN8 [21], B. cereus [77], B. licheniformis (including
genetically modified ones) [78], B. subtilis [79–81], B. firmus strain H2O-1 [82,83] and B.
brevis [79] are responsible for producing antimicrobial compounds.

In particular, in conditions of artificial seawater in the presence of a protective biofilm
of B. subtilis strain WB600, passivation of Al 2024 was recorded. The addition of antibiotics
led to the death of bacteria in the biofilm, which was reflected in the impedance spectra.
Adding antibiotics to sterile artificial seawater had no effect on corrosion processes [81].

The inhibiting effect of B. thuringiensis strain SN8 on steel is shown in the publi-
cation by Bano et al. [21]. B. thuringiensis strain SN8 inhibited the MIC of materials in
soil conditions over a period of 150 days. The corrosion-preventing properties of the B.
thuringiensis strain SN8 dissipated after this period. It stands to reason that corrosion-
inhibiting/protective properties of biological agents must be verified in term of the maxi-
mum time frame for their effectiveness [84].

The inhibitory effect of a biofilm formed by B. cereus was shown by Aїmeur et al. [77].
Ornek et al. evaluated the effect of aluminum-chelating anionic peptides, which

release biofilms of natural and genetically modified Bacillus on the pitting of aluminum
alloy in continuous reactors [78]. The corrosion rate of aluminum alloy 2024 was reduced
by 90% due to γ-polyglutamate-forming biofilm of B. licheniformis. Meanwhile, one of the
peptides that secreted the genetically engineered biofilm of B. subtilis only slightly reduced
the pitting compared to the biofilm on the control material, which already significantly
reduces the corrosion of aluminum compared to the sterile control one.

From thermophilic B. licheniformis on a steel substrate, the bacterial biofilm and the
nature of its extracellular polymeric substances have been probed chemically and elec-
trochemically for their influences on metal dissolution within an incubation period [85].
Corrosion inhibition in the presence of varying concentrations (in CFU/ml) of these bac-
teria in biotic inoculate systems is explained in terms of corrosion resistance and biofilm
capacity. Steel’s corrosion rate is reduced significantly in saline culture medium within the
range of concentrations of bacteria under study compared with the sterile control. This
is attributed to the adhesion of relatively compact and dense “beneficial” biofilm as well



Corros. Mater. Degrad. 2021, 2 545

as the secretion of corrosion-inhibiting substances from the bacterial biofilm as revealed
during surface analysis [85].

Jayaraman et al. [79] found that biofilms of genetically engineered B. subtilis secreting
the antibiotics indolicidin, bactenecin and probacterin are able to inhibit the growth of
SRB that cause corrosion (D. vulgaris and D. gigas) and significantly reduce corrosion in a
continuous culture.

The gramicidin S peptide, which naturally produced the biofilm-forming strain of B.
brevis, also inhibited the colonization of SRB and reduced the corrosion of the steel [86]. It
should be noted that antibiotics, such as ampicillin, inhibited only the growth of SRB when
added prior to the colonization of SRB. At the same time, the associative culture of B. brevis
(producing S-gramicidin) with SRB completely blocked the growth of the latter.

Bacillus sp. strain H2O-1, isolated from the connate water of a Brazilian reservoir,
produces an antimicrobial substance (denoted as AMS H2O-1) that is active against sulfate-
reducing bacteria, which are the major bacterial group responsible for biogenic souring
and biocorrosion in petroleum reservoirs. AMS H2O-1 is a mixture of four surfactin-like
homologues, and its biocidal activity and surfactant properties suggest that this compound
may be a good candidate for sulfate-reducing bacterial control. Thus, it is a potential
alternative to the chemical biocides or surface-coating agents currently used to prevent
SRB growth in petroleum industries [82].

A new antimicrobial substance is being developed by using biosurfactant produced by
indigenous oil reservoir Bacillus sp. to prevent and eradicate biofilm [76]. The biosurfactant
is able to inhibit Pseudomonas sp. strain 1 and Pseudomonas sp. strain 2 attachment to
carbon steel ST37 surfaces and also able to eradicate preformed biofilm on steel surfaces.
This study also showed the reduction of corrosion rate in carbon steel ST37 as a result of
material treatment with biosurfactants. The authors suggest that the biosurfactant in this
study could be a good candidate for a new anticorrosion agent [76].

The effects of bacteria of the genus Bacillus depend not only on the formation of
antimicrobial compounds and protective biofilm, but also on the type of damaged material.
In particular, Juzeliunas and co-authors found that B. mycoides accelerates zinc corrosion,
inhibits aluminum corrosion and does not affect mild steel [23].

Bacillus sp. strain ΠКИ-12Лis considered to be a promising biological agent for the
creation of a biological product for the protection of polymeric composite materials from
biological damage due to its fungicidal activity [87].

The synthesis of extracellular molecules such as biosurfactants or proteins should
have major influence on bacterial adhesion. These molecules may be adsorbed on sur-
faces and modify their energy characteristics. Under these conditions, adhesion rates
are not dependent upon the initial characteristics of the substrate but on those of fouled
surfaces [88].

Lipopeptides produced by B. subtilis (surfactin, iturin and fengycin) are able to mod-
ify the surface hydrophobicity of stainless steel and Teflon and, consequently, influence
microbial adhesion to their surfaces [27]. The authors showed that these effects depend on
the lipopeptide type, the concentration and the substratum. Thus, iturin A had no effect
in relation to stainless steel; surfactin and fengycin increased the hydrophobicity of steel.
The bioconditioning of surfaces using microbial surfactants has been suggested as a new
strategy for reducing adhesion of bacteria to surfaces [27].

Among the representatives of the genus Bacillus as controlling agents of biodam-
age, the bacterium B. velezensis deserves attention [11,75]. It should be noted that the
current heterotypic synonyms of B. velezensis are B. amyloliquefaciens subsp. plantarum, B.
methylotrophicus, “B. oryzicola”, and B. methylotrophicus subsp. plantarum [89,90].

In the article of Wang et al. [91], high activity against marine fouling by proteases
isolated from B. velezensis strain SM-1 was noted. This may be the basis of the modern
eco-friendly approach to creating materials against fouling. Khan et al. isolated the
bacterium B. methylotrophicus WY with the ability to quench the quorum, which can be
used to control membrane biofouling [11]. In particular, it was discovered that this strain



Corros. Mater. Degrad. 2021, 2 546

has significant influence on the degradation of acylhomoserinlactone (AHSL)—a kind
of signaling molecule required for the development of biofilm. The inhibitory activity
of B. velezensis strain K68 against the biofilm of Streptococcus mutans on polystyrene was
studied [92]. Bacillus sp. strain H2O-1 (with 99.8 and 99.5% similarity of the 16S rRNA
gene sequence between it and the type strains of B. amyloliquefaciens and B. methylotrophicus,
respectively) produced an antimicrobial substance that was active against sulfate-reducing
bacteria [82].

High concentrations of the catalase and peroxidase enzymes produced by some strains
of Bacillus sp. can inhibit corrosion [25]. However, the exact mechanism and enzymatic
role are unknown. Further research targets the potential role of these enzymes [25].

5. Siderophores of Bacteria in Corrosion Damage of Materials

It is known that the corrosion process takes place in a biofilm formed with the partici-
pation of a microbial community, the main participants of which are SRB [1,7,93]. From the
end of the 20th to the beginning of the 21st century, the prospect of preventing corrosion
damage to materials by forming protective aerobic bacterial biofilms capable of producing
siderophores was discussed [94]. Siderophores are low molecular weight compounds that
chelate Fe (III) ions, convert insoluble Fe (III) to the bioavailable form of Fe (II) and are syn-
thesized by some bacteria, fungi and plants with iron ion deficiency in the medium [95,96].
Kostakioti et al. note [97] that chelating agents inhibit and/or disrupt the formation of
the biofilm at stages 2 and 3 of biofilm formation, the formation of microcolonies and the
maturation of the biofilm, respectively [97]. Siderophores are able to prevent the formation
of biofilms of SRB on surfaces [98]. We studied the formation of SRB biofilms on the surface
of polypropylene, which is used in the construction of pipelines [99,100] and PET under the
influence of bacillibactin-producing strains of B. velezensis [98]. Thus, a significant positive
effect of supernatant (7% by volume) of B. velezensis strains NUChC C1 and NUChC C2b
cultures in meat-peptone broth (MPB) on the biofilm formation of sulfate-reducing bacteria
of Desulfovibrio oryzae (D. oryzae) strain NUChC SRB1 on the surface of polypropylene was
noted [101]. Due to the production of B. velezensis strains NUChC C1 and NUChC C2b
siderophore bacillibactin [98], it is possible that under these conditions the concentration
of Fe (III) ions in the medium increases, which increases the intensity of sulfate-reducing
bacteria biofilm formation. According to Donlan [102], with increasing concentration of Fe
(III), there is a better adhesion of bacterial cells to the surface, which occurs by reducing the
repulsive forces between negatively charged bacterial cells and surfaces. The influence of
ions of iron on SRB-influenced corrosion is a complex phenomenon: (1) the hydrogenase of
SRB is regulated by Fe2+ availability; (2) high levels of soluble iron prevent the formation
of FeS protective layers [93].

However, with respect to D. oryzae strain NUChC SRB2 under these conditions, a
slight significant inhibition of the intensity of biofilm formation was observed. Additionally,
a significant decrease (2 times) in the intensity of sulfate-reducing bacterium D. oryzae
strain NUChC SRB1 biofilm formation was registered on the surface of PET with a content
in the medium of 22% MPB supernatant cultures of B. velezensis strains NUChC C1 and
NUChC C2b [98]. It is possible to assume two mechanisms lowering the intensity of biofilm
formation of SRB at a high concentration of bacillibactin. The first one involves bacillibactin
as a siderophore chelator. When present in a high concentration in the supernatant, it
apparently binds iron, reducing its amount, thus resulting in impaired bacterial biofilm
formation. It is known that catecholate siderophores, which include bacillibactin, show
a high affinity for iron [103–105]. The ability of chelators to inhibit the formation of
biofilms is discussed in [97], while their capability of lowering the intensity of biofilm
formation by reducing the concentration of iron is addressed in [106]. Under iron-deficient
growth conditions, the microbial surface hydrophobicity decreases, which alters the surface
protein composition and limits biofilm formation [107]. In general, the corrosion process
involving bacteria of the genus Bacillus is associated with iron homeostasis as the increase
in the content of ions of this metal stimulates the formation of biofilms (protective or
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corrosive, determined by the metabolism of a particular species and strain of bacteria). The
second mechanism may be the modification of the surface properties of the material by
bacillibactin from the supernatant in a high concentration, which affects the ability of SRB
to form biofilms on it. In particular, it is indicated that catecholate siderophores constitute
a class of natural products useful for surface modification [108]. We can assume that high
concentrations of artificially introduced siderophore chelator will inhibit the corrosion
process due to inhibition of biofilm formation and/or modification of the material surface
properties. The validity of the proposed mechanisms has yet to be investigated.

Siderophores are environmentally unobjectionable compounds with high corrosion
inhibitory properties on steel [109–112], promoting passivation of metals [113–115]. They
are referred to as green corrosion inhibitors along with macromolecules, bacteria, alkaloids
and polyphenols [89]. Bacillus sp. strain AS7 is a producer of siderophore desferrioxamine
B [113]. The obtained siderophore worked as a green smart corrosion inhibitor of SAE-
1010 carbon steel at a minimal concentration of 75 ppm [88]. Based on the obtained data, we
believe that the supernatant from cultures of bacillibactin-producing strains of B. velezensis
strains NUChC C1 and NUChC C2b can be used as a smart green inhibitor to prevent
microbe-induced corrosion by inhibiting the development of SRB biofilms. A further
prospect is the study of microbiologically influenced corrosion of steel under the influence
of SRB and the presence of supernatant from these cultures of B. velezensis.

The generalization of the protective activity of bacteria of the genus Bacillus in relation
to some biodegradation materials is presented in Tables 6 and 7.

Table 6. Protective activity of bacteria of the genus Bacillus in relation to material biodegradation.

Representative of the Genus Bacillus Research Material References

Bacillus brevis 304 stainless steel [79]

Bacillus cereus Carbon steel [77]

Bacillus firmus Stainless steel AISI 304, stainless steel AISI 430,
carbon steel, galvanized steel, polystyrene [82,83]

Bacillus licheniformis/paralicheniformis
Al 2024 [78]

Stainless steel 316 L [85]

Bacillus sp.

Carbon steel ST37 [76]

Polymer composite materials [87]

Carbon steel SAE-1010 [113]

Bacillus subtilis

304 stainless steel [79]

Stainless steel [80]

Al 2024 [81]

Stainless steel [27]

Bacillus thuringiensis Mild steel [21]

Bacillus velezensis

Membrane filtration system [11]

Organisms of marine fouling [91]

Polystyrene [92]

Poly (ethylene terephthalate) [98]
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Table 7. The compounds produced by bacteria of the genus Bacillus, which are important for the control of material biodamage.

Representative of the Genus Bacillus Compound References

Bacillus brevis Gramicidin S peptide, ampicillin [86]

Bacillus licheniformis/paralicheniformis
Chelating anionic peptides [78]

γ-polyglutamate [78]

Bacillus sp.

Surfactin-like homologues [82]

Biosurfactant [76]

Antifungal compounds [87]

Siderophore desferroxamine B [113]

Catalase and peroxidase (high concentrations) [25]

Bacillus subtilis Surfactin, iturin, fengycin [27]

Bacillus subtilis (genetically engineered) Indolicidin, bactenecin, probacterin [79]

Bacillus velezensis
Siderophore bacillibactin [98]

Compounds with the property of destroying AHSL [11]

6. Progress, Challenges and Future Direction for This Work

The involvement of bacteria of the genus Bacillus in biodamage/biodegradation of
materials has been actively studied in recent years. Today, it is known that they are either
corrosively active participants in microbiologically influenced corrosion, or act as biological
control agents, protecting materials from damage. The functions of bacteria of the genus
Bacillus in MIC processes are associated with the production of corrosive metabolites and
the impact of certain bioelectrochemical mechanisms. Among the compounds produced by
bacteria of the genus Bacillus important for the control of biodamage are antibiotics, lipopep-
tides, biosurfactants, poly-γ-glutamic acid and siderophores [76,78,79,86,87,98,113]. Such
compounds have either an antimicrobial effect or are able to modify the hydrophobicity of
material surfaces, thereby affecting the adhesion of bacterial cells on it, which is reflected in
the formation of the biofilm. These compounds are environmentally unobjectionable, and
therefore are promising as the green corrosion inhibitors. As a prospect of research in this
field, we see the study of siderophores as green inhibitors of microbe-induced corrosion, in
particular bacillibactin, because these compounds combine antibiofilm-forming properties
with high inhibitory properties.

7. Conclusions

Bacillus are representatives of microorganisms involved in the processes of microbio-
logically influenced corrosion of metals and alloys and biodegradation of synthetic plastics
in both mono- and associative cultures. Their role depends on the species, strain of the
microorganism, the production of antimicrobial substances, the biofilm formation and the
type of damaged material. On the one hand, these bacteria can be agents of biodamage, and
on the other hand they can inhibit biodamage. The involvement of bacteria of the genus
Bacillus in MIC processes is associated with the production of corrosive metabolites and the
impact of bioelectrochemical mechanisms. Lipopeptides produced by B. subtilis (surfactin,
iturin and fengycin) are able to modify the surface hydrophobicity, to influence microbial
adhesion to the surfaces. It is possible that siderophore chelators (bacillibactin) can also
modify surface hydrophobicity and at high concentrations are able to inhibit bacterial
biofilm formation, thus slowing down the degradation of materials. Therefore, the process
of microbiologically influenced corrosion under the influence of bacteria, the genus Bacillus,
producing siderophores, requires further investigations. Thus, the generalized scheme of
mechanisms of participation of bacteria of the genus Bacillus in the processes of biodamage
of some metals and plastics can be represented as follows (Figure 5).
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