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Abstract: The primary goal of this investigation was to evaluate the effect of Coriandrum sativum
extract on mitigating corrosion caused by Staphylococcus aureus, Klebsiella pneumonia, and
Bacillus subtilis on metal samples. Analytical methods including SEM, FTIR, and XRD examination
were used on the metal surface to determine the mechanism underlying corrosion inhibition.
Impedance studies and Nyquist plots were used to support the role of green inhibitors in biocorrosion
control. Based on analytical examinations, the corrosion patterns in some pitted zones showed a
substantial link between microbial metabolites and the chemical composition of the metal surface.
The presence of microbial metabolites caused the metallic surface to become more porous and
permeable, changing the surface's structural makeup. In all three bacteria, 30 ppm of plant extract
was found to be the maximum concentration that inhibited microbial corrosion. The coupons
submerged in the control solution lost weight, indicating that the addition of the inhibitor caused a
brief increase in corrosion rates before they declined.

Keywords: microbial-induced corrosion; biofilm; plant extracts; Nyquist plots; SEM; FTIR

1. Introduction

Microorganisms cause an increase in corrosion through an electrochemical process known as
biocorrosion, microbiologically influenced corrosion (MIC), or microbial corrosion. Because of their
interactions with the surroundings of the metal surface, microorganisms present in the environment
can induce a variety of consequences. Given the strength of this interaction, it is reasonable to
assume that the microbial involvement in corrosion will be evident in increased metal damage.
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Weight loss studies and electrochemical methods are primarily used to determine corrosion
inhibition; however, the mechanistic elements of plant-mediated biocorrosion inhibition have
received less attention. There is very little evidence available about plants' potential to suppress
microbial corrosion, but there has been a recent increase in the number of researchers engaged in this
field. Therefore, a thorough analysis of the microorganisms that cause corrosion as well as the
mechanism by which plant extracts block corrosion has been conducted. The chemical composition
of the mild steel under study was found to consist of Fe, Mn, Si, Cu, Cr, C, Ni, W, Al, Mo, V, and
Co at weights of 96.7%, 0.45%, 0.27%, 0.12%, 0.10%, 0.12%, 0.11%, 0.05%, 0.02%, and 0.03%,
respectively.

According to the results in [1], S. aureus, B. subtilis, and K. pneumoniae present moderate
bacterial activity and a good ability to mild steel corrosion in 1M H2SO4. When tested with various
human pathogenic bacteria, including E. coli, B. subtilis, S. typhimurium, K. pneumoniae, S. aureus,
and P. aeruginosa, C. albicans displayed distinct inhibitory zones of varying sizes [2].

The herbal plant Coriandrum sativum (taxonomic profile: Kingdom, Plantae; Subkingdom,
Tracheobionta; Division, Magnoliophyta; Superdivision, Spermatophyta; Class, Magnoliopsida;
Subclass, Rosidae; Order, Apiales; Family, Apiaceae; Genus: Coriandrum L.; Species: Coriandrum
sativum L is well-known for its therapeutic applications [3]. One of the most frequently documented
biological properties of its leaves is their anti-microbial activity [4-6]. According to [3], they demonstrated
inhibitory action against both gram-positive and gram-negative bacteria, including S. aureus, Bacillus
spp., E. coli, P. aeruginosa, S. typhi, K. pneumoniae, and P. mirabilis. According to [7], C. sativum's
phytochemical screening revealed the presence of flavonoids, phenolics, tannins, terpenoids,
reducing sugars, essential oils, fatty acids, sterols, and glycosides [8,9].

Cooling towers are essential for maintaining consistent machinery temperatures and releasing
heat while a machine is operating. Numerous factors, including the concentration of dissolved
inorganic salts, ambient temperature, pH, moisture content, and microbial activity, all work together
to promote the progression of corrosion in these systems. As stress concentrators, corroded areas can
lead to component failure, systemic instability, and eventually catastrophic collapse. Cooling towers
are also susceptible to malfunction over time due to harsh operating environments and conditions,
which commonly results in general issues [10].

The term “microbiologically influenced corrosion” (MIC) refers to the theory used to explain
how microbes affect the rate at which corrosion processes on both metal and non-metallic surfaces
progress. Microbes have a major impact on corrosion, particularly on metal surfaces. Numerous
bacterial populations produce secretions and form biofilms. These films are formed when bacteria
grow on metal surfaces, forming different microenvironments that change the hard, solid surface's
wettability and electrostatic charge, facilitating the colonization of bacteria in the outermost layer.
Surface damage and an acceleration of corrosion rates are caused by this mechanism [11].

Localized corrosion results from the corrosion that starts and grows beneath this biofilm. Over
an unmonitored period of exposure, this localized corrosion causes metal wall holes to grow [12]. A
paradigm change away from dangerous corrosion inhibitors and toward more affordable, non-toxic,
and biodegradable options is required due to rapid industrialization [13]. In recent years, plant
extracts have become increasingly popular as safer substitutes for these organic and inorganic
inhibitors [14].

Plant extracts have the ability to prevent corrosion on metal surfaces. Organic phytochemicals
that exhibit antibacterial activities against a range of microbes, such terpenoids and other
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hydrocarbons, are more likely to be adsorbed on a metal surface. The use of plant extracts as green
corrosion inhibitors is undergoing a paradigm change, and this has shown to be a promising area of
study [15].

To assess how microorganisms affect corrosion arising from their interactions with a metallic
surface, three specific bacteria have been chosen: Staphylococcus aureus, Klebsiella pneumonia, and
Bacillus subtilis. Studies were conducted to look at how extracts from Coriandrum sativum affected
biocorrosion. The creation of environmentally friendly materials is crucial to lowering the number of
bacteria that live on metallic surfaces. Ecologically friendly formulations are advised to reduce
negative effects on the environment and stop corrosion on the metallic surface. In order to
understand how plant extracts control microbial corrosion, a multimodal approach that integrates
metal surface contacts and microbial chemistry was used to obtain high inhibitory efficiency.

2. Materials and methods
2.1. Collection of cooling tower water (CTW) and processing of steel coupons

Fine chemicals of analytical reagent grade were purchased from Himedia for use in
microbiological experiments. The cooling tower water from the Mettur thermal power station was
collected for laboratory use in autoclave-sterilized bottles and placed in an ice box. Average pH was
within 7.8-8.3. Between 138 and 200 mg/L of TDS were present. The water in the cooling tower was
between 27 and 30 <C. After being cleaned with ethanol and polished to a final surface finish, the
mild steel coupons were allowed to air dry in a desiccator. Both before and after the experimental
research, the dry coupons were weighed. The dirt was cleaned from mild steel coupons of 6 cm <1 cm
using a pickling process, and weight loss measurements were made. Mild steel coupons of 1 cm <1 cm
were used for polarization and impedance analysis; these were not cleaned with a pickling solution or
water.

2.2. Microbial culture and preparation

Three bacterial strains—Staphylococcus aureus, Bacillus subtilis, and Klebsiella pneumonia—
were chosen and subcultured in Luria Bertani (LB) broth in accordance with standard
recommendations [16]. One milliliter of the microbial culture with a cell density of 107 CFU/mL
was seeded into 100 mL of sterile LB broth and incubated in the shaker incubator for 50 min. After
that, bacterial strains were kept in a temperature-controlled incubator at 37 °C.

2.3. Soxhlet extraction

Coriandrum sativum seeds were obtained from the nearby marketplace. Extraction was
performed from seeds ground into a fine powder and sieved. A thimble containing 10 g of the
powdered material was put inside the Soxhlet extractor. The 10 g powdered sample was mixed with
200 mL of ethanol, and the oil was extracted for 48 h, keeping the solute/solvent ratio at 1:10.
Refluxing temperature was 55 °C. Any leftover ethanol was eliminated using a rotary evaporator,
resulting in essential oils.
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2.4. Well diffusion method

The well diffusion test was carried out in compliance with accepted practices [17]. Using a
sterile L rod, 100 L of the bacterial suspension was transferred into the appropriate Petri plate with
solidified LB agar. Using a sterile cork borer (7.5mm), 7 mm diameter wells were created in the agar
medium. Three distinct concentrations of green inhibitors (10, 30, and 50 i) were then added to
each well. Amoxicillin and dimethyl sulfoxide (DMSQO) served as the controls. After a 24h
incubation period, the minimum inhibitory concentration (MIC) of each plate was determined by
measuring the zones of inhibition with digital vernier calipers.

2.5. Weight loss method

A conventional procedure was followed for the weight reduction study, with a few minor
adjustments [18]. The microbial system, consisting of the corrosion inhibitor reaction mixture,
contained 1 mL of each of the three microbial cultures devoid of mild steel coupons, 400 mL of
sterile cooling tower water (CTW), and nutritional broth (1% wi/v). The control was a sterile polished
mild steel coupon that was submerged in 400 mL of sterile cooling tower water. Then, in a sterile
inoculation chamber, coupons made of polished, sterile mild steel were submerged in the sterile
media. Then, 10, 20, 30, and 50 pL of various plant extract concentrations were applied to the
corresponding flasks. The mild steel coupons were collected, allowed to air dry, and then weighed to
determine how much weight had been lost as a result of the corrosion process.

2.6. Corrosion analysis

For each system, a triplicate analysis of the corrosion rate was performed. The coupons were
taken out of the conical flasks, autoclaved, and weighed once a week. The coupons were submerged
in the pickling solution [1000 mL of 0.1 N hydrochloric acid containing 20g (w/v) of antimony
trioxide and 50 g (w/v) of stannous chloride] for 25 min at room temperature in order to conduct
studies on weight loss assessment. The corroded coupons that had been treated with acid underwent
XRD and SEM investigation. Three weeks later, the coupons were taken out of their systems, and
each metal's corrosion products were scraped off and examined [18].

2.7. Electrochemical studies

An electrochemical workstation (Model CH 1608 D/E Series) with a platinum electrode and a
reference electrode (a saturated calomel with Ag/AgCl) was used for electrochemical investigations.
Using a three-electrode cell, mild steel coupons (1.0 % 1.0 cm3 were employed for electrochemical
research [18].
2.8. X-ray diffraction (XRD) spectroscopic analysis

An X-ray diffraction device (Wilcox 132 XRD analyzer) with a maximum power of 12 KW (60 kV
and 200 mA) was used to evaluate metal scraped from mild steel [19].
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2.9. Scanning electron microscopy (SEM)

The corrosion products underwent a process of scraping, crushing, and coating with Au/Pd
using a Bio-Rad Polaran E5400 high-resolution sputter coater. They were then mounted on
aluminum holder stubs using double sticky carbon tape. At 15 KV, they were inspected under a
ZEISS scanning microscope (Elvis 15, Germany). To find microstructural differences, the SEM
images were analyzed [20].

2.10.  Fourier transform-infrared (FTIR) analysis

The Perkin EImer model was used to obtain the oil sample's Fourier transform-infrared spectra. At
a resolution of 4 cm™, the absorbance was measured in the wavelength range of 4000 cm™ to 400 cm™.
KBR was utilized to pellet the materials, and the pellets were then employed for additional
analysis [21].

2.11.  Gas chromatography—mass spectrometric (GC-MS) analysis

Using Bruker 45X (GC) and SC-ION (MS) equipment with a mass detector, GC-MS analysis
was carried out in a linked workstation. The capillary column (15 m in length) was filled with helium
carrier gas at 70 °C with a 5-min holding period. A 45 min total run duration was maintained by
injecting 1 L of the sample at a flow rate of 1 mL/min into the GC column. The metabolites were
identified by comparing the GC-MS peaks with the National Institute of Standards and Technology
(NIST) database after the separated metabolite mass spectra (70 eV) were recorded. According to [22],
the ethanol extract's GC-MS peaks revealed the existence of bioactive chemicals.

3. Results and discussion

Corrosion on the metallic surface may be harmful due to the existence of microbiological
consortia, which are groups of different microbe species living together within a biofilm [23]. The
process of biocorrosion is aided by a wide range of microorganisms, such as those that reduce
sulfates and metal, oxide metal, are acidic and slime-forming, consume and produce hydrogen, and
are both aerobic and anaerobic [24]. Because of the activation of numerous biochemical processes at
the oxic—anoxic transition zone, multiple species coexist and contribute to the corrosion process,
which has a detrimental and direct impact on both human health and commercial activities [25].

3.1. Anti-microbial studies

The well diffusion method was the main testing strategy employed in the current study to
ascertain whether the three chosen plant extracts might inhibit microorganisms under in vitro study.
The zones of inhibition caused by essential oils are shown in Table 1. Coriandrum sativum was
employed at three concentrations (10, 30, and 50 L for T1, T2, and T3, respectively). As negative
and positive controls, 50 L of DMSO and sterile amoxicillin discs were utilized. According to
previous studies, phytoconstituents found in Coriandrum sativum have antibacterial action and
prevent the growth of biofilm [26]. Nonetheless, there was no discernible difference between the
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three concentrations (T1, T2, and T3). The plant extract at 30 ppm was reported to result in a higher
inhibition zone. Figure 1 depicts the inhibition zones of Coriandrum sativum.

Essential oils have antibacterial properties because of their secondary metabolites, which
interact with the lipids in the cell membranes of bacteria to cause metabolic disruption and cellular
death. Bacteria release secondary metabolites, which are essential for both cellular growth and death.
By altering the structure of cell membranes and the enzymatic machinery, these secondary
metabolites stop bacteria from proliferating [27]. The cell membrane is essential to the integrity of
cells as well as the transport of nutrients, energy, and information between the cells and their
environment. When the bacterial cell membrane degrades, macromolecules like proteins and nucleic
acids leak out [28]. This has the antibacterial effect of preventing microbial growth or cell death.

Table 1. Diameters of clear inhibition zone using the well diffusion method.

Plant extract ~ Microbes Negative Positive T1 (10uL) T2 (30uL) T3 (50uL)
control (mm) control (mm) (mm) (mm) (mm)
Coriandrum  S. aureus 10 13 11 12 13
sativum B. subtilis 10 12 11 13 14
K. pneumoniae 10 11 11 13 13

Figure 1. Inhibition zone of Coriandrum sativum on plates spread with (a) S. aureus, (b)
B. subtilis, and (c) K. pneumoniae.

3.2. Surface analysis
The corrosion products were collected, ground into a fine powder, and used in Fourier-
transform infrared spectroscopy (FTIR) and X-ray diffraction spectroscopy (XRD). Using a sterile

spatula, the surface coating was scraped off and then dissolved in methanol for additional
examination.
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3.2.1. SEM analysis

SEM pictures of mild steel coupons subjected to cooling tower water contaminated with
microbes show how biofilms grow and eventually corrode the material. Variations in cell
concentrations promote bacterial adhesion to the steel surface, enabling the formation of biofilms
that include exopolysaccharides (EPS) that serve as a diffusion barrier against corrosive agents. The
corrosion process is accelerated by the cells that are located in areas with higher oxygen
concentrations, variable biofilm thickness, and irregular distribution of EPS and other corrosion by-
products. Due to chemical or electrochemical interactions between the exposed surface and the
surrounding environment, the structural composition and properties change during the corrosion
process [29].

There is an accumulation of corrosion particles on the metallic surface, giving the corrosion
pattern a highly heterogeneous appearance. Furthermore, the presence of microorganisms suggests a
high surface interaction, resulting in the creation of pits in certain areas and apparent scratches on the
surface. The metal surface has a significant density of accumulation and fissures, according to SEM
analysis.

According to research by [30], there are three steps in the process of microbe-induced corrosion
initiation: the microbial consortium's physical adherence, the harboring and release of corrosive
metabolites, and the depolarization of the metal surface at the surface of the hydrophobic substrate.
Under biological conditions, increased corrosivity is caused by the growth and harboring of
microbial consortia, which in turn produce and release corrosive metabolites into the surrounding
environments. The structural elements of the material under investigation are changed by the
released corrosion metabolites, which increases the porosity and permeability of additional corrosive
materials into the pitted zone [31].

The Coriandrum sativum-treated mild steel is shown in Figure 2. Plant extracts, often known to
be corrosion inhibitors, have a notable impact on the metal surface, impeding its disintegration. The
three bacteria that cause corrosion—S. aureus, B. subtilis, and K. pneumonia—were found to be
successfully suppressed by the plant extract. Figure 3 (a) depicts the SEM picture of the microbe-free
control, and Figure 3(b)-(d) show the control SEM images of the three mild steel samples treated
with microorganisms (B: S. aureus, C: B. subtilis, and D: K. pneumoniae) but not with plant extracts.
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Figure 3. SEM analysis of control and microbe-coated mild steel structures.

3.2.2. FTIR

After being removed from the rusted mild steel surface, samples were examined using FTIR
technology. Figure 4 represents the FTIR analysis of the corroded samples. The hydroxyl groups of
water molecules that were attached to the surface are responsible for the peak that was seen at 3409 cm ™.
Peaks at 1631cm™ could be related to the O-H stretching mode, surface hydroxyl, and bending vibration
of absorbed water. Fe2Os/FeS is the most likely cause of the peaks at 518 cm™ and 620 cm™ [32].

AIMS Molecular Science Volume 11, Issue 4, 395-414.
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Several bands below 600 cm™ in the FTIR spectrum of Coriandrum sativum are associated with the
functional groups of organic acids, flavonoids, and alkaloids. Many bacterial strains produce biofilms,
and one important aspect of this process is the presence of bacterial plasmids.

The facilitation of contacts between polar and non-polar functional groups is significantly
influenced by the hydrophobicity of the cell surface. Furthermore, a crucial step in the formation of
biofilms is the microbe's motility across the metal contact surface [33].
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Figure 4. FTIR analysis of the corroded samples.
3.2.3.  XRD analysis

After being scrapped, the mild steel surface was examined using XRD. XRD analysis evaluated
the biocorrosion process caused by the three microorganisms (S. aureus (A), B. subtilis (B), and K.
pneumonia (C)) (Figure5). Iron hydroxide (FEOOH) and ferrous sulfide (FeS) are represented by
peaks in the XRD pattern of pure mild steel treated in cooling tower water (CTW) [34]. Surface
deposits of corrosion products (FeS) are observed on mild steel that has undergone CTW treatment.
When a biocorrosion inhibitor was added to mild steel that had been eroded by microbes, new peaks
would occasionally vanish and reappear because the biofilm growth on the mild steel's exterior was
inhibited. Peaks linked to iron oxides like FesO4 and FeOOH appear to be vanishing. This shows that
the protective coating contains no trace of iron oxide and that the metal's surface is completely
shielded against corrosion. According to [35], inhibitors such as carbon, nitrogen, oxygen, and
phytochemicals can minimize iron peaks on metals and create a protective layer.
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Figure 5. XRD analysis of the biocorrosion process.

Figure 6 represents the GC-MS analysis of Coriandrum sativum, showing the presence of
cyclopentanone, 2-methyl, (2-mercaptoethyl) guanidine, 1,2-diethylhydrazine, benzene, 1-methyl-3-
(1-methylethyl), cterpinene, propane, 1,1,3-triethoxy, and linalool [36]. According to published
research, secondary metabolites are essential for providing a protective layer on the surface and for
the inhibitory effect on bacterial development [37].
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Figure 6. GC-MS analysis of Coriandrum sativum.

Volume 11, Issue 4, 395-414.



405

3.4. Electrochemical impedance

An investigation of electrochemical impedance was conducted in cooling tower water systems
with and without microorganisms and inhibitors [38]. Further significant characteristics, such as
charge transfer resistance (Rc) and double-layer capacitance (Ca), were calculated based on
impedance spectrum analysis [15]. The impedance parameters obtained from Nyquist plots are
shown in Table 2. There was a considerable variance in mild steel's susceptibility to different
ecosystems [39]. The impedance of steel varied and showed a rising trend as the exposure period
increased. This rise suggested that the pace at which steel corroded in sterile culture conditions was
regulated, with variability most likely being determined by the corrosion product. At higher
frequencies, the negative value of the phase angle may be the cause of the system disruption. A
capacitive semicircle was detected at high frequencies, which may have been caused by biofilm
formation and the deposition of corrosion products on the surface layer. Charge transfer mechanisms
may play a role in the development of metallurgical dissolution, which could account for a minor
capacitive loop found at low frequencies.

Table 2. Impedance parameters derived from Nyquist plots.

Immersion of MS in systems Rs Ret (ohm cm?)  Cai (F/cm?) 0 IE (%)
S.aureus 211.7  4885.80 1.17 <108 0.7953 79.53
S.aureus and C. sativum 253.2 8299.40 9.10 <107 0.8795 87.95
B.subtilis 271.2  9476.00 6.94 <10 0.8945  89.45
B.subtilis and C. sativum 274.2 14396.20 6.78 <107 0.9305 93.05
K.pneumoniae 193.0  5218.00 9.11 <10 0.8084  80.84
K.pneumoniae and C. sativum 230.3 8069.80 7.35 x10* 0.8761 87.61

Note: Rs: Solution resistance; Rq: Charge transfer resistance: Cq: Double layer capacitance.

Impedance characteristics such as solution resistance, charge transfer resistance, and double-
layer capacitance values were derived from the Nyquist plots. By comparing the charge transfer
resistance of inhibited and unrestrained cells, the inhibition efficiency was computed [40]. Nyquist
plots showed that single semicircles acted as capacitive loops in the high-frequency band, signifying
resistance to charge transfer both with and without an inhibitor (plant extracts). A linear link between
the semicircle and biofilm load has been seen in earlier research, indicating that biofilm adhesion to
the mild steel surface inhibits charge transfer and lowers the rate of corrosion [41].

Enzymes and metabolites produced by bacteria affect the interactions between solid materials
and fluids in microbiological ecosystems. These byproducts have the ability to change the outermost
layer's electrochemical properties, which can impact the rate of corrosion and the surface's propensity
to absorb or release electrons [42]. Because biofilms release naturally occurring polymers, they are
stable both physically and functionally. Complex biofilms on solid surfaces are formed in part by
microorganisms in bio-electrochemical systems [43]. These microbes release metabolites, proteins,
genetic materials, and exo-polysaccharides, which are encapsulated in extracellular polymeric
compounds. These molecules are necessary for the production of biofilm deposits and are closely
linked to the synthesis of extracellular polymers.
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The Nyquist plot diameter and biofilm formation have a linear relationship. In Nyquist plots, a
bigger semicircle width often denotes a stronger electrical resistance at the metal-solution interface,
which suggests a lower rate of corrosion. Under comparable working circumstances, the Coriandrum
sativum extract effectively reduced microbe-induced corrosion by preventing the formation of
biofilms. According to reports, the bacteria that the extract inhibited were, in increasing order,
Bacillus subtilis, Klebsiella pneumoniae, and Staphylococcus aureus. According to [26],
phytoconstituents found in Coriandrum sativum demonstrated anti-microbial activity by preventing
the growth of biofilm (Figure 7). The Rct values indicate that plant inhibitors were confined to the
outermost layer of mild steel, acting as a controlled protective barrier, retarding the rate of the
corrosion process. Electrochemical impedance data revealed that plant extracts effectively mitigated
the development of microbial biofilms over the metal surface. Based on Rct data, it was concluded
that Staphylococcus aureus + Coriandrum sativum reported low current consumption, followed by
Klebsiella pneumonia, and finally Bacillus subtilis [5]. The green inhibitors act as an additional layer
of protection, regulating and delaying the corrosion process on the outermost layer of mild steel
specimens [44].
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Figure 7. Impedance analysis of Coriandrum sativum.

Through the exchange of electrons, positively charged plant extract (inhibitor) molecules
formed contacts (adsorption) with negatively charged metallic surfaces [45]. By lowering current
consumption and corrosion rates as well as creating protective layers, these green inhibitors reduce
microbial adherence on the metal surface [46]. Figure7 represents the impedance analysis of
Coriandrum sativum.

Biofilm production is linked to the growth of microorganisms and the components they release,
and this has a substantial effect on the surface double-layer capacitance (Cai) of mild steel. The
capacitance development of the research in all three areas of investigation ranged from 1.4 <107 to
5.2 X107, The formation of biofilms and the decrease in double-layer capacitance are strongly
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related. The production of metabolites during bacterial growth and the availability of nutrients are
essential for the establishment of biofilms [47]. Most of the adsorption sites for mild steel are made
up of bacteria and their components. As the biofilm grows, the double-layer capacitance becomes
less sensitive, indicating that variables outside of the bacterial cell may affect the capacitance while it
is being evaluated [48]. Technically, only a certain amount of charge can be stored in that restricted
zone, and the properties of the electrolyte and the experimental design dictate how thick the double
layer is [49]. In all three categories, experimental investigations showed that the plant extracts could
block, on average, over 80% with more than 75% surface coverage.

3.5. Tafel plots

The formation of biofilms and the metabolic mechanisms of some bacterial strains promote
microbial corrosion. Certain plant extracts have been found to possess antibacterial characteristics,
which help to reduce biocorrosion [50]. Table 3 shows the polarization parameters for mild steel in
the control, microbial (S. aureus, B. subtilis, and K. pneumoniae), and inhibitor (Coriandrum sativum)
systems. According to published research, the rate of corrosion increases with increasing corrosion
potential and vice versa [51]. The Tafel characteristics, including the cathodic and anodic Tafel
slopes (PBa, Bc), corrosion potential (Ecorr), and corrosion current density (lcorr), were obtained from the
potentio dynamic polarization curves [15]. Only certain factors can determine if a chemical is anodic,
cathodic, or mixed-type inhibitor based on its Ecor value [52]. The polarization curves in the
presence of the Coriandrum sativum plant extract + microbial system + CTW shifted toward the
more negative potentials compared to CTW and CTW + microbial system, indicating the more
predominant cathodic inhibition activities of the plant extracts (C. sativum).

Table 3. Polarization parameters for mild steel in control, microbial (S. aureus, B.
subtilis, K. pneumoniae), and inhibitor (Coriandrum sativum) systems.

Immersion of mild steel —Ecorr I corr Rp Ba Be 0 IE

in systems (V) (Alcm?) (Q) (V/dec) (V/dec) (%)
Control 0.945 1.68 x10° 5927 7.404 3.620 -- --
S.aureus 0.989 494 x<10° 7851 7.476 3.730 0.7055  70.55
S.aureus andC. sativum 0.975 3.0x10° 9417 9.341 3.174 0.8100  81.00
B.subtils 0.999 442 <10 8378 7.607 3.158 0.7310 73.10
B.subtilis andC. 0.975 2.62x10° 13421 9512 2.847 0.8438 84.38
sativum

K.pneumoniae 1.000 4.48 <10 6006 1.075 4,993 0.7332  73.32

K.pneumoniae andC.  0.900 4.06 <x10°° 9427 10.403  2.310 0.7582  75.82
sativum

Note: Ecor: Corrosion potential; Icorr: Corrosion current density; Rp: Polarization resistance; Ba: anodic current;
Bc: cathodic current; 0: surface coverage; IE: Inhibition efficiency.

Figure 8 represents Coriandrum sativum that effectively inhibited the rate of microbe-induced
corrosion. In the case of Coriandrum sativum—mediated inhibition of biocorrosion, the order of
inhibition is as follows: Klebsiella pneumonia > Staphylococcus aureus = Bacillus subtilis. The Ecorr
value shows that microbial corrosion by Staphylococcus aureus and Bacillus subtilis was effectively

AIMS Molecular Science Volume 11, Issue 4, 395-414.



408

inhibited by the plant extract, but the polarization curve of Klebsiella pneumonia was more negative
compared to CTW + Klebsiella pneumonia + plant extract. A high negative value warranted a higher
corrosion rate based on the Ecor Value. Moreover, the lcorr value of Klebsiella pneumonia is high
compared to Staphylococcus aureus and Bacillus subtilis. Polarization resistance (Rp) of the
investigation in all the categories demonstrated that plant extract-mediated microbial corrosion was
found to be low in most of the categories, while some extracts were not able to inhibit the corrosion
due to high polarization resistance.
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Figure 8. Corrosion and biocorrosion mediated by Coriandrum sativum.

3.6. Weight loss

Weight loss, corrosion, and metal instability are all influenced by the solubility of metal in the
solution. When inhibitors are added, the weight loss of the specimens reduces linearly with the
corrosion rate [53] The extract contains phyto-constituents with anti-microbial action, which
prevents microbes from adhering to and harboring on the metal's exterior. This reduces the formation
of biofilms and biocorrosion [54].

In the case of Bacillus subtilis and Klebsiella pneumonia, the weight loss was reported to be
0.018 and 0.011 g, with a corrosion rate of 3.83 and 2.47 mm/year respectively. The results indicate
that Bacillus subtilis induced more corrosion with maximum weight loss. The corrosion inhibition
efficiencies were found to be 83.6%, 78.5%, and 86.6% for the respective systems after 21 days.
After 21 days of exposure, weight loss was 0.017, 0.018, and 0.0174 g, and corrosion rates were 3.7,
4.0, and 3.71 mml/year, for S. aureus, B. subtilis, and K. pneumonia, respectively. Various factors
such as phyto-constituents, extract concentration, extraction solvent, extraction temperature, mild
steel coupon exposure duration, and operating temperature have been reported to play a vital role in
varying the corrosion inhibition efficiencies of plant extracts [36]. From the weight loss experiments,
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it was concluded that at an optimum plant extract concentration of 30 ppm, the biocorrosion of mild
steel was inhibited by more than 70%.

4. Conclusions

This study looked into the effectiveness of three plant extracts as microbial corrosion inhibitors
for mild steel coupons. To determine the lowest inhibitory concentration, the well diffusion method
was employed. The ideal dosage for biocorrosion inhibition on mild steel coupons was found to be
30 ppm, as this produced a distinct zone of inhibition. Following three weeks, the weight loss
approach demonstrated over 70% corrosion inhibition efficiency against S. aureus, B. subtilis, and K.
pneumoniae by the inhibitor systems containing C. sativum.

Polarization investigations showed that while the Rp values were higher than those of the
control and microbial systems, Icorr decreased in the presence of plant inhibitors. The lcorr Value in the
control system was 1.68 x 10 A/cm?, and the microbial system had a somewhat higher Icor. The
development of biofilm and the growth of microorganisms may be the cause of the increased
corrosion current in the microbial system. Nonetheless, it was discovered that Icorr was lower in the
presence of the green inhibitors than in the microbial and control systems. Rp exceeded that of the
microbiological and control systems when the inhibitors were present. Thus, once the plant inhibitors
were added, the corrosion current density decreased, and the Rp values increased. The Ecorr graph
displayed anodic inhibitor behavior, since the inhibitor system's maximum displacement was 1.0 V
or 1000 mV, which was higher than 85 mV. C. sativum led to 81.00%, 84.38%, and 75.62% of
inhibitory efficiency against S. aureus, B. subtilis, and K. pneumoniae, respectively.

According to the impedance experiments, there was a drop in Ca values and an increase in Rs
and Rct values in relation to the plant inhibitors. The findings from the mild steel Nyquist plot curves
showed that the inhibitor system had greater Rs and Rct values than the microbial system. C. sativum
was responsible for 87.95%, 93.05%, and 87.51% of inhibitory efficiency against S. aureus, B.
subtilis, and K. pneumoniae, respectively. SEM pictures demonstrated uniform corrosion and
moderate biofilm formation in the control system, thick biofilm formation in the microbial system,
and little biofilm formation in the inhibitor system. Biocorrosion was prevented in the inhibitor
system by the potential functional groups of the extract's active ingredients, which were determined
by the peak bands in the FT-IR spectra. The inhibitors utilized in this study have functional groups
connected to the metal, which acted as a protective layer and were the primary cause of the biofilm's
suppression, according to the GC-MS spectra. By using GC-MS analysis, the adsorption of active
ingredients like linalool in C. sativum was verified.

In this work, weight loss studies, electrochemical studies, XRD, SEM, FT-IR, and GC-MS
analysis data clarified the microbes responsible for mild steel corrosion. However, these may be
inhibited by green inhibitors when these are used at the optimal dosage of 30 ppm plant extract in
cooling tower water. The plant extract's phytoactive components were responsible for inhibiting mild
steel's biocorrosion. The plant extracts' functional groups inhibited the formation of biofilms by
adsorbing themselves on the mild steel.
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