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Abstract. Biological corrosion, a crucial aspect of metal degradation, has received limited attention despite its significance. It
involves the deterioration of metals due to corrosion processes influenced by living organisms, including bacteria. Soil
represents a substantial threat to pipeline corrosion as it contains chemical and microbial factors that cause severe damage to
water, oil, and gas transmission projects. To combat fouling and corrosion, corrosion inhibitors are commonly used; however,
their production often involves expensive and hazardous chemicals. Consequently, researchers are exploring natural and eco-
friendly alternatives, specifically nano-sized products, as potent corrosion inhibitors. This study aims to environmentally
synthesize silver nanoparticles using an extract from Lagoecia cuminoides L and evaluate their effectiveness in preventing
biological corrosion of buried pipes in soil. The optimal experimental conditions were determined as follows: a volume of 4 ml
for the extract, a volume of 4 ml for silver nitrate (AgNO3), pH 9, a duration of 60 minutes, and a temperature of 60 degrees
Celsius. Analysis using transmission electron microscopy confirmed the formation of nanoparticles with an average size of
approximately 28 nm, while X-ray diffraction patterns exhibited suitable peak intensities. By employing the Scherer equation,
the average particle size was estimated to be around 30 nm. Furthermore, antibacterial studies revealed the potent antibacterial
activity of the synthesized silver nanoparticles against both aerobic and anaerobic bacteria. This property effectively mitigates
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the biological corrosion caused by bacteria in steel pipes buried in soil.
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1. Introduction

Nanotechnology is the science of manipulating materials
at the atomic or molecular scale. It involves the precise
control and arrangement of atoms and molecules to create
complex structures with unique atomic properties.
Considered as the fourth wave of industrial revolution,
nanotechnology has rapidly permeated various scientific
disciplines and represents one of the fastest-growing fields
of technology (Soltani et al. 2022). Materials at the
nanoscale exhibit distinct physical properties compared to
their bulk counterparts. This can be attributed to the
increased freedom of motion that atoms and molecules
possess at the nanoscale, which directly influences their
chemical and physical characteristics (Zhu and Wu 2023).
Among the various products of nanomaterials, nanoparticles
play a significant role.

Nanoparticles are particles with diameters ranging from
1 to 100 nanometers (Alsultan Abdulmajeed 2021, Dai et al.
2021, Alimoradlu and Zamani 2022, Behdinan and Moradi-
Dastjerdi 2022, Thakur et al. 2022, Zhao et al. 2022). Due
to their size, they are not visible under conventional light
microscopes, necessitating the use of electron microscopes
or laser microscopes for observation (Baalousha 2009). The
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increasing ratio of surface area to volume as particle size
decreases leads to a dominance of surface atoms' behavior
over those in the bulk material. Consequently, this
phenomenon impacts the particle's isolation properties and
interactions with other substances (Dingreville et al. 2005).
Given the expanding application of nanotechnology across
various industries, there is a growing demand for diverse
types of nanoparticles. Nanoparticles can be produced using
two general approaches: top-down and bottom-up methods.
In top-down methods, mechanical tools are employed to
reduce bulk particles to the nanoscale (Cheng et al. 2023,
Guo et al. 2023, Huang et al. 2023, Tang et al. 2023, Wu et
al. 2023, Zhao et al. 2023).

Green chemistry is a research methodology that
encompasses the design, development, and efficient
production of products with minimal health hazards by
reducing the use of hazardous substances. The emerging
field of green technology aims to mitigate the potential risks
associated with nano applications for both humans and the
environment (Ding and She 2021, Cuong Bui 2022,
Soltanieh et al. 2022, Wu et al. 2022). The chemical
synthesis of nanoparticles, commonly employed today, has
raised significant concerns due to the use of hazardous and
toxic chemicals, as well as their environmental impact.
Nanoparticles possess unique characteristics, including size,
shape, and morphology, that profoundly influence various
aspects of human life. Consequently, they find diverse
applications across scientific disciplines such as medicine,
engineering, and healthcare (Tang et al. 2005).
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Silver nanoparticles (AgNPs) are crucial and extensively
utilized particles in the field of nanotechnology (Ebrahimi
et al. 2017, Ghadiri et al. 2017c, Shahabinejad et al. 2018,
Shafiei et al. 2020). Their remarkable physical and
chemical properties make them particularly suitable for
electronic components. Moreover, AgNPs have diverse
applications in optics, medicine, hygiene, and catalysis.
Consequently, the synthesis of these nanoparticles is of
utmost importance. Research indicates that AgNPs
synthesized using green methods possess antimicrobial,
antioxidant, and anti-inflammatory effects. The anti-
microbial properties of silver have been recognized for a
long time, leading to its widespread use in various
applications (Beyene et al. 2017). Recent advancements in
technology and AgNP production have significantly
enhanced their antibacterial activity (Fu et al. 2020, He et
al. 2023, Kashif et al. 2023, Li et al. 2023). The increased
surface-to-volume ratio of silver nanoparticles enhances
their antimicrobial and antibacterial efficacy. The
integration of nanosilver into antibacterial agents holds
promise for combating bacteria (Tang and Zheng 2018).

Silver nanoparticles have the ability to interfere with the
functioning of bacterial cells (Ehyaei et al. 2017, Ghadiri et
al. 2017a, b, Shivanian et al. 2017). As the size of the silver
atom cluster decreases, the surface-to-volume ratio
increases, leading to enhanced antibacterial properties. This
increase in antibacterial efficacy is particularly notable
when the dimensions of the silver particles approach the
nano scale, resulting in the formation of nanosilver. The
antibacterial properties of silver nanoparticles make them
valuable in numerous industries (Vijayakumar et al. 2013).

Corrosion is a natural process that occurs when
materials reach their lowest free energy level, resulting in
their destruction through reactions with the surrounding
environment (Azimi et al. 2016, Ghadiri et al. 20163, b,
Shafiei et al. 2016, 2017). The main cause of corrosion in
metals is chemical reactions, particularly oxidation. Rust
and patina are common corrosion products that form on the
metal surface. Removing these deposits exposes the metal
to further corrosion (Uhlig and Revie 1985). Corrosion
typically involves three main components: metal, oxygen,
and an electrolyte. Oxidation and reduction reactions drive
the corrosion process. The corroded metal acts as an anode,
releasing ions and electrons during oxidation (Tian et al.
2022). Oxygen, in turn, is reduced by accepting electrons,
leading to the formation of hydroxide ions and cathodic
reactions. As the metal in the anode corrodes, metal ions in
the hydrated solution form solid compounds on the metal
surface. In some cases, oxidation continues and corrosion
progresses, while in others, the formation of a protective
layer on the corroded surface halts the process (Zehra et al.
2022). Nearly all environments have some level of
corrosiveness, with variations in severity. Microorganisms
are ubiquitous in nature and thrive in air, soil, and water.
Microbes that engage in biofouling, biodegradation, and
biocorrosion processes are particularly abundant, as they
exhibit remarkable tolerance to extreme environmental
conditions such as pH, temperature, pressure, and metal
concentrations. Corrosion is defined as the destruction or
deterioration of metals and alloys through chemical or

electrochemical means (Zhang et al. 2021, 2023, Yang et al.
2023, Yuan et al. 2023). Microorganisms' involvement in
metal corrosion can be categorized as biological corrosion
and microbial corrosion (MIC), which refer to electro-
chemical processes facilitated or accelerated by micro-
organisms (Wang et al. 2022a). Both uniform and microbial
corrosion are driven by electrochemical reactions, with
microbes often acting as catalysts. MIC can occur under
various conditions, including aerobic, anaerobic, acidic,
neutral, or alkaline environments. It encompasses multiple
corrosion mechanisms and cannot be universally classified
into distinct types. MIC can manifest as localized attacks
such as pitting, crevice corrosion, dealloying, and corrosion
by precipitation. It can also accelerate galvanic corrosion,
stress corrosion, and hydrogen cracking (Kalajahi et al.
2022). MIC occurs in various environments, particularly
terrestrial, freshwater, and marine settings. Microbial
accumulation and the formation of biofilms, consisting of
biological substrates and metabolic products, play a crucial
role in MIC and require further elucidation (Shokri and
Sanavi Fard 2022). Initially, fine sediments, due to bacterial
adhesion, form, followed by the attachment of fungi, algae,
sea urchins, oysters, and other organisms, leading to the
formation of coarse sediments. Sulfate-reducing bacteria
(SRB) are among the bacterial groups that play a significant
role in the corrosion of steel, such as pipelines (Yang et al.
2022). These bacteria produce corrosive substances such as
mineral or organic acids, ammonia, sulfides, and phosphoric
compounds, which can degrade passive and protective
layers on metals and alloys like aluminum, stainless steel,
chrome, and nickel (Iverson 1987).

These organisms oxidize iron ions to ferric ions,
resulting in the deposition of iron hydroxides within the
biofilm (Omidi et al. 2013, Ghadiri et al. 2016¢, Mousavi et
al. 2017). Anaerobic bacteria, such as sulfate-reducing
bacteria (SRB), are capable of colonizing the crevices
formed in mild steel pipelines (Wang et al. 2022b). Aerobic
bacteria can contribute to corrosion through various
mechanisms, including sludge formation, oxidation of iron
and sulfides, and production of acidic metabolites. The
accumulation of hydrated bacterial sludge on metal surfaces
creates localized differences and provides an environment
for the growth of subsequent anaerobic organisms. Soil, as a
corrosive environment, exhibits a high degree of complexity
compared to other environments. The corrosion rate in soil
can vary widely, ranging from rapid to minimal corrosion
(Boulmedais et al. 2004). This complexity is evident from
the fact that some pipes corrode within a year, while ancient
iron objects buried in the ground have remained relatively
free from severe corrosion for hundreds of years (Kuang et
al. 2007) (Fig. 1).

Lagoecia cuminoides L., commonly known as wild
cumin, belongs to the Apiaceae family. It is an herbaceous
perennial plant with a thick stem measuring 2-3 c¢cm in
diameter and reaching up to 2 meters in length. The leaves
of this plant are thick, with several dark green and glossy
leaflets. Its flowers are small and yellow, arranged in
compound umbels. The fruit is a yellow-brown egg-shaped
structure measuring less than one centimeter in length. Wild
cumin grows in various parts of Asia. Research on this plant
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Fig. 2 Silver nanoparticles

has demonstrated its antioxidant properties and
antimicrobial activity. The main phenolic compounds found
in L. cuminoides are chlorogenic acid, hesperidin,
rosmarinic acid, and vanillin (Bahmanzadegan et al.
2019b). Considering the side effects and disadvantages
associated with chemical preservative compounds,
medicinal plants and natural compounds can be used as
alternatives for synthesizing nanoparticles, aiming to
achieve certain properties, such as antimicrobial effects. In
green synthesis, plants and microorganisms serve as
reducing agents for the production of metal nanoparticles
and metal oxides (Liu et al. 2021, Wang et al. 2022c, Nie et
al. 2023, Ran et al. 2023). The choice of reducing agent
significantly influences the morphology, size, and physical
and chemical properties of the particles (Farnsworth and
Soejarto 1991). Plant sources that contain carboxylic,
amine, protein, and carbohydrate groups in their extracts
play a crucial role in the absorption and biological
regeneration process required for nanoparticle formation.
Additionally, factors such as time, temperature, light, and
other parameters can also influence the size and shape of

the nanoparticles (Bahmanzadegan et al. 2019a).

According to previous investigations, no research has
been conducted on the synthesis of silver nanoparticles
using Lagoecia cuminoides L. to prevent biological
corrosion. Therefore, the aim of this study is to employ a
green synthesis method to produce silver nanoparticles by
extracting Lagoecia cuminoides L. Furthermore, the
antibacterial properties of these synthesized nanoparticles
will be investigated in order to prevent the biological
corrosion of steel pipes buried in the soil. Microbial
accumulation on the surface of these pipes leads to rust
formation and subsequent corrosion.

2. Materials

The list of materials and devices employed for the green
synthesis of silver nanoparticles, utilizing environmentally
friendly plant extracts to combat bacterial agents
responsible for biological corrosion in soil, is as follows:
AgNO;3 (purity: 99.9%), hydrochloric acid (HCI, purity:
37%), and sodium hydroxide (NaOH, purity: 96%). All
materials utilized in this study were procured from Merck.

Additionally, several analytical techniques were
employed to comprehensively investigate the synthesized
nanoparticles. These techniques include ultraviolet/visible
spectroscopy (UV-Vis), transmission electron microscopy
(TEM), and infrared spectroscopy (IR). These instruments
were utilized to characterize the synthesized nanoparticles
and gather further insights into their properties.

3. Methods
3.1 Lagoecia cuminoides L extraction

After cleaning and washing, the plant was dried in the
shade and ground to conduct the test. Twenty grams of the
dried powder were transferred to a beaker containing 200
ml of distilled water. The mixture was stirred using a stirrer
for one hour while simultaneously applying ultrasonic
waves (30 kHz, 40 minutes). Subsequently, the mixture was
centrifuged at a rate of 4000 rpm for 10 minutes. To the
obtained extract, 10-15 ml of methanol was added, and it
was left at a temperature of 15 °C for 24 hours until a fat-
free extract was obtained. For dehydration, the defatted
extract was dissolved in dichloromethane and dried using
magnesium sulfate. The resulting mixture was desolvated in
a rotary evaporator under vacuum until a pure extract was
obtained. To concentrate the methanolic extract, it was
placed in a water bath at a temperature of 70°C.

3.2 Green synthesis of Silver nanoparticles

To prepare silver nanoparticles with a uniform shape
and size, the study investigated the effects of various
parameters. This included analyzing the impact of pH,
extract concentration, and AgNOs concentration, as well as
the influence of time and temperature on nanoparticle
synthesis.
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Fig. 3 Absorption changes related to silver nanoparticles at different pH

To initiate the process, 3 ml of the sample extract was
added to 3 ml of a 3 mM AgNO; solution. The pH of the
mixture was adjusted to 9 using 1 M NaOH and
hydrochloric acid. Subsequently, the solution was
maintained at a temperature of 70 °C for 30 minutes. A
color change from pale yellow to dark brown indicated the
formation of silver nanoparticles (Fig. 2). The extract
containing the nanoparticles was then subjected to
centrifugation at 4000 rpm for 15 minutes. The resulting
sediment was dried in an oven at 70 °C for 3 hours.

3.3 Ultraviolet/visible spectroscopy (UV-Vis)

In order to determine the maximum wavelength of
absorption, 250 microliters of the solution containing the
extract and silver nitrate were diluted to a volume of 1 ml
with distilled water. The solution was then subjected to
spectrometry analysis, specifically checking for ultraviolet/
visible wavelengths within the range of 300-700 nm. The
solution containing silver nanoparticles exhibited maximum
absorption at approximately 430 nm. The presence of a
peak in this specific region confirms the successful
synthesis of silver nanoparticles, as the peak at wavelengths
between 400 and 450 nm is attributed to the Surface
Plasmon resonance of the nanoparticles, resulting from the
induction of free electrons. In this study, the identification
of biomolecules in the plant extracts that can convert silver
nitrate into silver nanoparticles was carried out using
infrared spectroscopy (IR). Furthermore, the size and
morphology of the synthesized silver nanoparticles were
examined through transmission electron microscope (TEM)

imaging. To investigate the properties of the silver
nanoparticles, X-ray diffraction (XRD) analysis was
employed.

4. Investigating the antibacterial effects of
synthesized nanoparticles disc release method

Standard bacterial strains of Staphylococcus aureus and
Desulfococcus were cultured on Mueller Hinton agar at 37
degrees Celsius. Subsequently, various concentrations of
silver nanoparticles synthesized in deionized water (100,
60, 30 pg/ul) were applied to sterilized plates with a

diameter of 6 mm using an autoclave. Following incubation
at 37 °C for 24 hours, the diameter of the inhibition zone
devoid of bacterial growth was measured and recorded in
millimeters.

4.1 Investigating Minimum inhibitory concentration
(MIC) by the method of microdilution

In this method, different concentrations of silver
nanoparticles were tested against bacteria using a 96-well
microplate. Initially, 95 microliters of Muller Hinton
medium were dispensed into each of the 96 wells. Next, 100
ul of silver nanoparticles at a concentration of 100 pg/ul
were added to the first well. The contents of the first well
were thoroughly mixed, resulting in a half-dilution of the
nanoparticles. Subsequently, 100 pl was transferred from
the first well to the second well, and this process was
repeated to create a dilution series until reaching the last
well. The last well served as a negative control, containing
195 microliters of Muller Hinton solution and 5 microliters
of microbial suspension without the tested compound. The
total volume of each well was 200 microliters.
Subsequently, all the wells except well number 12 were
inoculated with 5.5 pl of bacterial suspension, equivalent to
1.6 x 108 CFU/ml. The microplates were then incubated at
37 °C for 24 hours with the lid closed. After incubation, the
turbidity of the wells was visually assessed to observe
bacterial growth or absence thereof.

4.2 Determining the minimum  bactericidal
concentration of nanoparticles (MBC)

The wells without turbidity, indicating bacterial growth
inhibition, were selected, and the bacteria from these wells
were cultured on Mueller Hinton agar medium using a
sterile loop. The agar plates were then incubated at 37
degrees Celsius for 24 hours. The minimum concentration
of nanoparticles at which no bacterial survival was observed
is defined as the Minimum Bactericidal Concentration
(MBC). In this study, the effect of the synthesized
nanoparticle on the standard sample was replicated three
times, and two control groups were included for each
dilution series.
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Table 1 Optimizing pH, Extract volume (ml), AgNOs volume (ml), Time, and Temperature to prepare silver

nanoparticles

Solution number pH Extract volume (ml) AgNOs volume (ml) Time Temperature
1 4 1 1 20 20
2 5 2 2 40 30
3 6 3 3 60 40
4 7 4 4 80 50
5 8 5 5 100 60
6 9 - - - 70
7 10 - - - 80
8 - - - - 90
9 - - - 100
The results 9 4ml 4ml 60 min 60°C
2
16
5 12
e
g 0.8
0.4
0
0 1 2 4 5 6

The volume of extract volumes (ml).

Fig. 4 Absorption changes related to silver nanoparticles at different extract volumes.

5. Results
5.1 pH optimization

To optimize the pH value, a solution containing 2
milliliters of extract and 5 milliliters of silver nitrate (3mM)
was prepared. Two solutions, NaOH and HCI with a
concentration of 1 M, were used to adjust the pH of the
solutions. Seven solutions with different pH values were
prepared and their details are shown in Table 1. The
absorbance of each solution was measured at a wavelength
of 430 nm. As depicted in Fig. 3, the solution at pH = 9
exhibited the highest absorption rate. This suggests that
silver nanoparticles are most stable and have a relatively
smaller size at pH = 9. Therefore, pH = 9 was selected as
the optimum condition based on the absorbance measured
by the spectrophotometer.

5.2 Optimizing the extract volume

Five batches of solutions were prepared to optimize the
extract concentration. Each group of solutions had different
concentrations of the extract, while the concentration of
silver nitrate salt (3 mM) remained constant across all five
groups, as shown in Table 1. The volume of silver nitrate
solution used was 5 ml, and the final volume of the extract
and silver nitrate mixture was set at 10 ml for all

experiments. After 40 minutes, each batch of solutions
changed color to brown. The absorption spectrum of each
solution was immediately recorded at a wavelength of 430
nm using a visible-ultraviolet spectrophotometer. The
resulting diagram is presented in Fig. 4. Based on the
absorption spectrum, it can be observed that the optimal
volume of the plant extract is 4 ml, as it exhibited a higher
absorption spectrum.

5.3 Optimizing the volume of AgNOs

First, a 3 mM solution of silver nitrate salt was prepared,
and then different volumes of this solution were added to
the reaction as indicated in Table 1. The absorption
spectrum of the resulting solutions was recorded at a
wavelength of 430 nm using a spectrophotometer, and the
results are shown in Fig. 5. It was observed that the
absorption volume of the solution did not exhibit significant
changes after reaching a volume of 4 ml of silver nitrate salt
with a concentration of 3 mM. Therefore, 4 ml was
determined as the optimized volume for the experiment.

5.4 Optimizing reaction time
It was observed that a color change occurred as soon as

the reactants were mixed. To optimize the reaction, the
absorption of the solution was measured at several time
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Fig. 7. Absorption of silver nanoparticles at different temperatures

intervals. The time required to reach the maximum
absorption was determined as the optimal time. Fig. 6
illustrates that the optimal time for this green synthesis is 60
minutes.

5.5 Temperature optimization

In this step, solutions were prepared under the optimal
conditions mentioned above. The mixture of extract and
silver nitrate solutions was subjected to temperatures of 20,
30, 40, 50, 60, 70, 80, 90, and 100 degrees Celsius. The
spectra of the mixtures were recorded using a UV/Vis
spectrometer after the specified time intervals, as shown in

Fig. 7. The highest absorption rate was observed at 60°C,
which was determined as the optimal temperature.

Light interacts with sample molecules, resulting in the
absorption of certain wavelengths of light while others pass
through unchanged. The spectrophotometer presents the
measurement results as a graph on the screen, with the
vertical axis representing absorption (transition) and the
horizontal axis representing wavelength. Each substance
exhibits a unique absorption pattern in the UV-VIS
spectrum, allowing for quantitative analysis of the material
based on this spectrum.

Transmittance refers to the percentage of light that
passes through a material. The amount of light transmitted
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Table 2 Comparison of the synthesis of green silver nanoparticles using the extract of Lagoecia cuminoides L

obtained with other silver nanoparticles

Plant name Size (nm) Morphology Applications Reference
Acac(llaeér;;)lotlca 20-50 (SEM Sphsirslfrzii:),uli?ol;orm Antibacterial activity (Ravikumar and Angelo 2015)
Antibacterial (Staphylococcu s aureus,
Bacillus cereus, E. coli, Klebsiella .
Aloe vera 5-50 (FE-SEM) Octahedron pneumoniae, Micrococcus luteus) (Logaranjan et al. 2016)
activity
Piper betle _ Ant_iquorum_ sensing and anti-biofilm o
(Ieaves) 156.4 (DLS) Spherical activity against S. marcescens and P. (Srinivasan et al. 2018)
mirabilis
Curcuma longa 1540 _ The _cogting on the cotton fabri(_: for ) _
Spherical antimicrobial and wound-healing ~ (Maghimaa and Alharbi 2020)
(leaf) (HR-TEM) S
activity
Origanum . Potential Bioactivity against .
majorana 26.63 nm (TEM) spherical Multidrug Resistant Bacterial Strains (vassin et al. 2022)
Antibacterial properties and a coating
This work 28 nm (TEM) spherical to prevent biological corrosion of

underground pipes

A * v e
.
w
b“

¥ ‘ .

.®

\ i
. vi s . . -
Et i ‘ . Frs i = . et
ZSO_nm Mag=21560 KX DayPetronic Company

Fig. 8 TEM image of silver nanoparticles

through the material can be determined using the following
equation: T (%) = I/10 x 100 (where 10 represents the initial
light intensity and 1 represents the transmitted light
intensity). Typically, the transmittance value is expressed as
a percentage. Absorption and transmission are closely
related, and the amount of light absorbed is defined by the
following relationship:

=—logT Q)

The absorption (transmission) ratio is obtained by
comparing the intensities of the transmitted and incident
light. Consequently, physical units are canceled out in both
the numerator and denominator of the fraction. This means
that absorption and transmission rates are expressed without
any physical units.

5.6 Comparison of synthesized silver nanoparticles
with previously reported nanoparticles

Table 2 compares the properties of nanoparticles
synthesized in this method with other previously synthesized
silver nanoparticles. According to the comparison, the silver
nanoparticle synthesized in this present method has a

nanometer particle size and a spherical shape, similar to
other methods. It exhibits microbiological anti-corrosion
properties in deep soil that are superior to other
nanoparticles. This makes it a promising candidate for
applications in the oil and petrochemical industry.

5.7 Transmission electron microscope (TEM)

The transmission electron microscopic images related to
the morphology of silver nanoparticles synthesized with
Lagoecia cuminoides L in optimal conditions indicate the
formation of nanoparticles with an approximate size of 28
nm. As shown in Fig. 8, the nanoparticles exhibit a
spherical shape on the substrate.

5.8 Infrared spectrum (IR)

Different bonds and functional groups exhibit distinct
absorption or transmission wave numbers. Therefore, it is
necessary to examine the spectrum of the target substance
to identify the presence or absence of specific functional
groups and bonds. Reliable sources containing tables that
report the vibration positions of different bonds in terms of
wavelength or wave number can be utilized to identify
various groups. In the case of organic substances, a list of
potential groups and structures should be compiled,
followed by a comparison of the spectrum with validated
data from reliable sources. Additionally, reputable articles
in databases can serve as valuable resources for analyzing
FTIR spectra.

Fig. 9 illustrates the IR spectrum of green silver
nanoparticles synthesized using Lagoecia cuminoides L
plant extract. The resemblance between the IR spectrum of
the extract and the nanoparticles indicates that the extract
compounds form a layer around the nanoparticles,
enhancing their stability. The presence of phenolic and
alcoholic compounds is evident from the peaks observed at
3438 cm* and 3521 cm!, respectively. Furthermore, other
peaks suggest the existence of carboxylic acid groups,
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Fig. 10 X-ray diffraction pattern of silver nanoparticles

amides, and amines. The peak corresponding to the amino
group provides evidence of protein presence in the
nanoparticle structure. Plant proteins play a role in reducing
silver ions, enveloping the nanoparticles, and preventing
nanoparticle aggregation.

5.9 X-ray diffraction (XRD) analysis

The peaks observed in the X-ray diffraction pattern
demonstrate an appropriate intensity, suggesting the
formation of silver crystals (Fig. 10). The average particle
size, estimated using Scherer's relation, is approximately 30
nanometers, consistent with the scanning electron
microscope (SEM) results. Additionally, X-ray diffraction
was employed as another test to confirm the production of
nanoparticles, providing overall information about the
chemical composition.

D =0.91 /B cos 0 )

In this context, ‘A’ represents the wavelength of the X-
ray, ‘©’ denotes the angle of the incident beam, ‘B’ refers to
the peak width at half maximum intensity, and ‘D’
represents the approximate size of the particles.

5.10 Antibacterial effects of synthesized nanoparticles

The results indicate that the highest growth inhibition
zone corresponds to a concentration of 100 micrograms per
milliliter of synthesized silver nanoparticles. Conversely,
the lowest growth inhibition zone is observed at a
concentration of 25 micrograms per milliliter. These
findings are presented in Fig. 11. Fig. 11.Al and A2 display
the culture medium of Staphylococcus aureus and
Desulfococcus bacteria, respectively, in the absence of
silver nanoparticles. On the other hand, Fig. 11.B1 and B2
depict the culture medium of Staphylococcus aureus and
Desulfococcus bacteria, respectively, in the presence of
silver nanoparticles.

The minimum inhibitory concentration (MIC) of the
investigated nanoparticles for Staphylococcus aureus and
Desulfococcus bacteria is determined as 0.92 pug/ml and 2.3
pg/ml, respectively. Furthermore, the minimum bactericidal
concentration (MBC) of the biosynthesized silver nano-
particles against Staphylococcus aureus and Desulfococcus
bacteria is determined as 2.37 pg/ml and 5.61 pg/ml,
respectively. The MIC and MBC values obtained through
the tube dilution method reveal that the minimum inhibitory
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A2

Bl B2

Fig. 11 Staphylococcus aureus and Desulfococcus bacteria culture medium without silver nanoparticles (A1, A2) and

culture medium containing nanoparticles (B1, B2)

concentration of the nanoparticles against Staphylococcus
aureus and Desulfococcus bacteria is 1.16 pg/ml and 2.32
ug/ml, respectively. The minimum bactericidal concentration
of these nanoparticles against Staphylococcus aureus and
Desulfococcus bacteria is determined as 2.46 pug/ml and 9.4
pg/ml, respectively. Thus, these nanoparticles exhibit
potential for combating anaerobic bacteria responsible for
the biological corrosion of steel pipes in the soil, thereby
prolonging the lifespan of these pipes.

6. Discussion

In parallel with the rapid development of human life, it
is imperative to control the harmful effects of
microorganisms. The uncontrolled and rapid growth of
microorganisms can lead to severe issues. The
advancements in nanotechnology over the past decade have
created excellent opportunities to explore the antibacterial
properties of metal nanoparticles. The desired objective is
to achieve antimicrobial modifications that inhibit bacterial
growth. Nanomaterials incorporating metal ions exhibit
significant antibacterial activity against bacteria, fungi, and
viruses. Moreover, the antimicrobial characteristics of
nanoparticles make them suitable for use in coatings applied
to various implants, artificial teeth, artificial heart valves,
and other medical devices. Steel pipes buried in the soil can
be indirectly affected by heaving or swelling caused by
microbial activity in the soil, leading to biological
corrosion.

Microbial corrosion primarily occurs due to the presence
of microorganisms that form biofilms on surfaces. Biofilms
attach to the metal surface through weak intermolecular
forces and are anchored by a secreted matrix. This matrix
facilitates bacterial adhesion and acts as a substrate for
additional bacteria, maximizing surface occupation. Once
established, the biofilm can consist of millions of cells
organized in multiple layers. Consequently, the metal
surface becomes completely encapsulated by the biofilm
layer.

In most cases, attempting to remove these layers using
antibiotics and chemical agents proves futile due to the
impermeable nature of the biofilm structure. Microbial
degradation commonly results from specific bacterial genes

that rely on nutrients present in water and soil. Sulfate-
reducing bacteria (SRB) are the primary culprits responsible
for biological corrosion, as they produce sulfuric acid.
Thiooxidant bacteria often cause significant pipe damage in
water and sewage systems. Anaerobic bacterial layers can
exist within corrosion deposits. Applying a protective
coating that separates the susceptible substrate from the
electrolyte provides effective corrosion protection. Based
on the outcomes of this study, the implementation of a
green coating comprising silver nanoparticles can
effectively prevent biological corrosion in pipes buried in
the soil. The notable advantages of this method include
biocompatibility, cost-effectiveness, avoidance of toxic and
wasteful solvents, and the antimicrobial activity, making it
suitable for large-scale commercial utilization.

7. Conclusions

The utilization of biological or green synthesis for
nanoparticle production has garnered significant attention
from researchers in the field of nanotechnology due to its
health and environmentally friendly nature. In this study,
silver was employed as both a reducing agent and stabilizer.
We conducted an evaluation of the optimal conditions for
the green synthesis of silver nanoparticles, aiming to avoid
the use of toxic and hazardous substances. Reactive oxygen
species, including superoxide anion radicals, were
generated by silver ions, leading to increased intensity and
induction of oxidative stress at the cellular, molecular,
organ, and whole-cell levels. The presence of secondary
metabolites such as phenols and flavonoids in plants
conferred antimicrobial and antioxidant activities,
effectively protecting cells against oxidative damage.

This research focused on investigating the green
synthesis method utilizing the aqueous extract of Lagoecia
cuminoides L for the production of silver nanoparticles and
examining the antibacterial properties of the synthesized
nanoparticles. The results demonstrated that the
antibacterial activity of the synthesized silver nanoparticles
was enhanced with increasing nanoparticle concentration.
Therefore, this characteristic renders them suitable as a
coating to prevent biological corrosion in underground

pipes.
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