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Abstract 
On the basis of field research, the current state of soils in the eastern zone of the Republic of 

Kalmykia was studied. The predominant soil cover in this area is represented by brown saline soils 
and brown-desert soils in a complex with salt licks. The purpose of the study is to study the 
absorption complex, as well as the composition and content of exchangeable cations in the soils of 
the eastern zone of the Republic of Kalmykia. cations: calcium (Ca2+) and magnesium (Mg2+) and 
an assessment of the level of soil absorption capacity in 7 settlements of the Yashkul district of the 
Republic of Kalmykia. To conduct the research, 15 monitoring sites were placed on the borders and 
in the center of settlements, the background sample was taken at a distance of 500 m from the 
boundaries of the residential zone. The determination of the physical and chemical properties of 
the soils was carried out according to GOST and generally accepted methods. The results of the 
study showed that the level of absorption capacity of soils in the study area ranges from low to 
medium. The absorbent complex is saturated with the cations Ca2+ and Mg2+, and the content of 
exchangeable Ca2+ predominates over the content of Mg2+ in the range of 2 to 4 times. 

Keywords: Republic of Kalmykia, solonets, chemical properties of soils, exchangeable 
cations, soil absorption complex. 

 
1. Introduction 
To date, much attention has been paid to the study of exchangeable cations, as they affect the 

chemical, physical and biological properties of soils, are easily absorbed by the root system of 
plants and are an important source of mineral nutrition (Giedroyc, 1933; Karpachevsky et al., 

                                                 
* Corresponding author 
E-mail addresses: msaglara@mail.ru (S.S. Mandzhieva) 

 

 



Biogeosystem Technique. 2024. 11(2) 

85 

 

2007). The founder of the first studies on soil absorption capacity, K.K. Giedroyc (1975), who was 
the first to introduce the term soil absorption complex and used the term soil absorption capacity 
as the sum of all exchangeable cations, which can be displaced from the soil, argued that the best 
fertility is possessed by soils saturated with potassium and magnesium (Pinsky, 1990). The amount 
of magnesium absorbed should be 20-40% of the calcium absorbed (Antipova-Karataeva, Antipov-
Karataev, 1940). In the soils of arid regions, such as the Republic of Kalmykia, the most important 
factor for diagnosing the processes of soil formation and soil fertility are the exchangeable cations 
of the soil absorption complex Ca2+, Mg2+.  

Calcium is present exclusively in all soils, but in different amounts and in different ratios with 
other cations. It makes the soil structure loose, acts as a binder between clay and organic matter 
(Kershberger, Proysker, 2007). Magnesium is a concomitant element (companion) of potassium, 
often found in soils in the ratio of Ca2+ cations: Mg2+=5:1, but when this ratio shifts towards Mg2+, 
there is an increase in the alkalinity of soils due to the presence of magnesium carbonates and 
bicarbonates in the soil environment (Vorobyeva, Pankova, 1995; Vorobyova 2006; Okorkov, 
1994). The well-known scientist G.D. Unkanzhinov et al. (2005) devoted his scientific work to the 
study of the dynamics of exchangeable potassium content in the soils of the Republic of Kalmykia 
for 1966-2013. The dynamics, based on agrochemical studies over the past 50 years, shows that the 
weighted average content of exchangeable potassium in the soils of arable land in the republic is at 
the high availability level, but there is a negative balance of this element. The monograph "Red 
Book of Soils and Ecosystems of Kalmykia" (Unkanzhinov et al., 2005; Okorkov, 1994) provides 
values of absorption capacity and composition of exchangeable cations in a number of main types 
of soils: solonetz, meadow-brown, light chestnut solonetz, meadow-chestnut, chestnut solonetz, 
chernozem, which are characteristic soils of protected natural areas of Kalmykia. Considering 
valuable soil and biological objects in the system of specially protected areas of the Republic of 
Kalmykia, (Tashninova, 2000) indicated that these objects are confined to the main natural-territorial 
formations. In general, modern data on the composition of exchangeable cations in the soils of the 
Republic of Kalmykia have not been studied sufficiently, which determines the relevance of this topic. 
The purpose of the study was to study the absorption complex, as well as the composition and content 
of exchangeable cations in the soils of the eastern zone of the Republic of Kalmykia. 

 
2. Materials and methods  
During the 2020 seasonal expedition in the Yashkul district, materials were selected based on 

data on the physical and chemical composition of the soils. 7 settlements in the Yashkul district 
were chosen as the subject of the study: Chilgir village, Ulan-Erge village, Elvg village, Ermeli 
village, Khogn village, Gashun village, Yashkul village (Figure 1). 

 

  
 
Fig. 1. Sampling sites in the Yashkul district of the Republic of Kalmykia 
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The basis of the soil cover of this territory is a zonal group of brown saline soils and brown 
desert-steppe saline soils in combination with saline soils. 

The structural composition of the study area is represented by brown semi-desert soils, with 
feather-grass-fescue, wormwood-feather grass vegetation characteristic of them. Information about 
the natural conditions and characteristics of this area was studied in detail in the work of 
A.B. Adyanova et al. (2023). The physicochemical characteristics of soils were studied using 
generally accepted methods: the pH of an aqueous suspension was determined by the 
potentiometric method with a hydrogen electrode (GOST, 2011) organic matter according to Tyurin 
modified by V.N. Simakov (GOST, 1993) exchange cations Ca+2 and Mg+2 according to GOST 
26487-85 (GOST, 1985) trilonometrically. The level of absorption capacity was assessed using the 
scale given in Table 1 (Remezov, 1957). 

 
Table 1. Assessment of the level of cation exchange capacity (CEC) 
 

CEC mEq/100 g soil 
Low <10 

Average 10-20 
High 20-40 

Very high >40 
 

Processing of the data obtained was carried out using descriptive statistics in the Statistica 
v.12 program. 

 
3. Results and discussion 
In the course of studies on the extraction of water from soils in the Yashkul district of the 

Republic of Kalmykia, indicators such as organic carbon content, environmental reaction (pH), 
exchangeable cations Ca2+ and Mg2+, as well as CEC were studied (Figures 2–7). 

As a result of the work carried out, it was found that in the soils of the study area, the organic 
carbon in the surface layer (0–20 cm) is in the range of 0.31–1.86%, which indicates a very low 
content (Figure 2). 
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Fig. 2. Organic carbon content, %, pH in soils of the Yashkul district of the Republic of Kalmykia 

 
The pH response of the soil environment varies from 7.0 to 8.0, which corresponds to a 

neutral and slightly alkaline reaction (Figure 2). The content of exchangeable cations Ca2+ ranges 
from 0.25 to 19.77 mmol(mg-eq)/100 g soil (very low to low), and for Mg2+ from 8.67 to 
55.43 mmol(mg-eq)/100 g soil (increased to very high), it can also be concluded that the content of 
exchangeable calcium prevails over the exchangeable magnesium in the limit from 2 to 4 times 
(Figure 3). 
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Fig. 3. Exchangeable cations Ca2+, Mg2+ mmol (mg-eq)/100 g soil of the Yashkul district of the 
Republic of Kalmykia 

 
According to the scale for assessing the level of soil absorption capacity, the CEC is in the 

range of 5.2–75.2 mmol (mEq)/100 g soil, indicating a variation of this indicator from low to very 
high, but most of the soils studied are in the medium range (Figure 4). Minimum values: pH, Corg, 
Ca2+, Mg2+, CEC are found mainly at the background sites, and this pattern is true for most of the 
sites studied (Figures 5–7). 
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Fig. 4. CEC mmol (mg-eq)/100 g soil of the Yashkul district of the Republic of Kalmykia 

 
Chilgir, Ermeli and Yashkul   soil cover of is represented by brown desert-steppe saline soils 

in combination with saline soils, the pH of the soil solution varies from neutral to slightly alkaline 
(7.2–7.7) in terms of organic carbon content, this area varies from low-humus and medium-humus 
(0.31–1.89%), the saturation with exchangeable cations also varies in Mg2+ from very high to very 
low (0.56–19.77) mmol(mg-eq)/100 g soil,  Ca2+ – changed to very low (8.67–55.43) mmol (mg-
eq)/100 g, and in terms of CEC capacity there is also a variation from very high to low (10.4–75.2) 
mmol(mg-eq)/100 g soil (Figures 5, 6). The highest values in these settlements were found in the 
Yashkul settlement – for the exchange cations Mg2+ – 19.77 mmol(mg-eq)/100 g soil, Ca2+ – 
55.43 mmol (mg-eq)/100 g soil and CEC – 7.52 mmol (mg-eq)/100 g soil (edge of the settlement) 
(Figures 3–4), and according to the pH 7.7 and Corg indices of 1.68% (background sample) 
(Figures 5–7). 
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Fig. 5. Organic carbon content and pH in soils of the Yashkul district of the Republic of Kalmykia 
 

On the territory of the villages of Khogn and the village of Gashun, brown saline soils prevail with 
saline soils, the reaction of the pH of the soil solution changes from neutral to alkaline (7.0 to 8.0), 
the variation of organic carbon within (0.69 %–1.35 %) low-humus and medium-humus soils, 
exchangeable cations and for Mg2+ 0.29–3.01 mmol (mg-eq)/100 g soil and for Ca2+ 9.71–
22.84 mmol(mEq)/100 g soil ranges from very low to medium, with CEC within the medium to 
high range of 10.0–23.2 mmol(mEq)/100 g soil (Figures 5–7). 
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Fig. 6. Exchange cations Ca2+, Mg2+ in the soils of the Yashkul District of the Republic of Kalmykia 

 
The highest indicators values of were found in the village of Hogn (background) for the 

exchange cation Mg2+ 3.01 mmol (mg-eq)/100 g soil – very low (Figure 6), and in the center of the 
settlement the pH 8.0 alkaline and organic carbon increased (1.14%). In the village of Gashun, 
the values for Ca2+ 22.84 mmol (mg-eq)/100 g soil – average saturation and CEC 23.2 mmol              
(mg-eq)/100 g soil high level increased (Figure 7). The main type of soil in the village of Evlg is 
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meadow solonets, the pH of the soil solution is slightly alkaline (7.9), in terms of organic carbon, 
low-humus soil – 1.35 % (Figure 5), Mg2+ – 0.59 mmol (mg-eq)/100 g soil (very low), Ca2+ – 
18.61 mmol (mg-eq)/100 g soil (low) in saturation with exchange bases, CEC – 19.2 mmol                    
(mg-eq)/100 g soil average (Figures 5–7). 
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Fig. 7. Exchange cations Ca2+, Mg2+, CEC in the soils of the Yashkul District of the Republic of 
Kalmykia 

 
The village of Ulan-Erge is represented by brown saline and saline soils, the pH of the soil 

solution is slightly alkaline 7.6–7.9, organic carbon is 0.46–0.92% (slightly humus to low-humus) 
(Figure 5), exchangeable cations at Mg2+ 0.25–4.09 mmol (mg-eq)/100 g soil are very low and at 
Ca2+ 14.95–17.13 mmol(mg-eq)/100 g soil low saturation, and CEC is in the range of 15.2–19.2 
mmol (mg-eq)/100 g soil medium level absorption capacity (Figure 7).  

 
4. Conclusion 
Studies carried out in the Yashkul district have shown that this territory is mainly 

represented by a group of brown-saline to brown-semi-desert soils, which are typical for this 
territory. Chemical analysis of water extracts indicates that soils have a low organic carbon content 
(less than 2 %), which indicates low humus and low soil fertility, the pH in a larger mass of 
horizons (0–20 cm) is slightly alkaline (pH from 7–8 units). The saturation of the absorbing 
complex of metabolic Ca2+ and Mg2+, as well as the predominance of calcium over magnesium. 
The content of exchange cations Ca2+ ranges from 0.25 to 19.77 mmol(mg-eq)/100 g soil (very low 
to low), and for Mg2+ from 8.67 to 55.43 mmol(mg-eq)/100 g soil (increased to very high). 
The absorption capacity of the studied soils varies from low to medium. The data obtained during 
the survey confirm the favorability of cultivation and cultivation of agricultural crops in the 
territory of the Yashkul district of the Republic of Kalmykia as an area belonging to the zone of 
risky farming and the correspondence exists of indicators of soil characteristics in the territory of 
the Republic of Kalmykia. 
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Abstract 
Using nanotechnology in agriculture has become a game-changing strategy to improve soil 

health, crop yield, and sustainability. This article investigates the production and uses of several 
nanoparticles obtained from agricultural wastes, such as those based on carbon, silicon, and lead. 
Carbon nanoparticles are created by processes such chemical vapor deposition, pyrolysis, and 
hydrothermal synthesis. They are valued for their large surface area, mechanical strength, and 
electrical conductivity. The nutrient cycle, water retention, and soil structure are all markedly 
enhanced by these nanoparticles. Synthesized from plentiful agricultural leftovers, silicon 
nanoparticles offer an affordable means of creating green fertilizers and boosting plant growth. 
Many studies have been done on their synthesis using chemical, physical, and environmentally 
friendly approaches. This article highlights the potential and challenges of utilizing nanotechnology 
in agriculture, emphasizing the importance of sustainable synthesis methods. The development of 
efficient nanoparticle production techniques from agricultural wastes offers innovative solutions to 
agricultural challenges, promoting a sustainable and resilient agricultural system. 

Keywords: Nanomedicine, sustainable solutions, waste management 
 
1. Introduction 
Agricultural wastes are defined as the leftover plant residues that remain after the primary 

crop has been harvested. These wastes include a variety of materials such as leaves, stems, husks, 
roots, branches, and other organic components that are discarded or not used directly in the 
production process.  

Globally, the accumulation of such waste is significant, with agricultural by-products forming one 
of the largest sources of organic waste. For instance, in the European Union alone, around 700 million 
tons of agricultural waste are generated annually, reflecting a considerable environmental challenge 
(Yearbook, 2013; Fritsch et al., 2017; Wikipedia contributors…, 2024; Mohite et al., 2022). 
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In recent years, nanotechnology has emerged as a powerful tool for addressing 
environmental and waste management challenges. Nanotechnology refers to the manipulation of 
materials at the atomic or molecular scale, typically below 100 nanometers, leading to the creation 
of nanoparticles. These particles possess unique properties such as enhanced chemical reactivity, 
increased surface area, and novel optical or electrical behaviors. The integration of nanotechnology 
with green chemistry has opened new avenues for environmentally friendly agricultural waste 
management. Green chemistry emphasizes the design of chemical processes that minimize the use 
and generation of hazardous substances, making it a key player in sustainable waste recycling 
(Madhumitha, 2013). 

Agricultural waste, or agro-waste, is composed of a variety of organic substances, mainly 
cellulose, hemicellulose, and lignin. In addition, some waste may contain proteins, oils, and other 
bioactive compounds. Agro-processing wastes include the remains of crops like rice, wheat, sugarcane, 
corn, and vegetables. For example, rice bran, which is a by-product of rice milling, has been extensively 
studied as a potential source for bioethanol production. Beyond plant waste, livestock waste, including 
animal manure such as cow dung, also constitutes a significant portion of agricultural waste. These 
organic residues are rich in essential nutrients and carbon, making them valuable for recycling into 
biofuels, fertilizers, and more recently, for use in the production of nanoparticles. 

This review focuses on the utilization of agricultural waste in the synthesis of nanoparticles, 
particularly crystallogen-based nanoparticles. Crystallogens are elements from Group 14 of the 
periodic table, comprising carbon, silicon, germanium, tin, and lead. These elements exhibit 
versatile chemical behaviors, making them ideal candidates for nanoparticle synthesis. 
Nanoparticles of crystallogens have attracted considerable attention for their diverse applications, 
ranging from medicine to environ-mental remediation. For instance, carbon-based nanoparticles, 
such as carbon-coated metals, are extensively used in catalysis and energy storage. Silicon 
nanoparticles (SiNPs), on the other hand, are employed in the semiconductor industry and for 
biomedical imaging. In this review, we will explore the green synthesis methods used to produce 
these nanoparticles and their applications in various fields, including agriculture, medicine, and 
environmental monitoring. Nanoparticles synthesized from agro-waste present a dual benefit: 
reducing environmental pollution caused by waste accumulation and providing a sustainable 
source of nanomaterials. Moreover, metals like silver, gold, and zinc are used in combination with 
agro-waste to create nanoparticles that exhibit strong antimicrobial properties, enhancing their 
potential use in fields such as medicine, agriculture (as pesticides), and environmental monitoring. 
This integration of waste management and nanotechnology offers an innovative approach to 
addressing some of the most pressing global challenges (Figure 1). 

 

 
 
Fig. 1. Scientific representation of agricultural waste and nanotechnology integration. 
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2. Results and discussion 
Methods for Nanoparticles Synthesis 
The production, functionalization, and uses of metallic, semiconductor, magnetic, and 

multifunctional nanoparticles are the main topics of this area. This study is not intended to be a 
comprehensive compilation of all the literature; rather, we provide common and illustrative 
examples to facilitate discussions on the synthesis, functionalization, and uses of those 
nanoparticles. To guarantee the manufacturing of environmentally friendly nanoparticles, each 
method’s sustainability and environmental impact must be carefully considered. The method of 
choosing is determined by the intended use and desired attributes of the nanoparticles. 

Chemical Reduction 
Chemical reduction is one of the most preferred methods for synthesizing nanoparticles due 

to its simplicity, cost-effectiveness, efficiency, and the ability to control structural parameters. 
This method is widely used because it is easy to perform and is one of the simplest approaches for 
nanoparticle synthesis (Szczyglewska et al., 2023). 

In this method, substrates can be either natural compounds or chemicals, facilitating a 
reduction reaction. The oxidation or reduction states of the substrates can vary, allowing for 
diverse applications. The size of the nanoparticles plays a critical role in this process, as controlling 
the size enables the synthesis of nanoparticles with different morphologies. 

The cost-effectiveness of the chemical reduction method makes it suitable for scaling up to 
large-scale preparation without the need for high pressure, energy, or temperature conditions. This 
scalability, combined with its simplicity, ensures its continued relevance in nanoparticle synthesis 
(Goia, 1998; Figure 2). 
 

 
 
Fig. 2. Schematic representation of the chemical reduction process for synthesizing 
metal nanoparticles 
 

Using a reducing agent and a stabilizer, salts of a chosen metal are reduced to create metal 
nanoparticles through chemical reduction (Sharma et al., 2019). The study by Chou and colleagues 
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(Chou, Ren, 2000) examined the use of silver nitrate in the chemical reduction process to create 
silver nanoparticles. (AgNO3) as a metal precursor, formaldehyde (CH2O) as a reducing agent, and 
polyvinylpyrrolidone/poly (vinyl alcohol), (PVP/PVA) as stabilizing agents. A solution of either 
sodium carbonate (Na2CO3) or sodium hydroxide (NaOH) The ideal pH was ascertained using 
sodium hydroxide (NaOH). It was investigated how the amount of alkaline solution affected the 
final nanoparticles shape. 

Silver nitrate (AgNO3) and other aqueous salts of metals can be chemically reduced to create 
zero-valent nanoparticles through a wet-chemical process known as chemical reduction. In order to 
reduce the precursor metal salt, metal ions must be reduced to zero valence by producing electrons 
for them by the employment of at least one reducing agent. Reductants including ascorbate, citrate, 
and borohydride are frequently utilized. A stabilizing agent stabilizes reduced nanoparticles. 
Cetyltrimethylammonium bromide [(C16H33)N(CH3)3Br; CTAB], which is frequently employed in 
the manufacture of gold nanoparticles, is an illustration of a stabilizing agent. When creating silver 
nanoparticles, sodium citrate is one example of a reducing agent that can also serve as a stabilizing 
agent (Aashritha, 2013; Saleh, Alaqad, 2016). 

Coprecipitation Method 
Several people consider the coprecipitation method to be a standard method for creating 

magnetic nanoparticles (MNPs) because of its ease of use and efficiency (Guleri et al., 2020; 
Parmanik et al., 2022; Arsalani et al., 2019). In this chemical process, homogenous solutions 
containing the ions to be precipitated are combined. Precipitation happens when the target salt’s 
solubility product is surpassed. When a substance’s concentration reaches supersaturation during 
the coprecipitation process, nucleation usually starts suddenly. As more material diffuses onto the 
surface, nucleation grows and eventually forms nanoparticles. The rate of nucleation in relation to 
the growth phase needs to be carefully regulated in order to produce homogenous nanoparticles. 

Fe3O4 nanoparticles are commonly synthesized using this method. A black pre capitate forms 
when NH4OH is added to a vigorously stirred mixture of FeCl2 and FeCl3 salts, maintaining a Fe2+ 
to Fe3+ 1:2 molar ratio at 70°C. After purification, the nanoparticles are collected via magnetic 
separation and repeatedly washed with ethanol and distilled water to remove residual chemicals 
(Arsalani et al., 2019; Qu et al., 2013; Dung et al., 2016; Khalil, 2015; Mascolo et al., 2013).  
Notably, the pH and ion concentration of the solution can influence the size of the resulting 
nanoparticles. 

Despite its widespread use, little is known about the chemical pathways that result in the 
creation of the magnetite phase in the coprecipitation reaction. Optimizing the control over the 
crystal structure, morphology, and particle size of magnetite nanoparticles which are widely 
employed in biological applications requires an understanding of these processes (Ahn et al., 2012). 

Microemulsion and Inverse Microemulsion Methods 
Another popular method for creating nanoparticles is the use of microemulsion techniques, 

which take use of the particles’ regulated sizes and shapes. An isotropic and thermodynamically 
stable mixture of water, oil, and surfactants often in combination with cosurfactants is called a 
microemulsion (Mittal, 2015). These systems serve as soft templates, providing a mildly regulated 
environment for the creation of nanoparticles. 

Microemulsions can be classified into two main types: direct (oil dispersed in water) and 
reverse (water dispersed in oil). In the reverse microemulsion system, small aqueous-phase 
droplets (micelles) containing salts or other reactants are stabilized by surfactants in an oil matrix. 
Nanoparticle formation occurs when these micelles collide and mix, with the surfactant layer 
controlling the growth of nanoparticles (L´opez-Quintela, Rivas, 1993). For instance, Fe3O4 
nanoparticles can be synthesized and further functionalized with a silica layer for enhanced 
stability and biocompatibility. This method is also used to prepare core shell structures, such as 
Fe3O4/Au nanoparticles, which prevent oxidation and enhance functionality (Feltin, Pileni, 1997). 

The capacity to produce multifunctional nanoparticles makes the inverse microemulsion 
technique very noteworthy. Single nanoparticles are encapsulated within silica matrices that are 
created in the aqueous phase during this process (Dung et al., 2016). Numerous sectors, such as 
wound healing, oncology, cosmetology, and the creation of antiviral and antibacterial drugs, 
heavily rely on microemulsions (Nikolaev et al., 2023). These systems’ thermodynamic stability 
permits uniform droplet production, and their stability is determined by molecular interactions 
within nanodomains. 
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Hydrothermal Method 
Since its first use in geological study in the middle of the 19th century, the hydrothermal 

process has grown to become a commonly used technique for creating nanoparticles. With this 
technique, high-temperature and high-pressure conditions are created while reactions are carried 
out in an aqueous solution inside a closed reaction vessel. Substances that are normally insoluble 
or slightly soluble dissolve and recrystallize in these conditions (Yang, Park, 2019). Byrappa and 
Yoshimura (2007) state that the hydrothermal approach uses heterogeneous reactions at high 
pressures and temperatures to help create nanoparticles from insoluble chemicals. Usually, 
the procedure takes place in an autoclave, which is a steel pressure vessel that is filled with water 
and the required reactants. In general, hydrothermal synthesis doesn’t require temperatures higher 
than 300°C. Supersaturation and increased reaction rates under these conditions promote the 
formation of nanoparticles. 

Metal oxide nanoparticles, metal nanoparticles, and semiconductor nanoparticles have all 
been produced using this method extensively. For instance, the hydrothermal approach is 
frequently used to create carbon quantum dots (CQDs) with a consistent size distribution and a 
variety of surface functionalization (such as oxygen, nitrogen, or sulfur groups) (Li et al., 2011; Liu 
et al., 2018; Wang et al., 2018). Furthermore, metal oxide nanoparticles have been created under 
supercritical water conditions (Hayashi, Hakuta, 2010), and this method has also been successfully 
utilized to make metal (Kim et al., 2014) and semiconductor nanoparticles (Van Bui et al., 2014). 

The hydrothermal method is a preferred technique in the synthesis of advanced materials 
because of its versatility and capacity to yield high-quality nanoparticles. This method is very much 
provided in the described type in the Figure 3 below. 

 

 
Fig. 3. Overview of Hydrothermal Synthesis: Applications, Process Conditions, Equipment, and 
Nanoparticle Types 

 
Carbon Based Nanoparticles 
Carbon is the very first element of the crystallogens. The usage of carbon in the agricultural 

industry extends far beyond basic applications. Carbon is essential due to its role in the 
photosynthetic process where plants use sunlight and air to release oxygen. It serves as nutrition 
for other animals and as a free energy source for soil microbial processes found in nature. 
The energy from plants and animals that we consume provides nourishment for soil microbes that 
supply plants with nutrients. It is present in plant roots, which give soil bacteria sustenance and 
help prevent soil erosion by giving regenerating soils structure. 

Carbon accelerates the process by which nutrients are cycled back to young plants and is a 
major component of microbial glues that create soil structure, crucial for soil resilience. 
Additionally, it enhances water infiltration and water retention capacity (South Dakota..., 2024). 
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Carbon-based nanoparticles have gained significant importance over the last few decades. 
The discovery of Buckminster (C60) fullerenes in 1985 opened a new class of carbon chains which 
can be synthesized and produced. This class includes fullerenes, nano-onions, nano-cones, nano-
horns, carbon dots, and carbon nanotubes (CNTs) (Mukherjee et al., 2016). Carbon nanoparticles 
are distinguished from regular carbon materials by their remarkable surface area, mechanical 
strength, electrical conductivity, low toxicity, biocompatibility, and thermal stability (Thippeswamy 
et al., 2021). 

Many synthetic processes prepare carbon nanomaterials in different sizes, shapes, and 
chemical compositions. Chemical vapor deposition (CVD), which employs expensive ingredients 
like ethylene and carbon monoxide, is a common commercial process for producing carbon 
nanoparticles (CNPs) (Rajput et al., 2015; Zhao et al., 2020). CVD is the most used technique for 
the production of carbon nanotubes due to its lower temperature requirement, making the process 
more cost-effective compared to other methods. Additionally, CVD allows for control over the 
morphology and structure of the produced nanotubes (Manawi et al., 2018) making it a suitable 
candidate compared to earlier techniques like laser ablation (Guo et al., 1995) and electric arc 
discharge, both of which involve relatively higher temperatures (Journet et al., 1997). 

Despite its effectiveness, CVD is not green and causes significant pollution due to the use of 
ethylene and carbon monoxide vapors, making the technique expensive. Therefore, carbon 
nanoparticles are now being synthesized from various agricultural wastes. For example, nitrogen-
based carbon nanoparticles have demonstrated metal free electrocatalytic and glucose sensing 
activity (Li et al., 2015). Similar electrochemical sensors were observed when onion peel extract 
was used (Akshaya et al., 2019). 

As for animal wastes, cow dung has been used to produce eco-friendly, cost-effective 
conductive paint (CP) (Bhakare et al., 2020). The wide range of applications of carbon-based 
nanoparticles can be attributed to the ability of carbon nanomaterials to form very strong bonds 
with objects lighter than them or with themselves. Carbon black or nanospheres derived from 
waste extract are used as nanofilters in different polymer matrices (Pace, 2001). Recent trends 
indicate that pyrolysis methods are gaining significant importance in carbon nanoparticle 
formation (Lee et al., 2017; Wibowo et al., 2015). This method uses a mixture of carbon dioxide 
along with methane and hydrogen. Agricultural wastes are reduced in size and subjected to high 
temperatures of about 500°C (Alaya et al., 2000; Jirimali et al., 2022). 

Another method used for nanoparticle formation is hydrothermal synthesis, which converts 
agricultural wastes to fuels and carbon-based nanomaterials (Sharma et al., 2020). For example, 
collected samples of banana peels are placed in a hydrothermal reactor for 6 hours, where three 
major steps occur: material dehydration to produce furfural derivatives, followed by 
polymerization of the modified product, and finally, dehydration. The obtained product is then 
centrifuged to obtain banana peel carbon (Allwar et al., 2018). 

The methods of preparation of various agricultural wastes are summarized in Table 1. 
 
Table 1. Nanocarbon Production Methods from Various Agricultural Wastes 
 
Agricultural 
Waste 

Raw Material 
Preparation 

Method References 

Pineapple Solid 
Biomass 

Rinsed with hot 
deionized water, dried at 
110 °C, cut into small 
pieces 

Activated with zinc 
chloride, dried at 100°C, 
carbonized at500 °C 

Nizamuddin et al., 
2019; Mahamad et al., 
2015 

Pineapple 
Crown 

Rinsed with deionized 
water, dried in sunlight, 
pre-carbonized at 50-250 
°C 

Activated with potassium 
hydroxide, pyrolyzed at 
30-500 
°C under inert atmosphere 

Taer, Taslim, 2018; 
Taer et al., 2019 

Rice Husk Washed with distilled 
water, dried at 65 °C, 
ground into fine 
powder 

Activated with ferrocene 
and 
ethanol, microwaved at 
600 W, carbonized at 800-
900 °C 

Asnawi et al., 2018; 
Liou, 2004;  
Raman et al., 2017 
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Agricultural 
Waste 

Raw Material 
Preparation 

Method References 

Date Palm Cleaned with deionized 
water, 
dried at 100-110 °C 

Activated with an 
activator, boiled at 600-
800 °C under N2 
atmosphere 

Hussein et al., 2015 

Nicotiana 
Tabacum 
Stems 

Cut into small pieces, 
dried at 
105°C, impregnated with 
KOH 

Carbonized,in muffle 
furnace under inert 
atmosphere, rinsed with 
HCl, dried at 105 °C 

Musuna-Garwe et al., 
2018 

Sugarcane 
Bagasse 

Collected in fiber form, 
cut into small pieces, 
impregnated with 
reagent 

Pyrolyzed at 600-1000°C 
using generated gases 

Alves et al., 2012 

Orange Peel Collected, activated with 
KOH, pyrolyzed 

Activated at 600-800°C, 
K2CO3 decomposed, 
reacted 
to form hollow channels 

Ranaweera et al., 2017 

 
Silicon Nanoparticles from Agricultural Waste 
Silicon is the 2nd element of group 14 of periodic table. When given as a fertilizer to certain 

soils, silicon is advantageous to a wide variety of crops. Although horsetail (Equisetum) and certain 
forms of algae require silicon from the environment to survive, most plants do not consider it to be 
an essential ingredient. Many plant species, particularly grasses, are able to absorb silicon at levels 
similar to those of macronutrients. The plant’s high silicon concentration enhances its mechanical 
strength. In addition to its structural function, silicon can strengthen a plant’s defensive 
mechanism against disease, pests, and environmental stress. Fertilizing soils with silicon boosts 
crop yields for certain crops, even in the absence of disease and under ideal growth conditions 
(Rutgers New…, 2018).  

Silicon nanoparticles can be synthesied in both highly acidic and basic conditions by using 
quaternary alkylammonium surfactants, pluronic F127, P123 respectively (Beck et al., 1992; Kresge 
et al., 1992; Huo et al., 1994). The non-porous silica naroparticles core chemically synthesized by 
thermal method in which silicais burnt to form SiO2 molecules. This method is also known as 
Aersol method (Panas et al., 2014; Mebert et al., 2017). On the other hand, another method called 
precipitation method is no adopted when an alkali-metal silicate (Rasmussen et al., 2013). 
Agricultural wastes have a high core of silicon content.  

Crop residue like Grrain Cheff, Sugar Molasses and coconut hulls are presently being 
employed in the silicon nanoparticle synthesis. Water pollution is presently a topic of global 
concern can be addressed by the production of silicon nanoparticles (Akhayere et al., 2022; Shinde 
et al., 2021).  

Agricultural Waste 
Products from agriculture waste are used as fuel, to make green fertilizers, and occasionally 

to extract useful compounds. The production of SiNPs uses the agricultural waste as a precursor. 
Utilizing agricultural waste has several benefits, the primary one being its plentiful supply at the 
conclusion of each harvest season. Therefore, as compared to other approaches, nanoparticle 
production techniques that make use of agricultural wastes are always more cost-effective. 

One agricultural waste product that contains large amounts of silica is rice husk. The usage of 
this material to create high-quality SiNPs has been the subject of numerous reports in the 
literature. For example, silica micro- and nanoparticles were first produced using rice hull by 
Jansomboon et al. (2017), Lu et al. (2024) manufactured very pure amorphous silica nanodiscs 
using rice straw as a source of silica. SiNPs were made from sugarcane bagasse, a significant waste 
product from the sugar industry. This environment friendly method provides an affordable means 
of utilizing agricultural waste. Seoka et al. created SiNPs and nano-silicon via magnesiothermic 
processes and SUGARCANE bagasse ash (Seroka et al., 2022). Using sticky, red, and brown rice 
husk ash, Sankar et al. created biogenerated SiNPs using a basic scheme of silica nanoparticles 
(Sankar et al., 2016). 
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Other Agricultural Waste Sources 
In order to extract 52-78 % silica from various agricultural wastes, such as rice husk, bamboo 

leaves, sugarcane bagasse, and groundnut shellused to synthesized SiNPs (Akhayere et al., 2022). 
Through the use of annelid bioprocessing, crystalline SiNPs from agricultural waste produced. After 
generating humus from these agro-wastes employing Eisenia foetida species, SiNPs were obtained by 
calcination and acid treatment (Esp´ındola-Gonzalez et al., 2010). Using sedge (Carex riparia), which 
generates a lot of agro-waste, an innovative way to synthesize silica nanoparticles were reported (Costa, 
Paranhos, 2020). Naidu et al. (Naidu et al., 2023) synthesized silica nanoparticles for the food industry 
using sorghum residues, which contain significant levels of silica. 

 
Table 2. Silicon Nanoparticles Synthesized using Other Agricultural Waste Sources 

 
Source Method Reference 
Rice husk, bamboo leaves, sugarcane bagasse, 
groundnut shell 

- Akhayere et al., 2022 

Eisenia foetida treated agrowastes Calcination, acid 
treatment 

Esp´ındola-Gonzalez et al., 
2010 

Carex riparia - Costa, Paranhos, 2020 
Sorghum residues - Naidu et al., 2023 

 
Tin Oxide Nanoparticles from Plant-Mediated Synthesis 
Plant-mediated synthesis has become a sustainable and cost-effective alternative for 

synthesizing nanoparticles, offering significant advantages over traditional physico-chemical 
methods. These green approaches eliminate the need for toxic chemicals, high temperatures, and 
high-pressure conditions, providing naturally sourced reducing and stabilizing agents. Moreover, 
the plant extracts allow the large-scale production of stable, uniform nanoparticles.  

Several studies have explored various plant species for the green synthesis of tin oxide (SnO2) 
nanoparticles, producing NPs with different morphologies and sizes depending on the specific 
plant extract and reaction conditions. The general process involves dissolving a tin salt in the plant 
extract, followed by centrifugation, drying, and thermal treatment to obtain the final product. 
Several plant-mediated syntheses of SnO2 NPs have been reported, highlighting their application in 
photocatalysis and antibacterial activity. Table 3 summarizes notable studies in the literature. 

The green synthesis of SnO2 NPs has been shown to result in varying nanoparticle sizes and 
morphologies, depending on the specific plant species and conditions used. For instance, 
Aspalathus linearis yielded quasi-spherical particles with sizes ranging from 2.5 to 11.4 nm, while 
Aloe barbadensis miller produced larger particles ranging from 50 to 100 nm (Diallo et al., 2016; 
Selvakumari et al., 2017; Haritha et al., 2016; Gowri et al., 2013). 
 
Table 3. Plant-Mediated SnO2 Nanoparticles Synthesis  

 
Plant Species Precursor Size, nm Application 

Aspalathus linearis (Diallo et al., 2016) SnCl4·5H2O 2.5–11.4 Antibacterial 
   Photocatalytic 

Camellia sinensis Selvakumari et al., 
2017) 

SnCl4·5H2O 5–30 Photocatalytic 

Catunaregam spinosa (Haritha et al., 
2016) 

SnCl2·2H2O 47 Dye Degradation 

Aloe barbadensis miller (Gowri et al., 
2013) 

SnCl2·2H2O 50–100 Antibacterial 

Plectranthus amboinicus (Fu et al., 
2015) 

SnCl2·2H2O 63 Photocatalytic 

Nyctanthes arbortristis (Rajiv Gandhi et 
al., 2012) 

SnCl2·2H2O 2–8 Hydrolysis 

   Capping 
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Plant Species Precursor Size, nm Application 
Psidium guajava (Kumar et al., 2018) SnCl4·5H2O 8–10 Dye Degradation 

Calotropis gigantea (Bhosale et al., 
2018) 

  Dye Degradation 

SnCl4·5H2O 30–40 

Piper betle (Singh et al., 2018) SnCl4·5H2O 8.4 Selective Dye 
Degradation 

 
Lead Nanoparticles in Agriculture 
Lead, the heaviest element in Group 14, plays a critical role in agriculture due to its 

detrimental effects, such as inhibiting photosynthesis, disrupting water balance, and altering 
membrane permeability in plants. The uptake of lead by plants is influenced by factors including 
particle size, root exudation, and various physical and chemical processes (Nas, Ali, 2018). Lead 
exists in various forms, including lead monoxide (PbO), lead dioxide (PbO2), and lead(III) oxide 
(Pb2O3), with PbO being the most extensively studied due to its widespread use in industries such 
as batteries, gas production, and as a catalyst in organic chemistry (Panas et al., 2014; Rangaraj, 
Venkatachalam, 2017; Alshatwi et al., 2015). 

Lead nanoparticle synthesis can be achieved via three main approaches: chemical, physical, and 
green (biological) methods. Techniques such as chemical synthesis, calcination, sol-gel pyrolysis, 
thermal breakdown, chemical deposition, and microwave irradiation have recently been developed to 
produce PbO nanostructures (Bratovcic, 2020). Bio-synthesis is particularly promising as it may 
enhance the properties of PbO nanoparticles while reducing the production of toxic by-products during 
synthesis (Rokade et al., 2016; Sharar, Bozeya, 2017). This method could offer an environmentally 
friendly alternative to traditional approaches for creating metal oxide nanoparticles. 

Despite the significant potential of lead oxide nanoparticles, the environmental impact of 
PbO pollution remains a major concern. Lead oxide’s substantial negative influence on ecosystems 
necessitates the development of effective solutions for managing lead pollution. Nanotechnology 
and biosynthesis may offer solutions by creating safer forms of lead nanoparticles. Recent research 
demonstrates that biosynthesis, including the use of natural gelatin-based stabilizers, can 
effectively produce PbO NPs, as discussed in recent work (Narayanan, 2012; Miri et al., 2018). 
However, the synthesis of PbO NPs from agro-waste remains an open area for further exploration. 

Characterisation of NMs from Agro-Wastes 
Value-added product production with minimal impact on the environment can be achieved 

by the production of nanomaterials (NMs) from agricultural waste. The abundance and renewable 
nature of agro-waste, which includes agricultural leftovers like fruit peels, rice husks, and 
sugarcane bagasse, make it a suitable feedstock for the synthesis of nanomaterials. To comprehend 
these NMs’ physicochemical characteristics and possible uses, characterization is essential. With an 
emphasis on the structural, morphological, and functional characteristics of the nanomaterials 
made from agricultural waste, this section addresses the methods and procedures utilized to 
analyse them. 

Fourier Transform Infrared Spectroscopy (FTIR) 
By measuring the amount of absorbed energy and comparing it to a database, FTIR can be 

used to identify the functional groups that are present and characterize the chemical structure of 
the sample. FTIR spectroscopy is a very efficient and non-destructive method for analyzing the 
chemical and physical properties of lignocellulosic biomass (Guerrero-P´erez, Patience, 2020). 
Plant fiber is primarily composed of three components: cellulose, lignin, and hemicellulose. 
The literature has made considerable use of FTIR to verify the removal of amorphous sections such 
as hemicellulose and lignin from the fiber matrix following chemical treatments such as bleaching 
and alkali treatment, or to determine whether any lignin or hemicellulose is present in the 
extracted cellulose nanofibres. Chirayil et al. (2014) examined fibres that had been bleached, acid-
treated, alkaline-treated, and left untreated using FTIR spectroscopy. They discovered a peak in 
each fiber’s spectra at 3300 cm¹. The hydrophilic character of the fibers was shown by this peak, 
which matched the OH stretching vibrations of the hydrogen-bonded hydroxyl group.  

According to Lima et al. (2023), FTIR analyses of the CNs produced from banana peel 
through enzymatic treatment yielded similar results. They were able to show that hemicellulose 
and lignin were successfully extracted from the fiber matrix by the enzymatic treatment. Bleaching 
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was apparently used to remove the majority of the lignin in the banana peel cellulose nanofibres, 
according to Zope et al. (2022). Isolation The vibrations at 1238 per cm (guaiaryl ring respiration 
with stretching C=O), 1525 per cm (aromatic ring vibrations), and 761 per cm (C-H deformations) 
disappeared after bleaching. Karimi et al. (2014) examined the FTIR of samples of unbleached 
(UBNF) and bleached (BNF) kenaf bast cellulosic fiber and discovered that lignin was absent from 
both UBNF and BNF samples.  

X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface analysis technique that offers comprehensive insights into the chemical 

composition and states of a wide range of materials. Few XPS research have been conducted on 
cellulose nanofibres. Ahola et al. (2008) examined model films constructed of cellulose nano-fibrils 
using XPS in one study. They discovered that the surface was coated with cellulose nano-fibrils 
after spin-coating cellulose nano-fibril dispersions onto silica substrates to form these films. 

In another work, the chemical composition of nano-fibrillated cellulose aerogels and films 
was examined by Zuo et al. (2019) both before and after coating them with a substance known as 
perfluorodecyl trichlorosilane (PFOTS). They discovered that carbon, oxygen, and trace levels of 
salt were present on the first cellulose surface. Following PFOTS coating, silicon, fluorine, were 
also present, indicating that PFOTS had interacted with the cellulose. 

Measurements of the Zeta-Potential of Agriculture-Based NPs 
The stability of suspensions containing cellulose nanofibers depends on the zeta potential. 

It gauges how much a liquid’s particles oppose one another, keeping them uniformly distributed. 
Dominic and colleagues’ study (Dominic et al., 2022). They took measurements of the zeta 

potential of suspensions of banana peel-derived cellulose nanofibre (CN). With zeta potential 
values ranging from 16.2 to 44.2 mV, they produced extremely stable CN suspensions by subjecting 
the CNs to a high-pressure homogenizer many times. Surattanamal et al. (2022) found that the 
zeta potential of the nanofibers obtained by enzymatic and chemical treatment were respectively. 
They found that cellulose nanofibres with the greatest zeta capacity and higher electrical 
conductivity were generated via enzymatic therapy as opposed to chemical treatment. 

Li and colleagues’ study (2013), by measuring the water contact angles, they examined the 
hydrophilicity (the ability to repel water) of various starches. Additionally, they evaluated the zeta 
potential of starch granules and discovered that the values for rice, waxy maize, wheat, and potato 
starch were −20.5, −19.1, −20.4, and −4.2 mV, respectively. Wei and colleagues’ study (2014), they 
noticed that the zeta potential dropped from −6.7 to −34.5 mV as the pH of the starch dispersion 
rose from 2.07 to 11.96. Furthermore, as the pH rose, the starch nanocrystal distribution widened. 

Other Applications 
Nano-Biosensors 
NPs, plant fractions, soil, water, and nanotubes, nanowires, or nanocrystals in the agro-

ecosystem are all monitored by NBSs. Using the physic-chemical properties of NMs, NBSs offer a 
potent tool compared to existing analytical sensors and biosensors that combine biological element 
detection with chemical or physical principles. Biological data is converted by a transducer into a 
signal that can be generated by an electrical device. With this skill, an agronomist may precisely 
and promptly keep an eye on the dietary and water requirements of the crops as well as any early 
indicators of illness (Mendes et al., 2020). For plant science research, high-resolution crop 
monitoring with nano-biosensors may be a highly helpful instrument. 

Use of Nano-Fertilisers 
Recent agricultural research has increasingly focused on micronutrients while some – what 

neglecting the critical role of macronutrients like nitrogen (N), phosphorus (P), and potassium (K) 
in influencing crop productivity. However, it’s widely recognized that these macronutrients play a 
foundational role in supporting robust plant growth and yield. International and national 
organizations advocating for sustain- able agricultural practices and food security emphasize the 
importance of reorienting nanotechnology applications in agriculture towards developing nano-
fertilizers specifically tailored to enhance the availability and efficiency of N and P. This shift aims 
to address pressing global challenges related to agricultural sustainability by ensuring that 
essential macronutrients are effectively utilized to meet growing food demands. 

Nano-Fungicides 
Fungi are mostly responsible for agricultural damage, including that to significant crops like 

rice, wheat, barley, groundnuts, and cotton (Neme, Mohammed, 2017). Fungicides can harm 
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biodiversity, prompting the need for alternative strategies against fungal diseases. NPs, such as 
silver (Ag-NPs), copper (Cu-NPs), zinc oxide (ZnO-NPs), and magnesium oxide (MgO-NPs), have 
shown promising antifungal properties. Ag-NPs effectively reduce infections from fungi like 
Magnaporthe grisea and Bipolaris sorokiniana, while Cu-NPs and Ag-NPs inhibit Alternaria 
alternata and Botrytis cinerea. ZnO-NPs and MgO-NPs combat Rhizopus stolonifer, Fusarium 
oxysporum, and Mucor plumbeus (Bhattacharjee et al., 2022). Additionally, pesticides like zineb 
and mancozeb, when encapsulated in a MWCNT-g-PCA hybrid, demonstrate enhanced efficacy, 
with mancozeb particularly effective against Alternaria alternata (Nath et al., 2023). 

 
3. Conclusion and Future Directions 
The field of nanotechnology has demonstrated significant potential across various sectors, 

including agriculture, through the application of nanoparticles such as those based on carbon, 
silicon, and lead. Carbon-based nanoparticles, with their unique properties like high surface area, 
mechanical strength, and electrical conductivity, have enhanced soil structure, water retention, and 
nutrient cycling. Economical and environmentally friendly methods, such as chemical vapor 
deposition, pyrolysis, and hydrothermal synthesis, have been instrumental in their production, 
particularly from agricultural wastes. Silicon nanoparticles (SiNPs) derived from agricultural 
residues offer a sustainable and cost-effective solution for green fertilizers and plant growth 
enhancement. This approach not only addresses waste management challenges but also promotes 
sustainable agricultural practices. Similarly, while lead nanoparticles have been extensively studied 
for their industrial applications, their toxicological effects require further research to develop safe 
and effective uses in agriculture. 

Looking ahead, the field of nanoparticle synthesis using biological organisms holds 
significant promise for future advancements. Research should explore novel microbial species from 
diverse and extreme environments, which may enable the synthesis of nanoparticles with unique 
properties. Genetic engineering and synthetic biology approaches can enhance the efficiency and 
specificity of nanoparticle synthesis, paving the way for engineered strains and custom-designed 
biosynthetic pathways. Mechanistic studies aimed at elucidating the molecular and biochemical 
processes involved in microbial nanoparticle synthesis will be vital for optimizing production 
methods and unlocking new biotechnological applications. Scaling up laboratory-scale synthesis to 
industrial production presents a critical challenge. Future research must focus on developing 
scalable, cost-effective processes for large-scale nanoparticle synthesis and integrating these 
processes into existing industrial frameworks. Furthermore, comprehensive studies on the 
environmental and health impacts of biologically synthesized nanoparticles are essential to ensure 
their safe and sustainable application. Long-term assessments of stability, biocompatibility, and 
toxicity will be crucial for mitigating risks and maximizing the benefits of nanotechnology. 
In conclusion, the integration of nanotechnology in agriculture and other industries offers 
immense opportunities for innovation and sustainability. Continued research and development, 
particularly in the areas of green synthesis and application of nanoparticles, will be essential to 
fully realize their potential while addressing associated challenges and ensuring safety for 
ecosystems and human health. 
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Abstract 
Natural fluctuations of the Caspian Sea level create many problems for its coastal 

infrastructure, complicate navigation and fishing, and negatively affect the ecological situation both 
in the coastal zone and in the coastal water area. It is necessary to deal with a complexity in a sea 
area alteration very carefully in order not to destroy the fragile ecological balance of coastal flora 
and fauna. To reduce the negative consequences of a northern water area shoaling of the Caspian 
Sea, a dredging is constantly carried out, which requires a careful planning due to a constant 
variability of the sea area boundaries. Taking into account this fact, the problem of permanent 
monitoring of newly formed closed water bodies with the help of autonomous water drones that 
allow to quickly build a 3d model of the water body for dredging planning becomes urgent. As a 
rule, such bodies of water are formed far from large settlements and energy sources, and the 
process of surveying the water body can stretch in time, so the problem of recharging the batteries 
of the drone becomes very relevant and is solved with the help of solar panels. The data received 
from the distance sensors can be noisy, so they are subjected to a de-noising procedure. 

Keywords: Reducing the level of the Caspian Sea, maintaining shipping and fishing, 
maintaining the ecology of the coastal zone, dredging, Arduino robotics, autonomous water drones, 
recharging batteries with solar panels, cleaning received data from noise, volumetric model of a 
reservoir, freely distributed software. 
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1. Introduction 
The Caspian Sea is essentially an isolated inland water body – a lake – and has no outflow to 

the World Ocean (Figure 1). This isolation and dependence on the volume of runoff from rivers 
flowing into it is a reason for significant fluctuations in its water level and, as a consequence, for 
environmental problems and problems in the operation of coastal infrastructure (Samant et al., 
2023; Pörtner et al., 2022). If the water level drops significantly, shoals appear and impede 
navigation and fishing; if the water level rises, flooding of coastal areas becomes a problem (Prange 
et al., 2020; Hollis, 1978). Long-term water level fluctuation observation in the Caspian Sea 
demonstrates periodic long-term increase or decrease in a water level, which are a natural process 
that must be adapted to minimize the damage caused (Akbari et al., 2020; Pekel et al., 2016; Kislov 
et al., 2014; Efimov et al., 2015). 

 

 

 
Fig. 1. Relief of the Caspian Sea area 

 
The Northern Caspian Sea is a powerful navigable artery connecting the states on its shores 

with sea and river ports of the European part of Russia, a large volume of cargo operation is 
transported through its, therefore, maintaining the proper condition of waterways, including their 
sufficient depth, is of strategic importance for the whole country. In recent years, there has been a 
sharp drop in the level of the Caspian Sea, which leads to siltation and the formation of shoals and 
isolated water bodies in place of its former water surface, which greatly complicates the work of the 
shipping and fishing industries of the coastal territories (Grishanin, 1979; Shipulin, 2024; 
PRONauka, 2024; Samant, Prange, 2023; Demin, 2007).  

Hydrological studies show that the main causes of the Caspian Sea shallowing are climate 
change and anthropogenic impact (Wang et al., 2018; Healy et al., 2007). While the global sea level 
is rising due to melting glaciers and expansion of warm water, the Caspian Sea, being a closed body 
of water with no outflow to the ocean, reacts to local climatic conditions (Koriche et al., 2021; Arpe 
et al., 2000). An increase in air temperature leads to an increase in evaporation, while a decrease in 
precipitation reduces the inflow of river water (Chen et al., 2017; Mischke, 2020). Reduced water 
surface area leads to degradation of coastal ecosystems, disappearance of marshes and deltas, 
which provide habitat for many species of birds and fish. Unique species, such as Caspian seal and 
sturgeons, are threatened by habitat reduction and changes in the food chain (Aliyev, 2024). 
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The regulation of river flow and the resulting drop in water levels in the Caspian Sea has led to 
changes in natural biogeochemical cycles (Berkeliev, 2024). 

Massive hydro construction on the Volga and then on other rivers of the Caspian basin has 
deprived Caspian sturgeons of most of their natural spawning grounds. Fish passage structures at 
the dams suffer from many technical deficiencies, and the system of counting spawning fish is also 
far from perfect. However, with the best systems, the juvenile fish rolling down the river will not 
return to the sea, but will form artificial populations in polluted and food-poor reservoirs. It was 
dams, not water pollution and not overfishing, that were the main reason for the reduction of the 
sturgeon herd. Meanwhile, the construction of dams has caused even greater problems. 
The Northern Caspian was once the richest part of the sea. Here, the Volga brought mineral 
phosphorus (about 80 % of the total input), providing the bulk of primary biological (photosynthetic) 
production. As a consequence, 70 % of sturgeon stocks were formed in this part of the sea. Now most 
of the phosphate is consumed in the Volga reservoirs, and phosphorus enters the sea in the form of 
living and dead organic matter. As a result, the biological cycle has changed radically. 

The Ural remains the only unregulated major river in the Caspian basin, but the condition of 
spawning grounds on this river is also very unfavorable. The main problem today is siltation of the 
riverbed. The soils in the Ural valley were once protected by forests; later these forests were cut 
down and the floodplain was plowed almost to the water's edge. After “for the purpose of sturgeon 
conservation”, navigation was stopped on the Ural River, work on cleaning the fairway ceased, 
making most of the spawning grounds on this river inaccessible. 

Active dredging to facilitate the movement of water masses to the main sea area can mitigate 
the negative effects of these phenomena. Dredging can be initiated after monitoring the boundaries 
and depths of the resulting isolated water bodies. Dredging is continuously carried out to control 
siltation and sedimentation, thus reducing the length of one-way traffic areas and constructing 
protection structures against siltation and shallowing. To survey such areas, autonomous water 
drones can be used, which will operate under the control of a program loaded in them and transmit 
information to a stationary computer that forms a 3d-model of the geometry and depths of the 
water body. In order to predict the occurrence of difficult areas and design dredging works, it is 
necessary to continuously monitor channel processes and calculate sediment loadings. 

This work is devoted to predicting and mitigating environmental, shipping and fishing 
problems in the coastal areas of the Northern Caspian Sea, which arise due to its level lowering.  

Formally, the task can be formulated as follows: to create a robotic solution that can move on 
the surface of a reservoir, create its 3D model and track its position in real time. 

 
2. Materials and methods 
To solve the presented task, we use Arduino controller and compatible sensors. Robotics 

compatible with Arduino controller has good technical parameters and there is a free software 
Arduino IDE. Arduino controllers are quite budget-friendly compared to their counterparts: 
Teensy, Particle Photon, BeagleBone.  

We use Arduino Uno as a main controller board (Figure 2). The controller is equipped with 
an ATmega328 microcontroller and operates at 5 volts. It has 14 digital I/O, of which 6 support 
PWM, and 6 analog inputs. The maximum current from a single I/O pin is 40 milliamps. Flash 
memory has a capacity of 32 kilobytes. RAM is two kilobytes and EEPROM is one kilobyte. 
The controller clock frequency is o16 megahertz. The board has dimensions of 69×53 mm and is 
equipped with a USB-type A-B connector. 

The robot must be able to move on the water surface while maintaining stability and 
minimizing oscillations. The robot body will be made of foam for good buoyancy. To prevent 
rollovers, we will use the MPU-6050 gyroscope and accelerometer sensor. The sensor has small 
dimensions of 21×16×3 mm, weighs about 10 g, operates at 6 VDC consuming 350 mA. Gyroscope 
range is ± 250; 500; 1000; 2000 °/s, accelerometer range is ± 2; 4; 8; 16 g. 

The robot moves with the help of two motors with screws. The motor dimension of 
70×22×18 mm is small, weigh is about 50 g, it operates at a voltage of 6 v, consuming up to 
500 mA. And as a rotary mechanism we will use a servo drive, it will direct the propellers in the 
desired direction. The MG946R servo drive has small dimensions of 43×40.7×19.7 mm, weighs 
55 g, operates at a 4.8-7.2 VDC consuming up to 1.2 A.  
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Fig. 2. Arduino Uno board 

 
The system must be able to collect data on a depth and a shape of the bottom as well as the 

contours of the tank walls. A waterproof ultrasonic sensor JSN-SR04T is suitable for a depth 
measurement. The sensor has small dimensions of 41×28.5×28.5 mm, weighs about 8 g, operates 
at a voltage of 5 VDC, consumes 5 mA, ultrasonic frequency of 40 kHz, measured range up to 4.5 m 
with an accuracy of 0.003 m. We use the HC-SR04 ultrasonic sensor to recognize the boundaries of 
the tank. The sensor also has small dimensions of 45×20×15 mm, weighs about 10 g, operates at a 
voltage of 5 VDC, during standby consumes 2 mA, during measurement consumes up to 15 mA, 
ultrasonic frequency of 40 kHz, measured range up to 4 m with an accuracy of 0.003 m. A 3D 
model will be created from the received data. For data transmission we use Bluetooth sensor HC-
06. The sensor has small dimensions 27×13×2.2 mm, weighs about 15 g, operates at a voltage of 
3.3-5 VDC, consumes 50 mA, the range is up to 10 m. 

The robot must track its location in the tank and transmit it in real time. For this task, we use 
a GPS sensor. The sensor has dimensions of 21×16×3 mm, weighs about 18 g, operates at a 
4.4 VDC, consumes 45 mA, and has a location update rate of 5 Hz. The robot will be powered by 
two LiitoKala inr18650 batteries with a capacity of 2500 mA-h and a voltage of 3.7 VDC.  

The water bodies formed as a result of the retreat of the Caspian Sea water area may have 
different geometric dimensions and depth, which will require their long-term survey, may be 
located at a considerable distance from the established coastline, where the infrastructure for 
recharging batteries is located, so in addition to providing the possibility of recharging them from 
the power-bank, it is still useful to provide for the possibility of using solar energy to ensure the 
operation of the robot through autonomous power supply. The most efficient use of the solar panel can 
be achieved by using an Arduino board that tracks the location of the sun (following the sun) in order to 
maximize the amount of energy generated by the solar panel (since it will always be turned towards the 
light) (Bard et al., 2000). The components required are Arduino Uno board, sg90 servo motor, solar 
panel, photoresistor (2 pcs), 10k ohm resistor (2 pcs), battery. Here the photoresistor will work as light 
detector and when light starts falling on the photoresistor, its resistance decreases, that's why the 
photoresistors are often used in various light or darkness detectors. 

Two photoresistors are placed at the both ends of the solar panel and a servo motor is used to 
rotate the solar panel. The servo motor rotates the solar panel towards the photoresistor whose 
resistance is lower, which means that more sunlight is falling on it. If the same amount of sunlight 
falls on both photoresistors, the servo motor does not work and does not turn the solar panel. 
So the servo motor will try to rotate the solar panel to a position where both photoresistors have 
approximately the same resistance, which would mean that they receive approximately the same 
amount of sunlight. If the resistance of one photoresistor becomes less than that of the other, then 
the servo motor will rotate the solar panel in the direction of that photoresistor. In this solar panel 
following the sun design, the Arduino board is powered by a 9 VDC battery and the rest of the 
circuit is powered by the Arduino. The recommended voltage for powering the Arduino board is 
between 7 and 12 VDC (although you can actually supply between 6 and 20 VDC), so our 9 VDC is 
well within the recommended range.  
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If the solar panel is rotated to follow the sun, the efficiency of its operation will be higher than 
if it just stays in a stable position. However, a correction should not be done too often, so that the 
increase in efficiency is not reset by the corrector motors. 

The market of microcontrollers offers various variants of solar panels for Arduino-products, 
which can be used both jointly and separately. Besides, it is possible to assemble an angular battery 
from the panels, and if you fold it in a triangle, part of the panels will “look” to the east, part – 
to the south, part – to the west. So that it will not be necessary to rotate the battery, and all the 
power of solar energy will be used not to solve auxiliary problems, but to solve the main task. 

The data obtained from the sensors are collected and accumulated in real time in the 
database of Blender 3D package – a freely distributed software package for creating 3D computer 
graphics, which are used for 3D modeling and visualization in various spheres of activity. 

When receiving a digital signal from sensors, the problem of its purification, i.e. separation of 
the active signal from noise, is acute. A signal received from the sensors always comes with noise, 
and it is important to be able to filter it properly. Good quality noise filtering can reduce the error 
and increase the quality of the sensor measurement.  

Two types of noise are commonly attempted (Figure 3): 
– Constant noise (additive white Gaussian noise) with relatively stable amplitude and 
– Random pulses caused by external factors. 
The noise amplitude is the standard deviation of the noisy signal from the unnoisy signal. 

 
Fig. 3. Cleaning a noisy signal 

 
The simplest filtering method is to filter the graph using the arithmetic mean method 

(Bukhtiyarov, 2021). The algorithm of this method is quite simple – it will require a buffer of 
several previous values, each time a sensor is polled, the buffer will be shifted (the first element is 
removed and the new sensor value is added to the end). The size of the buffer will determine the 
result and the speed of the code. The algorithm does very well with filtering, but its problem is the 
loss of performance because the controller has to do a lot of floating point calculations, which can 
affect the speed of code execution. If the sensor is not polled very often, this method copes with the 
task perfectly well, the main thing is to have a fixed buffer size. 

With random impulses the median filter copes well, which is easy to implement and in 
combination with the arithmetic mean method gives quite a decent result.   

To create a 3D model, we will use the free publicly available software Blender. Indicators 
from sensors will be converted into coordinates and written to obj file using the following libraries: 
FS.h and LittleFS.h. The FS.h library is needed to process the file, and LittleFS.h is needed to create 
and access the file system. Then, if we open the file, we can see a model of the tank. 

Initially, the robot is placed on the edge of the tank and moves a short distance away from it 
(15-20 cm to be able to turn without touching the edge of the tank). The robot should walk around 
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the edge of the tank at a short distance from the edge, collecting route coordinates and measured 
depths while building a 3D model of the tank edges. After that, the entire surface of the reservoir 
should be explored using the uniform grid method, instantiating the depths of the reservoir in the 
3D model. The robot's movement can then be controlled from the remote control, displaying the 
route of its movement in the 3D model. 

 
3. Results and discussion 
As a result of the performed research, the project of a robot – an aquatic drone, which 

performs the survey of water bodies newly formed during the retreat of the Caspian Sea water area, 
was built. The robot examines the geometry of the water body banks and its depth, promptly 
transmits the information to the associated computer, which cleans the noise data and builds a 
volumetric model of the water body in a free 3D-modeling package, and allows to build a dredging 
plan. The robot's design includes the use of solar panels to recharge the robot when conducting 
long-term studies. 

 
4. Conclusion and recommendations 
The proposed robot project for monitoring of newly formed compact water bodies in the 

place of the former Caspian Sea water area when its level decreases will allow building a dredging 
project to ensure the necessary conditions for navigation and fishery.  
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Abstract 
The study of biofouling on ship hulls has emerged as a critical area of research due to its 

significant impact on maritime operations and vessel longevity. This article presents a 
comprehensive overview of the current state of biofouling, emphasizing its detrimental effects on 
corrosion processes affecting ship structures. Biofouling not only accelerates corrosion but also 
increases fuel consumption, thereby raising operational costs and contributing to environmental 
concerns. The article delves into the intricate structure of biofouling, exploring the various 
organisms involved and their interactions with the hull materials. 

Furthermore, the application of artificial intelligence (AI) in underwater drones for 
biofouling removal is discussed in detail. A classification of underwater drones specifically 
designed for this purpose is provided, alongside a schematic representation of their construction. 
This section highlights the technological advancements that enable drones to autonomously detect 
and mitigate biofouling, showcasing the integration of AI algorithms for enhanced performance. 

Additionally, the article describes the design of a cleaning device attached to the drone, 
detailing its operational mechanisms and effectiveness in biofouling removal. A brief overview of 
the drone's control system is also included, illustrating how AI facilitates precise navigation and 
task execution. This research underscores the potential of modern AI technologies in 
revolutionizing the management of biofouling, ultimately contributing to more sustainable 
maritime practices and improved vessel maintenance strategies. 
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1. Introduction 
In order to solve the issues of intensification of sea freight and passenger transportation in 

recent times, especially with the increasing role of shipping along the Northern Sea Route, there is 
an increasing need to take into account many factors that have not been given due attention before 
(Orlova, Rodionov, 2020; Zvyagintsev, 2005). They require non-standard approaches, construction 
of complex models, and conducting various studies that often lie at the junction of many different 
sciences (Zvyagintsev, Moshchenko, 2002). One of such tasks seems to us to be the study of the 
problem of biofouling on the surface of ships. Problems that previously, in principle, used different 
approaches (Ovchinnikov et al., 1974; Schansker et al., 2003). However, it was not possible to build 
a complete picture of the model of formation of these formations on the hulls of ships, at a time 
when such reasons lead to the emergence of problems with the loss of speed of ships (Bixler, 
Bhushan, 2012; Lenbaum et al., 2015). 

If we consider the chain of problems, the formation of biofouling for a vessel leads to a 
decrease in its shipping characteristics and, first of all, to a decrease in its so-called cruising speed. 
When a vessel's speed drops, it becomes necessary to increase its operating costs, which means an 
increase in engine power and fuel costs and an increase in the financial costs of ship operators 
(Orlova, Rodionov, 2020). 

 
2. Results and discussion 
Status of the issue 
Work on attempts to solve this problem has been going on for quite some time (Lazar, 

Schansker, 2009; Schansker et al., 2003; Joliot P., Joliot A., 2005). They are trying to develop new 
and new approaches and technologies to reduce biofouling, new methods to remove these growths 
from the surface of a vessel (Miyake et al., 2005). However, solving these issues opens up new and 
new questions, including environmental ones, because uncontrolled removal of bio-growths can 
bring to us microorganisms and algae that have migrated from other world regions. Which in turn 
can significantly reformat the biodiversity of domestic waters (Albitar et al., 2013; 2014; 2016; 
Aldrich, Qi, 2005). 

Thus, the main objective of the study was to work out issues related to the mechanisms of 
biofouling formation, to study methods of diagnostics and combating this phenomenon, 
to understand which issues remain less studied and what can be done in this direction using the 
methods and techniques at the disposal of researchers (Asbeck et al., 2006; Balashov et al., 2011). 
The tasks for the study were literary studies of issues related to the emergence and development of 
biofouling of ships, the study of their biological composition, the processes of modeling their 
formation, methods of counteraction, the use of modern digital methods and techniques (Bax et al., 
2003; Bixler, Bhushan, 2012). 

Biofouling and corrosion 
So, it is worth recognizing that biofouling is a very interesting form of biological symbiosis of 

plant and animal life forms - a set of attached and mobile forms of organisms inhabiting 
anthropogenic surfaces in operation (Zvyagintsev, 2005; Zvyagintsev, Moshchenko, 2002). 
The importance of the issue is also determined by the fact that these same reasons lead to the loss 
of functionality of not only ships, but also parts of locks and port facilities (Caduff, 1990). These 
reasons sooner or later lead to corrosion (Chambers et al., 2006). 

A study of the literature has made it possible to understand that, depending on the operating 
conditions and the state of the anti-corrosion protection means, the corrosion rate of the 
underwater part of the ship's hull, generally speaking, can vary within wide limits (Chen et al., 
2010; 2012; 2017; Courson, Shelburne, 2001). In known cases of hull electro corrosion under the 
influence of stray currents, corrosion damage can develop at a rate of up to 5 mm/year. In the 
underwater part of the hull, the most intense corrosion damage can usually be observed in the area 
of the bow and stern counter as a result of the action of strong water jets causing mechanical 
destruction of the protective coating and the ship's hull, and on the hull, rudders and sternpost 
under the influence of the galvanic pair - hull – propeller (Cioanta, McGhin, 2017; Daltorio et al., 
2005). As a result, it is necessary to frequently repair the nozzle or use means of its protection that 
exclude the use of paint and varnish coatings (Davidson et al., 2008). On the outside, the nozzle is 
painted with abrasion-resistant, non-swelling paints, on which an antifouling paint is also applied 
on top (Drake, Lodge, 2007). 
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Various types of fairings located in the underwater part of the hull are used in conditions 
typical for the part of the hull where they are located. The frontal areas of the fairing surface 
experience a more significant effect of water (Erneland, 2014). Therefore, the destruction of the 
protective coating, fouling and corrosion are most intense here (Ferreira et al., 2013). On ships 
sailing in the seas, freshwater basins and rivers of the tropics throughout the year, in the rest – 
in the warm season, fouling – various types of animals and algae settle on the underwater part of 
the hull, fairings, nozzles, rudders, mortars, brackets, as well as in the area of variable waterline 
(Floerl et al., 2010). Having settled and quickly multiplied, they not only make the underwater part 
rough, which reduces the speed of the vessel, but also destroy the protective coating. Inspection of 
the underwater part of the hull of operating ships and all structures located on it is possible when 
the vessel is docked or with the help of a diver (Holappa et al., 2013). A diver cannot always detect 
paint defects, correctly assess the danger of emerging signs of biofouling or corrosion damage and 
promptly eliminate them. Therefore, when defects in the protective coating and accompanying 
corrosion damage are detected, the vessel must be brought into the dock, which is associated with 
large material costs (Godwin, 2003). As a result, special attention must be paid to the quality of 
preparatory work, the choice of impact schemes and control technology. 

The mechanism of fouling on marine or freshwater vessels and structures is based on 
biofilms that form on such structures, which are the link between marine or aquatic organisms and 
the structure itself (Holappa et al., 2013). Biofilms form and fouling organisms attach to all 
subsurface structures such as propellers, rudders, inlets and outlets, sonar housings and protective 
grilles, as shown in the Figure 1 the most common methods used to remove biofouling (Bixler, 
Bhushan, 2012) are dry dock cleaning, antifouling paint and periodic underwater cleaning. It was noted 
that a good method for removing biofouling is the use of high-pressure abrasives in dry docks. In the 
dry dock cleaning method, ship owners accept increased sailing costs and wait for the complete 
cleaning and repainting of the hull in the dock. The method requires the ship to enter the dock and 
completely leave the water, and then clean the surface of the vessel with high-intensity labor (Hopkins 
et al., 2009). Dry dock cleaning apparently has its drawbacks in the form of long work cycles, high labor 
intensity and high cleaning costs. In the antifouling paint method, the hulls of ships are coated with a 
soft antifouling paint that can effectively kill or inhibit the growth of organisms. 

 

 
Fig. 1. Scheme of attachment of marine fouling organisms to the subsurface structures of the vessel 

 
It is extremely important to know the structure of biofouling layers on a vessel, as can be seen 

from our research. At least in order to effectively combat biofouling. Moreover, in recent years, 
the most modern methods based on ultrasound and laser radiation have been effectively included 
in the number of methods (Hua et al., 2018; Huang et al., 2017). Therefore, it is important to 
develop the direction of biofouling diagnostics. 
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In general, it is accepted to consider that biofoulings are classified by the type of organisms, 
for example, simple organisms, which include algae and bacteria, as well as living organisms – 
mollusks, worms, small fish. Also interesting is the division by the degree of growth – biofilms and 
colonial organisms. 

Study of the structure of biofouling 
We attempted to study plants to understand the possibility of their identification in the same 

layer of biofouling material. We conducted such a study of photoluminescence on green plants and 
algae. In the experiment, it was found that plants, when excited by radiation with the excitation 
energies specified above, show bright red photoluminescence. The photoluminescence spectra for 
green plants in all cases are two closely spaced bands (Zvyagintsev, Moshchenko, 2002). It is 
important to note that the energies of both bands for different types of plants were almost the same 
(Orlova, Rodionov, 2020). We believe that modern technologies, such as underwater drones 
equipped with high-resolution cameras or mobile photoluminescence installations, provide unique 
opportunities for monitoring the condition of ship hulls in real time (Lenbaum et al., 2015). Using 
images obtained from such drones, deep learning algorithms are able to effectively process large 
arrays of visual data. These algorithms, based on neural networks, allow identifying and classifying 
different types of biofouling by learning from pre-labeled data (Kostenko et al., 2019). 
Transformational models such as convolutional neural networks (CNNs) show particularly high 
performance in visual classification tasks because they can extract meaningful features from 
images, making the identification process more accurate. 

Involvement of artificial intelligence and the use of drones 
One of the most promising areas of using artificial intelligence (AI) to classify biofouling is the 

use of real-time data transmission tools. Equipping underwater drones with an image transmission 
system allows monitoring the condition of the hull of ships or lock components directly during their 
operation. AI algorithms can be integrated into technical tools, analyzing incoming data and providing 
recommendations for necessary actions. Thus, ship owners can quickly respond to changes in the 
condition of the hull and carry out preventive or cleaning work in a timely manner, which in turn helps 
reduce operating costs and improves the efficiency of shipping. 

However, for the successful implementation of such systems, it is important to consider a 
number of factors, such as the quality and availability of training data. The development of extensive 
and diverse datasets of biofouling images, as well as the implementation of data augmentation 
methods, can significantly improve the quality of classification (Kostenko et al., 2019). It is also 
important to consider the impact of different lighting conditions and underwater environments on the 
accuracy of the algorithms. Certification-based evaluation and testing systems can help assess the 
effectiveness of the developed solutions and ensure their reliability during operation. 

In recent years, with the rapid development of robotics and artificial intelligence, hull 
cleaning robots have gradually become the focus of attention in this field – Figure 2 (Lee et al., 
2022; Mazue et al., 2021). They can effectively and safely complete cleaning tasks in various water 
conditions, and have great economic and social value (Legg et al., 2015). 

The underwater hull cleaning robot mainly consists of surface equipment and underwater 
equipment (Kalumuck et al., 1997). The surface equipment includes control, casting and retrieving 
units, and the underwater equipment includes slave industrial computer, adsorption mechanism, 
drive mechanism, cleaning mechanism, position sensors, orientation sensor, underwater camera, 
etc (Longo, Muscato, 2006; Mazue et al., 2011). The diagram of the underwater hull cleaning robot 
is shown in Figure 3. 

The movement of the robot on the outside of the body is carried out by the motor, and its 
deviation is carried out by the difference in the angular velocity of the two motors. It uses a 
permanent magnet in adsorption. The brushes work during the movement along the specified 
route. The cleaning equipment consists of brushes, an actuator module of the drive and a support. 
The two motors that drive the two brushes rotate in opposite directions. The robot cleans while 
moving until the cleaning is completed (Menon et al., 2004). 
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Fig. 2. Classification of robotic systems used for cleaning ship hulls from biofouling 
 

 
 
Fig. 3. Robot diagram 

The underwater drone’s workflow for inspecting and cleaning ship hulls from biofouling 
begins with its descent underwater, where it inspects the ship’s hull or specific parts of it, such as 
the bottom and side. To obtain high-quality images of the propeller group (propulsor), it is 
necessary to stop the vessel, which avoids vibrations and allows the drone to record high-quality, 
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high-resolution images. Once the full hull inspection is complete, the convolutional neural network 
analyzes the images obtained, finds and classifies biofouling based on pre-trained data (Morrisey, 
Woods, 2015). A decision is then made on the type of drone and the corresponding cleaning 
equipment required to effectively remove the identified type of biofouling as (Figure 4; Hua et al., 
2018). In particular, it is recommended to use a drone that can attach to the ship’s hull using the 
low-pressure method, which ensures reliable fixation and maneuverability in the underwater 
environment (Kostenko et al., 2019). This method is also preferable, since magnetization is 
prohibited on military ships, making it not a universal solution. 

 

 

 
 
Fig. 4. An example of drones operating in dry dock and underwater mode to combat biofouling 

 
Construction of underwater cleaning device 
The underwater cleaning device is the drive of the underwater robot body cleaner. It consists 

of brushes, a power actuator (motor) and a support (Murphy et al., 2006). The cleaning tray, a 
stainless-steel half-coupling and a metal brush wire, which is also made of stainless steel, make up 
the brushes. To achieve high cleaning efficiency, a steel brush wire with good hardness and 
elasticity should be selected (Nassiraei et al., 2012). The cleaning tray is made of aluminum alloy 
and is fixed on its coupling, which is connected to the drive motor. The support is made of 
aluminum alloy, and the bearing is waterproof. Two cleaning devices are installed in the front part 
of the robot carrier, which rotates in the opposite direction. 

 
Development of a management system 
The control system of the underwater hull cleaning robot adopts two-level control (Oliveira, 

2017). The main computer, which is placed in the container and moves on the deck, can perform 
human-machine interface interaction, input of the initial values of the environment, designation of 
the task, path planning and display of the robot information, etc. The slave computer is fixed on the 
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carder of the robot, receives instructions from the main computer, controlling the task of moving 
the structure and cleaning unit. Information and power are transmitted through the umbilical 
cable. The position and gesture are determined by the inclinometer and the ultrasonic sensor, 
which controls and plans the task of the brushes. The underwater camera displays the information 
of the robot, and also checks the underwater hull of the vessel. 

 
3. Conclusion 
It is found that understanding the type of biofouling on the hull of a ship plays an important 

role in developing effective diagnostic and control methods. The application of AI to classify 
biofouling on ship hulls using images obtained by underwater drones is a promising area to help 
optimize operations in the maritime industry. 

The proposed AI-powered drone scheme can be very effective, as it creates an efficient scheme of 
operation where underwater drones not only inspect but also help maintain the cleanliness and safe 
operation of vessels, providing a high degree of automation and minimizing human intervention. 

This will improve the efficiency and timeliness of actions to prevent and remove biofouling, 
which, in turn, will help to increase the service life of the vessel and reduce its operating costs. 
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Abstract 
The study is devoted to determining the level of homocysteine in mammals and determining 

the extent of its influence on metabolic processes. 
Homocysteine is a sulfur-containing non-proteinogenic amino acid that is formed as a result 

of the oxidation-reduction metabolism of methionine. Homocysteine metabolism includes 
transmethylation, remethylation, and transsulfation reactions. When metabolism is disrupted, 
homocysteine formation increases, which leads to hyperhomocysteinemia. 

In this work, homocysteine levels were determined in rats with experimental heart failure 
and experimental chronic kidney disease in rats. Chronic heart failure was modeled by 
intraperitoneal administration of phenylephrine for 28 days. Chronic kidney disease was modeled 
by 5/6 nephrectomy. The residual kidney resection model was performed in two sessions under 
2 % isoflurane anesthesia: during the first week, approximately 2/3 of the left kidney was removed 
from the rats, and during the second week, the entire right kidney was removed. The level of 
homocysteine, creatinine, urea, potassium, sodium, chlorine ions, aspartate aminotransferase, 
alanine aminotransferase, lactate dehydrogenase activity were determined in the blood 2 and 
6 months after pathology modeling.  

Based on the results of the studies, it was established that an increase in homocysteine levels 
is observed in a number of pathologies, such as chronic heart failure and chronic kidney disease. 
An increase in the concentration of homocysteine in the blood plasma was revealed as the 
pathology progressed. The level of homocysteine in plasma correlates with the level of creatinine 
and urea and is absolutely not associated with the level of sodium, potassium, chloride ions and the 
activity of metabolic enzymes. The results of the study allow us to recommend measuring the 
concentration of homocysteine in plasma to determine the degree of metabolic disorders. 

Keywords: homocysteine, blood, metabolites, creatinine, urea, heart, kidneys, biological 
systems, enzymes, ions. 

 
1. Introduction 
Homocysteine (Hcy) is a sulfur-containing non-proteinogenic amino acid that is formed as a 

result of the redox metabolism of methionine. Hcy metabolism involves transmethylation, 
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remethylation, and transsulfation reactions. In most cells, through the transmethylation of Hcy in 
the methionine metabolic cycle, the methyl group of activated methionine (S-adenosylmethionine 
or SAM) is attached to methyl acceptors (DNA, RNA, and protein) by methyltransferases, and                          
S-adenosyl-Hcy (SAH) is rapidly hydrolyzed to adenosine and Hcy, resulting in 
hyperhomocysteinemia. Once formed, Hcy can be recycled to methionine or converted to cysteine 
by remethylation and transsulfation, respectively. Hcy is remethylated to methionine through two 
separate reactions catalyzed by three different enzymes. In all tissues, folate donates a methyl 
group via methylenetetrahydrofolate reductase (MTHFR) in a reaction catalyzed by methionine 
synthase, a vitamin B12-dependent enzyme (Esse et al., 2019). Otherwise, mainly in the 
mammalian heart, liver, and kidney, Hcy is remethylated using betaine, which donates a methyl 
group by betaine-Hcy S-methyltransferase (BHMT). Betaine is found in some foods such as wheat 
germ or bran, spinach, beets, seafood, and legumes. Studies have confirmed the ability of betaine to 
reduce Hcy levels in the presence of excess methionine intake, and the fact that low-dose betaine 
supplementation results in immediate and long-term reductions in plasma Hcy levels in healthy 
individuals (Steenge et al., 2003, Olthof et al., 2003). The remethylation process begins at low 
concentrations of Hcy and methionine (McRae, 2013). On the other hand, mainly in the liver, but 
also in the kidneys, small intestine and pancreas (Zaric et al., 2019), Hcy is enzymatically modified 
by cystathionine β-synthase, a vitamin B6-dependent enzyme, to irreversibly form cysteine via the 
intermediate cystathionine. The transsulfuration pathway results in the formation of sulfur 
metabolites including GSH, a key cellular antioxidant, and hydrogen sulfide (H2S), which acts as a 
gaseous signaling molecule. The transsulfuration pathway becomes active when Hcy and 
methionine concentrations increase (Verhoef et al., 2005). 

In plants, Hcy is synthesized by two pathways. One involves the plastid/chloroplast and involves 
a pathway from sulfate via the formation of cysteine and cystathionine (CysT); however, next to 
cysteine, also O-phosphohomoserine can be metabolized to CysT by CysT γ-synthase. β-cleavage of 
CysT to Hcy is catalyzed by cystathionine β-lyase (CBL) (Ravanel et al., 2005). The other cytosolic 
pathway involves the formation of Hcy as a by-product of the methylation reaction in plant cells 
(Jakubowski, 2006). In this regard, S-adenosylhomocysteine (AdoHcy) is converted to Hcy in a 
reaction catalyzed by S-adenosylhomocysteine hydrolase (SAHH) (Ravanel et al., 2005). 

Most studies confirm an increase in homocysteine levels in various pathologies, but data on 
the correlation of homocysteine levels with metabolic parameters remain unstudied.  

The aim of our research was to study the correlation of homocysteine levels with metabolic 
parameters of the blood in experimental chronic failure and chronic renal disease in rats. 

 
2. Methodology 
Modeling of chronic heart failure (CHF) and chronic kidney disease was performed on male 

Wistar rats. All experimental protocols complied with international ethical standards for the 
humane treatment of animals and were approved by the Local Ethics Committee of KFU (protocol 
33 dated 11/25/2021). The animals were housed according to the guidelines for animal research, 
with constant room temperature, a 12-hour light/dark cycle, and 50±5 % humidity, as well as 
standard chow and water ad libitum. 

The animals were divided into 3 groups: 
1. Control (n = 16) 
2. Rats with experimental chronic heart failure (n = 16) 
3. Rats with experimental chronic kidney disease (n = 16). 
Chronic heart failure was modeled by intraperitoneal administration of phenylephrine for 

28 days (Rajanathan et al., 2022). 
Chronic kidney disease was modeled by 5/6 nephrectomy. The residual kidney resection 

model was performed in two sessions under 2 % isoflurane anesthesia: in the first week, 
approximately 2/3 of the left kidney was removed from the rats, and in the second week, the entire 
right kidney was removed. After surgery, the rats were given free access to tap water and standard 
rat chow (Nishiyama et al., 2019). 

The level of homocysteine, creatinine, urea, potassium, sodium, chlorine ions, aspartate 
aminotransferase, alanine aminotransferase, lactate dehydrogenase activity were measured in the 
blood 2 and 6 months after pathology modeling. The level of homocysteine was determined in 
blood plasma by a colorimetric method on a Thermo Scientific Multiskan F analyzer using a kit 
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from Elabscience Biotechnology Co., Ltd. Biochemical analysis of blood plasma was performed by 
photometric method using commercial kits. 

To test the normal distribution of data, Fisher's F-test and Shapiro-Wilk test were used using 
OriginPro 8.5 software. To compare two independent groups and paired data, Mann-Whitney U-
test and Wilcoxon paired test were used, respectively. Correlation analysis was performed using 
Pearson coefficient. 

 
3. Results and discussion 
After modeling heart failure, rats developed cardiomegaly (Figure 1). 
 

 
 
Fig. 1. Lateral radiograph of a rat with left-sided chronic heart failure. Severe cardiomegaly, 
especially in the left atrium 

 
The studies showed that the level of homocysteine in the blood plasma gradually increased 

with the development of chronic heart failure. 
In healthy rats of the control group, the level of homocysteine in the blood was 6.75 ± 

0.25 μmol/l. Immediately after the end of the modeling, the level of homocysteine did not change, 
while clinical symptoms of heart failure were pronounced. 

Two months after the modeling of heart failure, the level of homocysteine increased to 14.9 ± 
0.66 μmol/l, and after 6 months to 21.5 ± 0.7 μmol/l (Figure 2). 

This fact calls into question the claims of many authors that hyperhomocysteinemia is a risk 
factor for cardiovascular diseases (Jakubowski, 2019; Kim et al., 2018; Kubota et al., 2019). 
Our data confirm the studies of Wang X et al. (2023), who found no causal relationship between 
elevated plasma homocysteine levels and cardiovascular diseases. 

At the same time, the study of metabolic parameters showed that the level of homocysteine 
correlated with the level of creatinine in the blood, which also increased as chronic heart failure 
developed. The remaining parameters studied were independent of the level of plasma 
homocysteine (Table 1). 
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Fig. 2. Homocysteine levels in rats with experimental chronic heart failure, 
*– is the significance of differences p≤0.05 

 
Table 1. Changes in the biochemical composition of blood in rats with CHF 
 

Parameter  Control 
CHF rats  
2 months  

after modeling 

CHF rats  
6 months  

after modeling 

Urea, mmol/l 6.80.7 8.40.71* 8.30.71 

Creatinine, μmol/l 71.68.2 136.118.4* 158.619.0* 

AST, U/l 20.62.07 40.23.5 77.56.5* 

ALT, U/l 40.62.62 38.62.9 40.22.9 

LDH, U/l 21.71.19 29.83.9 31.76.9 

Na, mmol/l 156.33.06 148.50.92 152.40.92 

K, mmol/l 4.150.94 3.690.48 3.890.48 

Cl, mmol/l 90.54.5 86.25.28 99.21.28 
*– is the significance of differences p≤0.05 

 
Experimental chronic kidney disease was also accompanied by an increase in the level of 

homocysteine in the blood. In experimental chronic kidney disease, it is higher than in chronic 
heart failure. Two months after modeling, the concentration of homocysteine in the blood plasma 
is 17.46±0.57 μmol/l, and after 4 months it increases to 30.25±0.68 μmol/l (Figure 3). A positive 
correlation with the level of creatinine and urea in the blood was revealed (Table 2).  

Therefore, the level of homocysteine increases with the progression of renal pathology and 
can be used as a marker for predicting the development of the severity of renal failure. 
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Fig. 3. Homocysteine levels in rats with experimental chronic kidney disease, 
* – is the significance of differences p≤0.05 

 
Table 2. Changes in the biochemical composition of blood in rats with CKD 
 

Parameter  Control 
CHF rats 2 months  

after modeling 
CHF rats 6 months  

after modeling 

Urea, mmol/l 6.80.7 36.82.7* 532.7* 

Creatinine, μmol/l 71.68.2 1869.4* 2219.4* 

AST, U/l 20.62.07 20.82.47 222.47 

ALT, U/l 40.62.62 42.62.82 482.82 

Na, mmol/l 156.33.06 162.53.06 1703.06 

K, mmol/l 4.150.94 3.650.94 3.150.94 

Cl, mmol/l 90.54.5 85.44.5 794.5 

*– is the significance of differences p≤0.05 
 
There is sufficiently strong clinical evidence that hyperhomocysteinemia does not cause renal 

failure (Samuelsson et al., 1999; Sarnak et al., 2002; Hovind et al., 2001), although a recent study has 
linked higher homocysteine levels with a greater decrease in glomerular filtration rate (Ninomiya et al., 
2004). Therefore, the association between hyperhomocysteinemia and renal dysfunction may be 
causal, i.e. renal failure causes elevated plasma homocysteine levels, but this association may also be 
due to other co-factors that, on the one hand, lead to renal dysfunction and, on the other hand, cause 
hyperhomocysteinemia through different mechanisms. Evidence for the association between 
hyperhomocysteinemia and the progression of chronic renal failure is the lack of a significant 
relationship between enzyme activity (aspartate aminotransferase, alanine aminotransferase) and the 
concentration of plasma ions in the blood (sodium, potassium, chloride ions). 

 
4. Conclusion and recommendations 
An increase in the homocysteine level in biological systems is an indicator of metabolic 

disorders. The concentration of homocysteine in the blood plasma of mammals positively 
correlates with the final metabolites of blood plasma, which allows it to be used to predict the 
development of a number of pathologies, including chronic heart failure and chronic renal disease. 
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Valery Ivanovich Glazko was a member of the Editorial Board of the journal Biogeosystem 
Technique. He made a great contribution in formulation the journal's objective and defined the 
publication policy. Based on a genetics systematic, his series of articles in the journal on the 
genomics, biotechnology and ecology potential opened up the new solutions to the genetics and 
environmental protection fundamental problems.  

His research in the field of evolutionary, population and ecological genetics, the genetic 
foundations of speciation and domestication, biotechnology, the use of DNA technologies in 
agriculture, the coevolution of human and domesticated animal gene pools allowed him to 
formulate a number of important hypotheses and concepts of agroecobiocenoses sustainable 
development, genetic diversity conservation, and opened the domestication mechanisms. 

Valery Ivanovich Glazko is an outstanding Russian scientist, geneticist, radiation biologist, 
biotechnologist and molecular biologist. He was the author of 1,000 scientific papers. 

He was a member of the editorial boards of many influential scientific journals. 
He was born on January 30, 1949 in the city of Leninogorsk, Kazakh SSR. In 1972, 

he graduated from the Faculty of Natural Sciences of Novosibirsk State University with a degree in 
genetics. Doctor of Sciences since 1991.  

Valery Ivanovich will remain in our memory as an example of a thinker, a bearer of deep 
fundamental knowledge, decency, and kindness, presenting a bright image of a Russian scientist. 

 


