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HUMIC ACIDS: PROPERTIES, STRUCTURE, AND APPLICATION

Abstract: Humic substances (HSs) are a diverse class of natural compounds with no fixed chemical
composition, formed from plant and microbial residues through the action of environmental factors and living
organisms over many years. Despite extensive research spanning two centuries, the complex and variable
nature of HSs' structure remains a subject of scientific inquiry. These substances, notably humic acids, fulvic
acids, and humin, play crucial roles in ecological and environmental processes due to their abundant functional
groups and resilience to biodegradation. This review explores the intricate structure and properties of HSs,
their classification, and their occurrence in nature. It highlights the different models proposed to describe the
structural fragments of humic acids, emphasizing their aromatic cores and diverse functional groups. The
variability in the molecular weight distribution of HSs, attributed to their polydisperse nature, is also discussed,
along with methods used for their determination, such as exclusion chromatography. Furthermore, the
elemental and functional compositions of humic acids are examined, detailing their acid-base properties and
capacity for heavy metal complexation. The synthesis of HSs from natural sources, such as soil, peat, coal,
and artificial processes, is covered, showcasing methods like alkaline extraction and hydrothermal treatment.
Recent advancements in artificial humification, including oxidative ammonolysis and Fenton reagent-based
oxidation, are reviewed for their potential in producing environmentally friendly humic materials from lignin and
waste biomass. The study concludes by underscoring the environmental significance and practical applications
of HSs, particularly in agriculture, soil conditioning, and environmental remediation. The diverse properties and
synthesis methods of HSs make them promising candidates for sustainable material production and
environmental management. Humic acids are versatile compounds beneficial for human health due to their
potent antioxidant properties, immune-modulating effects, and support for gastrointestinal health and
detoxification. Structurally diverse, they feature groups like carboxyl, phenolic hydroxyl, quinones, ketonic
carbonyls, amino, and sulfhydryl, contributing to their stability and amphiphilic nature. In pharmaceutical
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applications, they show promise for drug delivery, antioxidant therapies, wound healing, antimicrobial actions,
and biofilm disruption, underlining their biocompatibility and safety.

Key words: humic acid, humic substances, metal humic complexes, polymer materials,
electrochemical properties, synthesis of humic acid, structure of humic acid.

Introduction. Humic substances are a class of natural polyfunctional compounds, which
have no permanent chemical composition and are formed from plant and microbial residues as a
result of many years of action by living organisms in combination with environmental factors [1,2].
Despite two centuries of research, the structure of humic substances remains elusive due to their
intricate and ever-changing composition over time. This variability is attributed to the stochastic
nature of humification processes, which operate based on the principle of natural selection favoring
stable structures [3,4]. To date, scientists have agreed that humic substances are complex
heterogeneous mixtures of polydisperse materials of variable composition, which are resistant to
biodegradation. Important components involved in the humification process are plant lignin and
products of its transformation, polysaccharides, melanin, cutin, proteins, nucleic acids, and lipids [5].
We hypothesize that humic substances could become an environmentally friendly material for
producing metal nanoparticles, thanks to their incredible properties.

Structure and properties of humic substances. Classification, structure, origin, and
occurrence in nature. There exists a widely accepted classification of humic substances [6], which
is based on their solubility in solvents of varying natures. According to this classification, there are
fulvic acids, a subset of humic substances soluble across all pH ranges; humic acids, another subset
soluble in alkaline and neutral conditions but precipitates when the pH drops below 2; and humin,
an insoluble and irretrievable residue. It's important to highlight that humic and fulvic acids,
collectively referred to as humic acids, are the most mobile and reactive components of humic
substances, actively engaging in chemical processes within ecosystems [7]. In certain instances,
humic and fulvic acids are not separated; however, humic acids predominantly constitute the humic
acid fraction and, due to their propensity to transfer to the solid phase, are subject to more thorough
investigation. Since no specific humic acid molecule exists, various models of hypothetical structural
fragments of humic acid molecules are created based on the accumulated NMR, IR, and other
spectroscopy data, as well as complex chemical analysis [8-10]. A prevailing aspect in many models
is the existence of two main components: a core structure (comprising an aromatic carbon skeleton
adorned with functional groups, notably carboxyl, hydroxyl, and methoxyl groups), and a disordered
outer region, encompassing polysaccharide-polypeptide and other fragments [9-17]. The prevailing
model for the hypothetical humic acid molecule is the fragment model, as proposed by Kleinhempel
[19], which effectively portrays the intricate and varied nature of its constituent structures.

Humic substances play vital roles in supporting life within the biosphere, owing to their
abundance of diverse functional groups and the strong stability of structures developed through
natural selection processes. The accumulative function is the accumulation of chemical elements,
the transport function is the formation of geochemical flows of various substances, the regulatory
function is the influence on the aggregate of metabolic processes in natural bodies, and the
protective function is the binding of toxicants [20]. The main sources of humic substances are river
water (up to 20 mg/l), swamp water (up to 300 mg/l), soil (1-12%), peat (up to 40%), and brown coal
(up to 85%). ee is one of the richest sources of humic substances [21]. The global reserves of lignite
are enormous [22]. However, lignite is poorly suited for use as a fuel because of its low calorific value
and its tendency to spontaneously combust during transport. The production of humic acids and
humic-containing products from lignite is a good alternative to its energy use and belongs to the field
of deep processing of hydrocarbons, aimed at the comprehensive use of coal and increasing the
added value of coal products [23].

Macromolecular structure and molecular weight distribution of HSs. Determining the
molecular mass of humic fractions is a key issue in studying humic substances. Reviews have
highlighted significant discrepancies between the values obtained by various methods, with
differences reaching several orders of magnitude [19, 21, 24-26]. Humic acids' relative molecular
mass ranges from a few hundred to several hundred thousand Daltons. These discrepancies have
sparked debates about the nature of humic substances (HSSs).

Traditionally, Kononova's concept, proposed in 1961, viewed HSs as polymer systems.
According to this model, different humic fractions, isolated based on solubility, are part of a
heterogeneous mixture with molecular masses ranging from hundreds to hundreds of thousands of
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Daltons, showing continuity in chemical properties [7, 27, 28]. This idea was later replaced by the
micellar arrangement concept [29], which suggested that HSs are clusters of short molecules linked
by hydrophobic and hydrogen bonds, accounting for their large apparent size. However, this theory
was criticized for being based on low pH conditions that distorted fractionation results [30].

Supporting the high-molecular-mass structure of HSs is their origin from the biological
processing of lignin, polyphenols, cellulose, and amino acids. Subsequent research led to the
modern theory of supramolecular structure [31], proposing that HSs should be studied as molecular
ensembles. This method determines average physicochemical characteristics, including molecular
weight distribution, from which the average molecular weight is calculated [26]. The specific average
molecular weight type depends on how the molecular weight distribution is averaged.

Table 1 — Approaches to averaging the distribution of molecular weights in polymers

Number average molar mass (Mn) | Mass average molar mass (Mw) | Viscosity average molar mass (Mv)
M_ZZni*Mi M_zZni*M{“ M_:Zni*ME
n Zni w Zni*Ml- v Zni*Ml-z

Monodisperse polymeric systems show consistent average molecular weights across all
methods, while polydisperse systems typically follow the inequality: Mv > Mw > Mn. This inequality
allows the estimation of a polymer's polydispersity index (Mw/Mn) (Table 1). Various methods for
determining the molecular weight of humic acids include light scattering, chromatography,
ultracentrifugation, viscometry, and colligative property-based methods, each with its pros and cons
[32, 33]. Techniques based on colligative properties, like cryoscopy and ebullioscopy, are less
practical due to their sensitivity to low molecular weight impurities, a common characteristic of humic
substances. Ultrafiltration is also complicated by interactions between humic acids and membranes
[34]. Chromatographic methods, especially exclusion (gel permeation) chromatography, are the
most commonly used for studying the molecular weight distribution of humic acids [35,36]. This
method determines molecular mass distribution based on the size effect: smaller molecules
penetrate the stationary phase pores more easily, resulting in longer retention times, while larger
molecules pass through more quickly. It's important to note that exclusion chromatography measures
molecular size distribution rather than molecular weight distribution, a significant distinction given
the complex, flexible nature of humic acid molecules.

The effective size of humic acid molecules depends not only on their molar mass and shape
but also on factors like concentration, pH, and ionic strength of the mobile phase [19]. Exclusion
chromatography is complicated by the active nature of humic acids, including Coulomb interactions
and specific adsorption [1]. Proper selection of gel and eluent can minimize these issues [24, 25, 37,
38]. Discrepancies in molecular weight distribution often arise from the choice of comparison
samples [39,40]. Because humic substances have unique structures, suitable comparison
compounds with known molecular masses are not available. Instead, polydextrans or polystyrene
sulfonic acids are commonly used [7, 41]. It's crucial to consider the conditions under which
molecular weight distribution curves are obtained when comparing average molecular weights [42].
Thus, humic acids, as polydisperse heteropolymers, are best characterized by exclusion
chromatography for determining their molecular weights.

The elemental composition of humic acids. The elemental composition of humic acids is
generally understood as the compaosition of the organic part, not including ash and water. The main
elements present in humic substances in comparable quantities are carbon, hydrogen, oxygen, and,
in smaller quantities, nitrogen. In many cases, sulfur is found [2, 42]. The ratio of these elements in
humic acids essentially depends on their origin and varies not only for humic acids of different types
of sources (for example, soil or lignite), but also from the place and history of formation [43, 44].
Thus, the aromatic carbon content in soil humic acids varies, increases with an increasing degree of
humification [44], and reaches a maximum of 70% of total carbon [41,45,46]. The authors [47]
suggested the use of the element ratios in humic acids as indicators in assessing the natural
environment of different periods of paleographic history because they correspond to landscape
conditions and even to the quantitative characteristics of the climatic indicators of the time of their
formation [48, 49]. The elemental composition of different fractions of humic substances of the same
source is also different.
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The functional composition of humic acids. Acid-base properties. Buffer characteristics. The
functional groups occupy a special place among the structural fragments of humic acids, as they are
mainly responsible for the reactivity of humic molecules.

Among the oxygen-containing groups, the carboxyl, alcohol, and hydroxyl groups stand out
as the most prevalent and influential. Specifically, within aromatic structures, phenolic and carboxyl
groups play crucial roles in determining humic acids' capacity to form complexes with heavy metals
[45,50]. Additionally, the quinone and semiquinone groups enable humic acids to engage in reactions
via a free-radical mechanism. Nitrogen-containing groups within humic acids encompass
heterocycles, amino acids, and aliphatic amines, all of which play a role in influencing the
complexation behavior of heavy metals. Understanding the quantitative distribution of these main
functional groups is essential for elucidating and predicting the chemical behavior of humic acids
and their interactions with heavy metals. Potentiometric titration is a common method used to obtain
this information [48, 51]. Due to humic acids' low solubility in water, reverse titration — where the
sample is first dissolved in alkali — is necessary rather than direct titration. The acidic functional
groups in humic acids predominantly fall into three categories [52]. At pH 2.0, the carboxylic groups
of hydrocarbon chains are titrated, at pH 6.5, the carboxylic groups at the aromatic ring, and pH 10-
11, the phenolic hydroxyls. The detection of 3 equivalence points makes it possible to calculate the
number of groups of interest [23, 53, 54].

Synthesis of HSs. HSs are originated from naturally decaying biomass. The main products
of HS are humic acids, fulvic acids, and humins. HS are extracted from natural origins (e.g., coals,
lignite, forest, and river sediments). There are lots of recent developments in obtaining artificial humic
substances by humification from waste biomass, lignin, and non-lignin biomass.

Synthesis of HAs from natural substances. Humic acids are complex organic compounds that
are naturally present in soil, peat, coal, and other organic materials [55-63]. They play a crucial role
in soil fertility, nutrient cycling, and environmental processes. While humic acids can be extracted
from various natural sources, their synthesis involves complex biochemical and geochemical
processes. Here's a general overview of how humic acids can be synthesized from different natural
sources:

Coal:

— Humic acids can be derived from coal through a series of chemical and thermal processes.

— Coal is typically treated with alkalis or acids under controlled conditions to break down its organic
components.

— The resulting mixture undergoes oxidation and hydrolysis reactions to release humic substances,
including humic acids.

— These humic acids can then be separated, purified, and characterized for various applications,
such as soil conditioning, agriculture, and environmental remediation.

Soil:

— Humic acids naturally form in soil through the decomposition of organic matter, such as plant and
animal residues.

— Microorganisms play a crucial role in the transformation of organic materials into humic
substances.

— During decomposition, complex organic molecules are broken down into simpler compounds,
which undergo further polymerization and condensation reactions to form humic acids.

— Humification, the process by which organic matter is converted into humic substances, is
influenced by temperature, pH, moisture, and microbial activity.

— Humic acids in soil contribute to soil structure, water retention, nutrient availability, and cation
exchange capacity.

Peat:

— Peat, a type of organic soil formed from partially decomposed plant material, is rich in humic
substances, including humic acids.

— Humic acids in peat are derived from the decomposition and transformation of plant residues over
thousands of years.

— Peat extraction involves harvesting and processing peat bogs to obtain humic-rich materials.

— Humic acids extracted from peat are used in agriculture, horticulture, water treatment, and other
applications for their soil conditioning and environmental benefits.

Other Sources:

— Humic acids can also be found in lignite, leonardite, and other organic-rich materials.
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— Extraction methods vary depending on the source material and intended applications.
— Chemical, physical, and biological processes may be employed to isolate and concentrate humic
acids from these sources.

Chemical techniques for extracting humic acids encompass various methods, with alkaline
extraction being the predominant approach. This method entails treating natural substances with a
solution containing potassium or sodium alkali, followed by precipitation using hydrochloric acid or
sulfuric acid solution. A crucial aspect of this technique involves subjecting the alkaline extract to
heat during neutralization to enhance the coagulation of humic acid particles effectively (Figure 1).
Additionally, physical activation methods, like ultrasonic treatment or extraction under elevated
pressure, are employed to enhance the efficiency of alkaline extraction from raw materials. Humic
substances consist of three main high molecular compounds respectively HA, HMA, and FA [64, 65].

A simple reaction for extracting humic substances from natural substances is as follows

N + NaOH — HA-COONa + N'MK-COONa + FA-COONa

N — any substance containing humic compounds

HA — humic acid radical

HMA — radical of himatomelanic acid

FA — radical of fulvic acid

If acid is added to the resulting alkaline extract at a pH of 1-2, humic and hematomelinic acid
will precipitate, and fulva will remain in the acidic solution:

HA-COONa + HMA-COONa + FA-COONa + HCI — NaCl + HA-COOH + HMA-COOH + FA-COOH

The precipitates of HM and HMA are easily separated, and after drying, they are obtained as
black or dark brown powder [65].

Artificial humification. The humification of waste biomass and non-lignin materials involves
various chemical processes and conditions aimed at yielding HA, FA, and humins. For instance, the
process can include two-stage hydrothermal (HT) treatment, alkaline HT treatment, and neutral HT
treatment [66-73]. These processes can yield significant HA, with conditions such as high
temperature and specific pH levels affecting the yield. The preferred temperature for the humification
process can significantly impact the yield of HSs. Studies have shown that increasing the
temperature can lead to an increase in the formation of substances. For instance, in the HT treatment
of broccoli stem, elevating the temperature from 184 to 220 degrees resulted in a higher yield of HA
[72]. The temperature of the HT treatment of waste biomass, such as wheat straw and sugarcane
exocarp, food wastes has been reported to influence the yield of HA. Therefore, it's evident that
temperature plays a crucial role in the humification process, affecting the yield of HSs. The yield
from the direct alkali hydrothermal treatment process is relatively low (1.8-2.3%), potentially
obstructing the production of hydroxymethylfurfural aldehyde (HMF) in environments with high
alkalinity (Table 2) [69, 71, 74]. Additionally, the neutral HT treatment of waste biomass under
specific conditions has been reported to generate a considerable yield of HA, which can have
applications in soil enrichment, fertilizer production, wastewater treatment, water decontamination,
and even medicines. The transformation of waste biomass toxic complex chemical reactions can
have implications for environmental sustainability and resource management.

The artificial humification can be carried out by the direct oxidation (DO) and oxidative
ammonolysis (OA) process of lignin. The process of alkaline wet oxidation for lignin necessitates
elevated temperatures (125-320 °C) and pressures (up to 2 MPa), with air or oxygen present [75].
Recent methods for transforming technical lignin into materials resembling humic substances can
be broadly categorized into three approaches: alkaline aerobic oxidation (AAO) of technical lignin,
alkaline oxidative digestion (AOD) of lignocellulosic biomass using hydrogen peroxide, and Fenton
reagent-based oxidation of lignin with hydrogen peroxide (Figure 2). Figure 2(1) presents a
diagrammatic representation of the synthesis of artificial lignohumate (ALH) from technical lignin
through the AAO method [76]. During this procedure, lignin is dissolved in an alkaline medium like
KOH or NaOH, which catalyzes to activation of the phenolic OH groups within the lignin, followed by
oxidation using air/oxygen or hydrogen peroxide. Post-reaction, the resultant product is ready for
use in its liquid or solid state. Nonetheless, ALH produced via NaOH may require dialysis to remove
excess sodium ions that could potentially increase soil salinity and adversely affect plant growth
when used as a fertilizer [76].
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+ 0.1 M NaOH

Insoluble precipitate

+HCI (pH=1 - 2)

HA-COOH + HMA-COOH FA-COOH

Activated carbon
+0.1 M NaOH

FA-COONa

H-cationite

+ Cs:H50

Precipitate
HA-COOH

Solution in ethanol
HMA-COOH

Drying Drying

Figure 1 — Schematic synthesis diagram of humic Acids from natural substances

Table 2 — The transformation of biomass and non-lignin materials utilizing alternative
technigues to create humic substances

Raw material Chemical processes Conditions Yield Refs.
Corn stalk Two-stage 180 °C, 4 h, pH 1
Hydrothergr]nal 180 °C. 4 h, ppH 13 HA-28.7% [66]
Wheat straw Hydrothermal 220 °C,4 h HA-30.2% [71]
Broccoli stem HS-198 g/kg
Hydrothermal 204-220 °C, 10 min HA-50.7 g/kg [72]
FA-28 g/kg
Sugarcane exocarp Hydrothermal 200°C,1h HA-14.85% [69]
Cabbage leaf KOH (25%),
Alkali- Hydrothermal NH40H (20%), Not available [70]
195°C,4 h
Glucose, saw dust, tulip | ali-Hydrothermal KOH HA-1.8% [67]
tree leaves
Food wastes (rice, meat, Hydrothermal 215°C, 1 h HA-43.5 [74]
cabbage, potatoes)
Fermented Furfural Alkali dissolution and KOH (8%) 70 °C, 2.5 | HA-49% [68]
acidification h
Carbohydrates Hydrothermal ([BMIM]CI) (10 g) HA-56.6% [81]
monomer CrCI3 (0.74 g)
110°C,4h

In an alternative approach, lignocellulosic biomass is subjected to alkaline oxidation digestion
to produce water-soluble lignin, which is then utilized for generating HS-like materials. A schematic
representation of this procedure is illustrated in Figure 2(3) [77-79]. This method involves the
biomass undergoing digestion in an alkaline environment, typically with KOH or NaOH, in the
presence of an oxidizing agent such as hydrogen peroxide. Following digestion, insoluble cellulosic
fibers are filtered out, and the filtrate is acidified to separate hemicelluloses/sugars from lignin. The
separated lignin is then suspended in water and neutralized to yield water-soluble fractions known
as lignohumates. The oxidative mechanism acting on lignin in this process is expected to mirror that
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of alkaline aerobic oxidation. The AOD process offers several advantages, including the direct
utilization of biomass, operation at low temperatures (around 50 °C, overnight), and the generation
of cellulose fibers as secondary products. Additionally, the acidification step facilitates the production
of monomeric toxic phenolic compounds, also referred to as phytotoxic chemicals [77,78,80].

A novel approach has been devised for oxidizing lignin, such as kraft lignin, utilizing hydrogen
peroxide with a Fenton reagent catalyst at ambient temperature (Figure 2(2)) [82]. Here, lignin is
combined with a hydrogen peroxide solution, followed by oxidation at room temperature in the
presence of iron (ll) sulfate heptahydrate. After the oxidation reaction, the solution undergoes
centrifugation and multiple washes with deionized water to eliminate residual chemicals and harmful
phenolic compounds. The resulting solid residue, oxidized lignin, is then freeze-dried for subsequent
use as lignohumate. Fenton reagent-based lignin depolymerization, a broad oxidation method,
transforms lignin into HA-like substances with iron-based inorganics enhancing the oxygen-to-
carbon (O/C) ratio and adding functional groups like quinones. The process’s efficiency depends on
lignin’s structure and the hydrogen peroxide to iron (l1) sulfate ratio [82, 83]. However, it may produce
phytotoxic phenolic compounds [83], necessitating post-process separation for a clean product.

Artificial humification can be achieved through the OA process of lignin, which allows the
incorporation of a significant amount of nitrogen into the humified lignin in various forms. In soll,
organic matter like HS requires nitrogen for efficient biodegradation. Research indicates that a
carbon-to-nitrogen ratio below 20 facilitates biological degradation [84], while a value higher than 25
may hinder the process. Natural humification can also be simulated by reacting technical lignin with
ammonium hydroxide or ammonia solution, thereby increasing the C/N ratio and enhancing crop
productivity [85]. Figure 3 illustrates the preparation of nitrogen-enriched lignohumates (N-ALHS)
using the oxidative ammonolysis process [86-88]. In this, lignin is suspended in different
concentrations of NH4OH solution. The reaction occurs within temperature ranges of 130-150 °C
and can be treated with or without oxidants (such as air or oxygen). After the reaction, the water-
soluble and insoluble components are separated and can be utilized as different grades of fertilizers
[84].

KOH/NaOH

solution
N N

Oxidative

digestion 50 °C |
Insoluble fraction| Filtration

Insoluble
cellulose

Mixing

H20./Air/O;
Oxidation

120 - 180 °C

pH =13

Fenton
oxidation room

Soluble fraction

Lignin and
Hemicellulos
el/sugars

Hemicellulose/sugars ISqubIe fraction

Neutralization Acid insoluble I"SDI_UbIE
and dialysis =1 lignin . fraction Filtration

Figure 2 — A schematic flow diagram of the various direct oxidation for lignohumate production
from lignin

pH=8.5-10

Lignohumate

Acidification

The complexing properties of humic acids. Humic acids, known for their complex structure
and versatility, also function as ligands in metal complexes, confirming their role in soil coordination
structures [89]]. Research focuses on heavy metal contamination, metal-humic complex formation,
and interactions with herbicides and hydrocarbons. Humic acids form stable water-soluble salts with
monovalent cations (NH4+, Na+, K+, etc.) and less soluble complexes with divalent/trivalent cations
(Ca2+, Al3+, etc.), influenced by pH [90]. Their functional groups (carboxyl, hydroxyl, amine, etc.)
enable coordination bonds with metals [91].
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N - enriched
With/without lignohumates

KOH/NaOH

solution Air/O, C/IN=25-3.5
1 Soluble fraction
Oxidative
Mixing ammonolysis  [——>| Filtration
130 - 150 °C

Insoluble fraction

N- enri'ched
lignohumates
CIN=75-85

Figure 3 — A schema of the process of oxidative ammonolysis to produce nitrogen-enriched
lignohumate from lignin

Recent studies highlight the importance of organic compounds in soil, including humic
substances formed from biomass decomposition. Humic-like substances, produced via hydrothermal
carbonization, show similar metal complexation properties as natural humics [92]. For example,
humic acids strongly bind copper ions, influenced by their functional groups and structural
characteristics [93]. The complexation with iron cations occurs notably on the aromatic side groups
[94].

Experimental studies show dissolved organic substances form complexes with A**, Fe**, and
Cu?* in surface waters, with significant contributions from humic acids [95]. Metal-humic complexes
exhibit high stability; for instance, fulvic acids form strong complexes with Fe (lll) and Al (lll) at
different pH levels. Stability varies among metals, with Cu?* and Pb?" complexes being more stable
than those with Cd?*.

Humic substances can be grouped by their metal ion binding:

1. Humates and fulvates with alkali/alkaline earth metals.

2. Covalent bonds with polyvalent cations.

3. Coordination complexes with transition metals.

Sorption efficiency decreases in the order: Fe3* > AP* > Cu?* > Zn?* > Co?* > Mn?*, reflecting
solubility trends. Thus, humic acids play a crucial role in forming stable metal complexes in various
environmental contexts.

Electrochemical properties of humic substances. Humic substances form metal-humic
complexes, enabling electrochemical studies and enhancing analytical methods due to their high
sensitivity. Combining electrochemical and molecular analysis assesses changes in humic
substances' composition and redox properties during sorption processes, crucial since most humic
substances in soil and groundwater are sorbed, not dissolved [94]. These studies help understand
biogeochemical processes involving electron transport and the adsorption and redox properties of
active soil components, like iron-containing minerals.

In oxygen-rich environments, minerals, natural organic matter, and divalent manganese
(Mn(I1)) coexist, influencing the reactivity of organic substances and manganese toward metals and
pollutants. The interaction of Mn(lIl) with humic acids and iron oxides (like goethite) affects adsorption
and oxidation processes, particularly at pH 5-8, altering the formation and composition of Mn(ll)
oxidation products [96]. Humic acids, modified for various applications, show initiating properties for
oxygen electroreduction at pH >7 and inhibitory properties at pH <7 [97]. Increasing humic acid in a
solution accelerates metal reduction on the cathode, reducing metal complex accumulation on the
electrode. Cyclic voltammetry studies indicate that electrodes modified with humic acid are highly
sensitive and effectively accumulate copper ions.

The formation of carboxylates at pH 4.5 is faster than at pH 3, increasing voltammetry
sensitivity in the pH range of 3-4.5. At pH <7, the rate of complexation decreases. With more humic
acid on the electrode surface, the sensitivity increases, aiding the detection of metal ions from
various media. Electrode potentials of humic compounds range from +0.15V to +0.70V, depending
on their origin: 0.79V for peat-derived humic substances, 0.78V for soil-derived, and 0.50V for fulvic
acids. Oxidation of humic substances produces oxygen-containing functional groups like carboxyl,
hydroxyl, and aldehyde [98].

Amphiphilic character and functional groups. Humic substances (HSs) are a varied
mixture of intricate molecules with differing structures and chemical compositions. Typically
characterized by aromatic rings, aliphatic chains, O-, N-, and S-containing functional groups, as well
as nonpolar segments, these compounds display amphiphilicity due to the presence of both polar
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and non-polar fragments [99,100]. This dual nature enables them to demonstrate hydrophobic and
hydrophilic properties, facilitating interactions with a wide range of polar and non-polar substances,
essential for their varied biological and environmental roles.

Amphiphilic Nature. Humic acids derived from soils of varying origins exhibit differences in
their amphiphilic component proportions. When examining humus acid preparations through
hydrophobic interaction chromatography, a higher concentration of hydrophobic compounds is
observed in humic acids from quasigley chernozem compared to those from brown soil, as well as
compared to fulvic acids from brown soil. The elevated hydrophilic characteristics of humic
substances (HSs) suggest increased mobility within the soil profile and a greater capacity to dissolve
minerals [101]. Conversely, hydrophobic HSs tend to remain fixed in their formation location,
contributing to the accumulative properties of the soil profile. The amphiphilic attributes of HSs
appear to play a significant role in fulfilling these functions during the development of soil humus
profiles. Additionally, humic acids from brown soil display higher hydrophilicity, attributed to the
prevalence of side groups within their molecular structures, in contrast to those from quasigley
chernozem, which contain numerous hydrophobic aromatic structures.

Functional groups. Humic acid is very acidic mainly because of carboxyl and phenolic-
hydroxyl groups. Its overall acidity can vary widely, from 1 mol/kg to over 14 mol/kg. Additionally,
humic acid contains other functional groups such as quinone and ketonic carbonyl, as well as amino
and sulfhydryl groups [102-107]. Carboxylic acids (-COOH) are plentiful in humic acids, imparting
acidity. They can ionize in water, influencing pH and facilitating metal ion chelation. Phenolic
hydroxyls (-OH) are also present in humic acids, contributing to their antioxidant properties by
donating hydrogen atoms to neutralize free radicals and reduce oxidative stress. Quinones and
ketones participate in redox reactions and electron transfers within humic acids. They enhance
electron accepting capacity, crucial in environmental chemistry and potential biological interactions.
Aromatic rings in humic acids bolster their stability and structure. These rings also facilitate
interactions with other aromatics and form complexes with metals and other molecules. Aliphatic
chains within humic acids create hydrophobic regions, contributing to their amphiphilic nature and
interactions with non-polar substances. Esters and ether linkages within humic acids enhance overall
stability and solubility characteristics [108, 109].

Scope of application of humic substances. With the development of electronic
manufacturing, a great deal of electricity and electronic devices have been produced. The main
component of these devices is printed circuit boards, which are heterogeneous and complex. The
remnants of printed circuit boards often contain a polymer, an inert oxide, and a metal. In particular,
the presence of copper in the board is much greater than the amount of copper in the metal mines.
Besides, the printed circuit boards have polymer and inert oxide retardants. If handled improperly,
they can lead to numerous environmental problems as well as resource recovery [110].

HA is a macromolecular organic compound formed by the biodegradation of biopolymers and
is widely distributed in soil, air, and other media. HA in general can bind to all components of the
environment, as well as affect the microorganisms that pollute the environment, slowing their spread.
The hydroxyl and carboxyl groups contained in humic acid can be used to localize on mineral
surfaces through electrostatic adsorption and organic complexation to promote the release of metals
from the solid phase to the liquid phase [111]. Humic acid is re-oxidized, it can be reused as an
electron acceptor to act as an electron shuttle. Based on these interactions, humic acid has the
potential to influence microbial activity in biocommunication processes [5]. The above properties are
considered in the research work [6]. The main purpose of the research work is to study the effect of
HA on the biological leaching of copper ions from an unwanted computer motherboard. HA has been
used as an additive. The experiment has shown that under the following optimum conditions the
process of biological leaching of copper proceeds at a rate of 100%: pH = 1,53 and the content of
HA = 0,31 g/L. The research findings suggest of biological leaching and SEM analysis, HA not only
increases the percentage of copper leaching but also reduces the leaching time.

As mentioned in some literature sources, HA can be used for biological leaching of other
minerals (for example, hematite, chalcopyrite, etc.) [112] Thus, we can conclude that HA is a
valuable, inexpensive, and available additive, which is now found in many adsorbents.

Multifunctionalities of humic acids on human health. Humic acids exhibit multifunctional
properties that can benefit human health across various areas.
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Antioxidant Properties. Humic acids have been studied for their antioxidant capabilities. They
scavenge free radicals, which are implicated in various diseases including cancer and cardiovascular
disorders. The pharmacological activity of natural substances often hinges significantly on their
antioxidant properties. This is because virtually all living organisms, from the simplest to the most
complex multicellular structures (with few exceptions among obligate anaerobes), rely on the
absorption and utilization of molecular oxygen in the mitochondrial respiratory chain. HSs have
demonstrated antioxidant activity by effectively reducing levels of stable free radicals such as 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and ABTSe+. This capability is comparable to that of standard
reference compounds like dihydroquercetin and trolox. Moreover, HS exhibit a strong ability to inhibit
free radicals like O?+ (superoxide anion) and HO- (hydroxyl radical) in experimental models, akin to
well-established antioxidants such as ascorbic acid and mannitol [113]. These antioxidative effects
are likely attributable to the abundant presence of phenolic and quinoid groups, along with
semiquinone-type radicals within their molecular structure [114-118]. Additionally, oxidized phenolic
groups forming phenoxyl radicals may also contribute to the antioxidant potential of HSs [119].

Immunomodulatory effects. Humic acids have been studied for their potential
immunomodulatory effects [120-122], which refers to their ability to regulate and modulate the
immune response in the body. Researchers suggested that humic acids may have anti-inflammatory
effects [123-125], immune system regulation [126, 127] and wound healing [128] immunomodulatory
properties. Humic acids have displayed anti-inflammatory characteristics in certain research studies.
By diminishing inflammation, they could potentially regulate the immune response and lower the
likelihood of inflammatory ailments. Their capacity to modulate the immune system has also been
under scrutiny, with the possibility of augmenting immune reactions against pathogens and
preventing excessive immune responses in conditions like autoimmune disorders. Additionally,
investigations have been conducted on humic acids' ability to promote tissue repair and
regeneration, which may indirectly contribute to supporting the immune system's function. While
existing studies indicate these immunomodulatory effects of humic acids, further research is
necessary to comprehensively grasp the underlying mechanisms and explore their potential
applications in human health.

Gastrointestinal health. Humic acids have been examined for their potential advantages in
promoting gastrointestinal health [129, 130], although ongoing research is still developing in this
field. Various aspects of how humic acids can influence gastrointestinal health include their impact
on gut microbiota [131], gut barrier function [132], and detoxification [133]. They have been studied
for their ability to alter the balance and variety of gut microbiota, crucial for digestive health and
overall well-being. This promotion of a healthy gut microbiome by humic acids may contribute to
improved digestive function. Additionally, research suggests that humic acids may aid in upholding
the integrity of the gut barrier, essential for preventing the entry of harmful substances into the
bloodstream and facilitating proper nutrient absorption. Known for their capacity to bind to toxins and
heavy metals, humic acids may help eliminate harmful substances from the gastrointestinal tract,
thereby enhancing overall gut health. While research continues to explore the potential
gastrointestinal benefits of humic acids, it's essential to recognize that individual responses can vary.
To receive personalized recommendations and guidance on integrating humic acids into a gut
health-focused wellness routine, consulting healthcare professionals or experts in gastrointestinal
health is advisable.

Novel technological developments. Humic acids have gained attention in the
pharmaceutical field due to their diverse chemical properties and potential therapeutic applications
[134]. novel technological perspectives have as following: first, humic acids can be utilized as carriers
or excipients in drug delivery systems [135]. Their amphiphilic nature allows them to interact with
both hydrophilic and hydrophobic drugs, improving their solubility and bioavailability. Encapsulation
techniques using humic acids can protect drugs from degradation and enhance targeted delivery to
specific tissues or cells [136]. Second, the antioxidant properties of humic acids, attributed to
phenolic hydroxyl groups, make them promising candidates for developing anti-inflammatory and
antioxidant therapies [116-118]. They can scavenge free radicals and reduce oxidative stress,
potentially mitigating inflammation-related diseases such as arthritis and inflammatory bowel
diseases [121, 122]. Third, humic acids' ability to chelate metals can be harnessed for detoxification
purposes. They can bind to toxic heavy metals and facilitate their excretion from the body, which is
beneficial in treating heavy metal poisoning and environmental detoxification [133, 137]. Forth,
Studies suggest that humic acids possess wound healing properties by promoting cell proliferation,
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angiogenesis, and collagen synthesis. Incorporating humic acids into wound dressings or topical
formulations could accelerate wound closure and improve tissue regeneration [128]. Fifth, humic
acids have demonstrated antimicrobial and antiviral activities against a wide range of pathogens
[138, 139]. They can disrupt microbial cell membranes, inhibit viral replication, and enhance immune
responses. This makes them potential candidates for developing novel antimicrobial agents or
adjuvants for vaccines. Sixth, humic acids are generally biocompatible and non-toxic, which is
advantageous for pharmaceutical applications [140, 141]. They have been used traditionally in folk
medicine and are considered safe for human consumption at appropriate doses. Latest, humic acids
have shown promise in disrupting bacterial biofiims [142, 143], which are implicated in chronic
infections and antibiotic resistance. Incorporating humic acids into therapies aimed at biofilm
eradication could enhance treatment efficacy.

Conclusion. Humic acid is a high molecular weight heterogeneous compound, which is one
of the main components of soils and many aquatic objects. Humic substances are widely used in
various fields of human life: they are part of fertilizers, which are the basis for plant growth, are used
in industry as sorbents for the purification of water and various levels of toxic solutions, in medicine
as radioprotectants and active additives. It is also possible to obtain sensory electrodes sensitive to
various organic and inorganic compounds utilizing metal-humic complexes. Such electrodes help to
solve many problems in the fields of analytical chemistry, electrochemistry, medicine and simplify
some processes. The peculiarity of humic acid in the manufacture of such electrodes is its economic
efficiency, affordability, and versatility. One of the most important issues in the study of such
compounds is the study of their structure and composition. Despite much research, there is still much
debate on this topic. Future research should focus on elucidating the detailed mechanisms of humic
acid interactions at the molecular level, optimizing extraction and synthesis techniques, and
expanding their applications in various fields to fully exploit their environmental and economic
potential. The functionalities of humic acids arise from their amphiphilic character and the
diverse array of functional groups present in their complex molecular structure. Exploring
humic acids in pharmaceutical applications involves leveraging their unique chemical properties for
drug delivery, antioxidant therapy, metal detoxification, wound healing, antimicrobial activities, and
biofilm disruption. Further research and development are needed to fully exploit their potential and
optimize their use in clinical settings.
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NYMUH KbILWKbINOAPDI: KACUETTEPI, K¥PbIJIbICbl 2KOHE KOJNIAAHbBINYbI

l'ymuHdi 3ammap — KenmezeH Xxbiidap 6o0lbl KopwaraH opma ¢hakmopsiapbl MeH mipi
opzaHu3mOepdiH acepiHeH ecCiMOiK XoHe MUKpobmbiK KandbikmapdaH my3inemiH, mypakmsbl XUMUSIIbIK
Kypambl 0K maburu KocblribicmapObiH anyaH mypiii Krnackl. Eki Facbipra co3binraH ayKeiMObl 3epmmeyrepae
KapamacmaH, HS KypbinbiMbiHbIH Kypderi xoHe e32epmerii curamai fbifibiIMU 3epmmey HbicaHbl 601bIN Kana
bepedi. byn 3ammap, aman alumkaHOa eyMuH KbIWKbII0apbl, @ynb8OKbIWKbIIOaPbl XOHe 2yMUH
yHKYUoHanObiKk monmapbl xoHe 6buodezpadayusira mesimoiniai apkKacbiHOa SKOMO2USbIK XoHe
aKonoeusnblK npoyecmepde wewywi pen amkapadsl. byn wony HS-miq Kypdeni KypbiibiMbl MeH
KacuemmepiH, onapObiH XikmenyiH XoHe maburamma ke3decemiHiH 3epmmeldi. On eyMuH
KbIWKbINOapbIHbIH KYpblibiMObIK hpacMeHmmepiH curnammay YWIH YCbiHblFaH apmypni ynainepdi 6enin
kepcemeOdi, onapObiH xow uicmi e3ekmepi MeH apmypri hyHKUUOHanObIK mornmapbiH aman Kepcemeoi.
CoHOali-ak onapOsbiH nonuducriepcmik maburameiHa xamambiH HS MonekynanblK mMaccachlHbIH
maparnybiHbIH e32epMeriifiiei xeHe onaplbl aHbIKmay YWiH KondaHblnambiH 8dicmepMeH, Mbicarsibl, arbir
macmay xpomMamoepadghusicbl masikbinaHadbl. COHbIMEH Kamap, 2yMUH KbIWKbLI0apbIHbIH 3/1eMEHMMIK XoHe
yHKUUOHanObIK Kypambl 3epmmeriri, 0napobiH KbiWKbIIObIK-He2i30ik kKacuemmepi MeH aybip Mmemasndapdbi
Kypay kabinemi eaxel-meaxelsni Kapacmbipbinadbl. TonbipaK, WbIMME3€EK, KOMID XeHe acaHObl
npouecmep cusikmbl maburu ke30epdeH HS cuHmesi cinmini aKecmpakyusi xoHe 2udpomepmusisibiK eHoey
cusikmsbi adicmepdi kepcemedi. Tombiry aMMOHOU3IH XoHe YeHMOH peazeHmiHe HeaidderizeH mombiryObl
Koca anraHOa, xacaHObl 2ymucbukayusidarbl COHFbI Xemicmikmep fiugHUH MeH Kandbikmap buomaccacsiHaH
aKoroausinblK masa eymuHOi mamepuandapObl eHdipydeai aneyemi ywiH Kapacmbipbiiadsl. 3epmmey
KopwaraH opmaHbiH MaHbI30bIIbIFbIH XoHe HS-HbiH npakmukanblk KondaHbllyblH amarn emyMeH
asikmasaodbi, acipece aybin wapyawhblibiFbIH0a, Monbipakmel eHOeyde XoHe KopwaraH opmadbl KasrbiHa
kenmipyde. HS-0iH spmypni kKacuemmepi MeH cuHmes adicmepi onapdbli mypakmbl MamepuandbiK eHOipic
reH KopwaraH opmarbl 6ackapy yWwiH nepcrekmusars! ymimkeprnep emeoi.

TyliH ce30ep: 2yMUH KbIWKbIIbI, 2yMUHOi 3ammap, MemarssiocyMuH KeweHOepi, nonumepsi
mamepuarndap, 3/1eKMPOXUMUSIIbIK Kacuemmep, 2YyMUH KbIWKbIIbIHbIH CUHME3i, 2YMUH KbIWKbIIbIHbIH
KYPbIbIMBI.
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NYMUHOBBIE KNCNOTbl: CBOMCTBA, CTPYKTYPA U MPUMEHEHUE

l'ymuHosblie eewecmea (B) — amo pa3HOoOb6pasHbili Knacc MnpupoOHbIX coeduHeHul b6e3
PUKCUPOBAHHO20 XUMUYECKO20 cocmasa, 0bpa3yrouuxcsi U3 pacmumesibHbIX U MUKpPOBOHbIX 0Ccmamkos rnod
OelicmeuemM hakmopos OKpyxarou,el cpedbl U XXUBbIX Op2aHU3MO8 8 meyeHUe MHozaux jiem. Hecmompsi Ha
obwupHble uccrnedosaHusi, npodosrnkaswuecss 08a CMOSIEMUS, CIIOXHbIU U U3SMEHYU8bIU Xxapakmep
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cmpykmypbl B ocmaemcsi npedmemom Hay4qHbIX uccriedogaHuli. dmu eewecmesa, 0COBEHHO 2yMUHO8bIE
Kuc/iomal, @bynbB8OKUC/IOMbI U 2YMUH, U2Parm pewarowyo posb 8 3KOI02UYECKUX U 3IKO/102UYECKUX
rpoyeccax u3-3a ux 607bWo20 Kouyecmea yHKYUOHabHbIX 2Py U ycmou4yugocmu K buopasnoxeHuro.
B o630pe paccmampuearomcsi CrIoXHasi cmpykmypa u ceotcmea [B, ux kKnaccugukayuss u
pacripocmpaHeHue 8 npupode. B Hem oceewaromcs pasnuyHbie MoOesiu, npedioXeHHble O onucaHus
CMPYKMYypHbIX (hpacMeHmMo8 eyMUHOBbIX Kuc/iom, o04YepKusaromcsi ux apomamudeckue sopa U
pasHoobpasHbie PyHKUUOHabHbIe 2pyrrbl. Obcyxdaemcsi makxe U3MeH4YU80CMb MOJIEKYISIPHO-Macco8020
pacnpedeneHus B, obycnoeneHHas ux nonuducnepcHol npupodol, a makxe mMmemolb! Ux orpedereHus,
makue KaK 3KCK/03UOHHasi xpomamoepagpusi. Kpome moezo, u3yqyeH 3r1eMeHmHbIl U QyHKUUOHabHbIL
cocmae 2yMUHOBbIX KUC/IOM, YMOYHEHbI UX KUC/IOMHO-OCHOBHbLIE ceolicmea U CrocobHocmb K
KoMririekcoobpasosaHuro msikenbix memarnnos. Oceewaemcs cuHme3 B u3 npupoOHbIX UCMOYHUKOS,
makux Kak rio4yea, mopeb, y2orib, a makxe UCKYyCCMBEeHHbIX Mpoueccos, 0eMOHCMpuUpys makxkue Memoobl, KaK
wernioyHasi sKcmpakyuss u eudpomepmarnbHas obpabomka. [locnedHue OocmuxeHuss 6 obnacmu
UCKYyCCMBEHHOU 2ymucbuKayuu, 8KoYasi OKUC/IUMesbHbIU aMMOHOIU3 U OKUCIIEHUE Ha OCHO8e peazeHma
®eHmoHa, paccmampuearomcsi Ha npedMem ux romeHyuana 8 fpou3eoocmee 3KOI02UYEeCKU YUCMbIX
2YMUHO8bIX Mamepuarsios U3 flueHuHa u buomaccel omxo0dos. B 3aknoyeHue uccrnedosaHusi nooyepkueaemcs
3KosioeuYeckass 3Ha4YuMocmb U Mpakmu4yeckoe rpumeHeHue B, ocobeHHO 8 ceflbCcKoM xo3ssticmee,
KOHOUUUOHUPOBaHUU MO4Y8bI U 80CCMaHO8/1eHUU OKpyxaroujel cpeldbl. PasHoobpa3sHbie ceolicmea u Memoobi
cuHme3sa B denatom ux nepcriekKmusHbIMU kaHOUGamamu 0518 ycmou4ugo20 npou3sodcmea mamepuasos
u yrpasseHusi okpyxarowieli cpedod.

Knroyeenble cnoea: eymuHosasi Kucsioma, N'yMUHOBbIE BELLECTBA, MEMAII02yMUHO8bIE KOMITIIEKCHI,
rnonuUMepPHbIE Mamepuarbl, 3/1eKmpoxuMuyeckue ceolicmea, CUHMe3 2yMUHO80U KUC/Iombl, Cmpykmypa
2yMUHO80U KUciomsil.
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TEMIPK¥YPAMOAC OKCUATEPAIH HAHOBOJILWWEKTEPIH AJlY 94ICI X)KOHE ONAPAbIH
KACUETTEPIH 3EPTTEY

AHOamna: Temipkypamdac okcudmepdiH HaHobernuwekmepiHiH cuHmesi onapdbl 8p mypi
mexHOoo2UANbIK npouyecmepoe KondaHy MymkiHOiai bap MazHUMMIK, KamanumukarbikK XeHe adcopOyusbIK
cusKkmbi bipezel ¢huduka-xumMusinbIK KacuemmepiHe balnaHbicmbl MeduyuHada, 31eKmpoHUKada, 3Koo2us
cananapbiHOa Kbi3blfywbliblK mydbipadbl. OckiraH 6alinaHbicmbl, 6yn Makanada memipKypamdac
okcuOmepdiH HaHobenwiekmepiH arny xeHe onaplobiH U3UKa-XUMUSITbIK KacuemmepiH 3epmmey
Hemuxxenepi kenmipineeH. Memann HaHobenwekmepiH arnyda maburu nonumepriepmeH mypakmaHobipyObiH
MaHbI3bl 30p ekeHi beneini. Con cebenmi, 6yn 3epmmeyde cuHmesoey Kanul ayMmambIMeH mypakmaHobipy
apKbibl XofFapbl memnepamypada xypeizinedi. AnbiHraH memipkypamoac HaHobenwekmepdiH KacuemmepiH
3epmmey ywiH peHmeaeHga3sarnbik manday, mpaHCMUCCUSIbI 3/1€KMPOHObI MUKPOCKOMUS, UHGPaKbI3bis
criekmpockonusi adicmepi KondaHbinadsl. @u3uka-XUMUSIIbIK 3epmmey HamuxeciHoe cuHmesdenzeH
memann HaHoberuweKkmepiHiH eemepoeeHdiriiei xaHe MoHooucnepcminiai aHbikmanadbi. CuHmesdenzeH
yreinepdiH 6enwekmepiHiH opmawa enwemi 8,3 HM Kypalbl, an Kpucmarndbik mopObiH napamempi 0,8426
HM 60n0bi. UK-cnekmpockonusi adiciveH 3epmmey Hemuxeci ynainepdiH mombirybl myparbi 6omkamobi
pacmaidbl. CoHbiIMeH Kamap, OalibiHOanfaH ynzinepdiH kpucmandaHy O8pexeciHiH Xofapbl eKeHi
aHbiKkmanadbl. TpaHCMUCCUSITIbIK 311€KMPOHObI MUKPOCKOMUS HomuxeciHde HaHobenwekmepdiH enwemoepi
bolibiHWwa alblpMawbinblK  aHbikmanMmaldsl. 3epmmey xyMbicbiHOa KorndaHbliFaH oadicrieH memip
HaHobenwekmepiHiH cuHmeasi rnpoueciHoe ma3a memip okcudi my3inmeldi. Sepmmey HomuxeciHoe arnbiHFaH
memipkypamdac okcudmep HaHobernwekmepiHiH bGipeseli Kacuemmepi KOfFaMHbIH eMIp cypy canacbiH
JXXaKcapmyra xoHe mypakmbi damybiHa 6arbimmarFaH UHHOBAUUsIbIK mexHonoausnap mMeH wewimoepoi
Kypy YWiH nepcrnekmuegaribi 60sbin mabbinadbl.

Tylin ce3dep. Temipkypamdac okcud HaHobernwekmepi, kanul eymamsl, eemMamum, MazHemum,
Maeezemum, peHmaeHgha3sarsbiK manday, UHhpakbi3bisl CrIEeKMPOCKOMUS.

Kipicne

CoHfbl eki OHXbINAbIKTa HaAHOTEXHONOorusa 3epTTeyadid GipHewe cananapbiHa YiKeH ynec
KOCTbl aHe 21 facblpgafbl PeBOMNIOUMANBLIK TEXHOMOMMAHbBIH, W03 6onbin caHanagbl. CoHfbl
yakbiTTa Oyfl TEXHONOrNSA fbIIbIMHbIH, KaHa canacbliHa, COHbIMEH KaTap aHa HaHoenwewmgi
GernwekTep MeH onapabl KongaHyablH KyaTTbl KypanbiHa anHangpl [1]. HaHoTexHONorna fuinbiMbl
apTypni cananapga Madbi3gbl KongaHbanbl XaHa maTtepuangapdbl kacay yuwiH atomgap MeH
Monekynanapabl 6ackapyabl kamtuabl [2]. HaHomaTepuangap onTuKkanblkK, 9MeKTprik, MarHuTTiK
KOHe KaTanuTukanblk kKacuetTepiHe 6annaHbiCTbl Ken Hasap ayaapTtTbl. benrini 6onfangan,
HaHoMaTepuangapiblH KacueTTepi xaHe ornapdblH aneyeTTi KongaHblybl dasa, ernem XoHe
Mopdoonormst  apkbinbl  anWTaprnblktan acep eteni. Ocbinanwa, 6ackapbinaTblH K9HE XaHa
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