HALIOHATbHA AKALIEMISt HAVK YKPAIHU
IHCTUTYT 3ATANbHOI TA HEOPTAHIYHOI XIMIT imeni B. . BEPHAICbKOIO
KNIBCbKUIA HALIOHANbHWIA YHIBEPCUTET imeni TAPACA LLIEBYEHKA

VKPAIHCBKIIN o

XIMISHUW

MYPHAJ EAZ
CHEMISTRY

JOURNAL

\ [ P4

Tom 88 / Vol. 88

3micT

HEOPTAHIYHA XIMIf

O. K. TpyHoBa
POJIb XEJTATHMX KOOPAMHAIINHMX CITIOJIYK BIOTEHHMX METAJIIB
YOKUTTENIAIBHOCTIPOCIIVIH . ..o e 91

®I3NYHA XIMIf

T. B. ManbuesBa, 10. C. [I313pK0

PO3POBJIEHHA COPBIIMHMX MATEPIAJIIB IIIMPOKOI'O ®YHKIIIOHAIBHOI'O
[IPY3HAYEHHSA B IHCTUTYTI 3ATAJIBHOI TA HEOPTAHIYHOI XIMIT

IM. B.1. BEPHAJICBKOTO HAH VKPATHM . . ... 139

T. C. benbkoBcbKa, P. €. Xoma, O. C. Barpans, P. M. [Iry6oBcbKnit,

C. B. Bogsincpkmit, B. B. Menuyk

IMITPETHOBAHI BOJIOKHMCTI XEMOCOPBEHTU 1JI1 KOJIbOPOMETPMYHOTI'O
TETEKTYBAHH A AMIAKY ..o e e e e e 175

I. lllep6ariok, A. Basiescpkuii, [I. [Tanyenko, M. Topo6enp, K. Basinon, B. 3iuin,

C. Iy6inesiy, I. Iloranenko, O. Iloranenxo, O. Tony6, C. Kupnmnos

EJIEKTPOXIMIYHI XAPAKTEPVICTVIKMN LiFePO,, BITHOBJIEHOTI'O ITICJIA

HETPAITAIIL AKYMYJIATOPA . .o e et e 189

TTOKAYKUMEK CTATEM 32 2022 PIK. .« . v vevete e ee e e e e e et e e e e e e e e e 199



Contents

INORGANIC CHEMISTRY

O. K. Trunova
THE ROLE OF CHELATE COORDINATION COMPOUNDS OF BIOGENIC METALS

IN THE VITAL ACTIVITY OF PLANTS. ...

PHISICAL CHEMISTRY

T.V. Maltseva, Yu.S. Dzyazko
DEVELOPMENT OF SORPTION MATERIALS OF WIDE FUNCTIONAL PURPOSE
IN THE V.I. VERNADSKII INSTITUTE OF GENERAL AND INORGANIC

CHEMISTRY OF THE NAS OF UKRAINE. . . . ...

T. S. Bienkovska, R. E. Khoma, O. S. Vatral, R. M. Dlubovskii,
S. V. Vodzinskii, V. V. Menchuk
IMPREGNATED FIBROUS CHEMISORBENTS FOR THE COLORIMETRIC

DETECTION OF AMMONIA . ...

I. Shcherbatiuk, A. Bazievskiy, D. Panchenko, M. Gorobetz, K. Vavilon, V. Zinin,
S. Dubinevich, H. Potapenko, O. Potapenko, O. Golub, S. Kirillov
ELECTROCHEMICAL CHARACTERISTICS OF LiFePO,, RECOVERED AFTER

BATTERY DEGRADATION. . ..ottt e i
INDEX OF ARTICLES FOR 2022 . . . . ..ot

..... 91



UDK 541.49: 546.72+ 546.73 + 546.74 + 546.47+ 581.133.8+632.121—- 54-386  doi: 10.33609/2708-129X.88.12.2022.91-138

THE ROLE OF CHELATE COORDINATION COMPOUNDS OF BIOGENIC

METALS IN THE VITAL ACTIVITY OF PLANTS.

O. K. Trunova*

V.I. Vernadsky Institute of General and Inorganic Chemistry

of the National Academy of Sciences of Ukraine,

32/34 Academic Palladin ave., 03142 Kyiv, Ukraine

*e-mail: trelkon@gmail.com

The review article discusses the main issues of creating and using modern chelated micro-
fertilizers based on trace elements in agricultural production. Issues of the role of microele-
ments in the vital activity of living organisms and methods of overcoming the lack of micro-
elements in plants are highlighted. An overview of coordination compounds of 3d-metals (Fe,
Mn, Zn, Cu, Co, Ni, Mo) with different classes of complexons, features of their structure and
properties is presented. It contains relevant material on the use of microelement complexes
for the creation of modern chelated fertilizers. Attention is paid to the use of trace elements
complexonates in areas contaminated with radionuclides (**’Cs, *°Sr).

Keywords: coordination compounds, microelements, chelates, complexones, fertilizers,

plants.

INTRODUCTION. 1t is possible to elimi-
nate pathological phenomena caused by a de-
crease in the level of biometals in plants by in-
troducing trace element additives into the soil
in a form that is easily transported and assimi-
lated by living organisms. In recent years, the
interest of scientists in the creation of effective
and environmentally safe growth regulators
has increased: the development of methods of
their synthesis, the mechanisms of action and
methods of application are being studied.

The role of microelements (ME) in the life
activity of living organisms is well known. Pa-

thology associated with the lack of ions such
as iron, zinc, manganese, copper, cobalt, zinc
leads to various functional diseases, impaired
metabolism, possibly to the death of animals,
reducing productivity and crop yields [1-6].
Microelements are involved in such important
biochemical processes as respiration, photo-
synthesis, protein synthesis, blood formation,
protein, carbohydrate and fat metabolism, hu-
mus synthesis. Due to their catalytic action,
microelements allow plants to more effectively
use the main nutrients — solar energy, water and
macroelements - nitrogen (N), phosphorus (P)
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and potassium (K), which, in turn, has a po-
sitive effect on plant productivity and harvest
quality. Microelements are able to strengthen
the ability of plant tissues to recover, which
significantly reduces damage to plants by di-
seases. Most trace elements are active catalysts
of biochemical processes in plants. In addition,
trace elements affect the direction of biochem-
ical reactions in plants due to their influence
on plant biocolloids. Microelements cannot
be replaced by other substances and their de-
ficiency must be filled taking into account the
form in which they will be in the soil. Plants
can use trace elements only in water-soluble
form (mobile form of trace element), and the
immobile form can be used by the plant after
complex biochemical processes involving soil
humic acids.

The main role of trace elements in increas-
ing the quality and quantity of the crop is as
follows:

1. In the presence of the required amount
of trace elements, plants have the ability to
synthesize a full range of enzymes, which will
allow more intensive use of energy, water and
nutrition (N, P, K) and, accordingly, to obtain
a higher yield.

2. Microelements and enzymes based on
them strengthen the regenerative activity of
tissues and prevent plant diseases.

3. Microelements are one of the few sub-
stances that increase plant immunity. Their
lack creates a state of physiological depression
and general susceptibility of plants to parasitic
diseases.

That is why today there is a need to create
and use new environmentally friendly effective
trace element compounds, both in plant and
animal production, which are lacking in soils
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and rations, in order to increase plant yields,
improve animal productivity and the quality of
plant products . Therefore, the creation of new
non-toxic and effective drugs that contribute
to the successful resolution of urgent issues
in some sectors of agriculture is an important
task for agro-industrial complexes around the
world.

BIOLOGICAL ROLE OF METALS. The most
important microelements in plant life are iron,
copper, zinc, manganese, magnesium, cobalt,
molybdenum, which, according to their im-
portance in living organisms, can be placed in
the order Fe>Mn>Zn>Cu>Co>Ni>Cr>V>Mo.
Boron, magnesium, calcium are classified
as mesoelements, since for the life activity
of plants, they are required in much more
amounts than microelements.

The physiological significance of the main
trace elements for plants is given in Table 1.

Iron plays a leading role among all me-
tals contained in plants. Organic compounds,
which include iron, are necessary in biochemi-
cal processes that occur during respiration and
photosynthesis, which is explained by a very
high degree of their catalytic properties. The
catalytic effect of iron is related to its ability to
change the degree of oxidation. The iron ion
is oxidized and reduced relatively easily, there-
fore iron compounds are carriers of electrons
in biochemical processes. The process of elec-
tron transfer is the basis of the reactions that
occur during plant respiration. This process is
carried out by enzymes - dehydrogenases and
cytochromes containing iron. Among other
processes, the influence on the formation of
the structure and functioning of chloroplasts,
as well as the synthesis of chlorophyll, should
also be noted [7].

ISSN 2708-129X. VKp. Xim. XypH., 2022



0.K. Trunova UCJ N2 12 / Vol. 88
Table 1.
Physiological significance of the main microelements in plants.
ME Functions in plants Symp?oms of deficiency Plants prone
and its consequences to deficiency
Fe « A necessary component of many « Can stimulate chlorosis, which appears on Citrus, fruit trees,

Zn

Cu

enzymes in plants. ¢ Is contained in
chloroplasts and takes part in the
photosynthesis and metabolism of N
and S. « The main component in the
synthesis of chlorophyll.

« necessary for normal photosynthe-
sis, o participates in the reduction of
CO,, « plays a role in maintaining the
structure of chloroplasts.  partici-
pates in the synthesis of vitamin C

o Catalyst in many enzyme systems.

o As part of enzymes, it participates
in the metabolism of starch and nit-
rogen.

 Metabolism of carbohydrates, phos-
phates and proteins; formation of
growth hormones auxins, DNA, ri-
bosomes.

o Mainly in the composition of pro-
teins in green cells, responsible for
binding solar energy. « Along with
Zn, activates an enzyme that prevents
the destruction of plant cells. » Par-
ticipates in the process of protein and
carbohydrate metabolism

A component of vitamin B12, neces-
sary for nitrogen fixation in plants e
increases the intensity of respiration
and photosynthesis, contributing to
the formation of chlorophyll and re-
ducing its decay in the dark

«Provides plants with nitrogen

o participates in hydrocarbon ex-
change, in the exchange of phospho-
rus fertilizers, in the synthesis of vi-
tamins and chlorophyll, « affects the
intensity of redox reactions

young leaves due to low mobility of Fe in the
plant. « In cereals, chlorosis manifests itself
in the form of interspersed yellow and green
stripes along the leaf.

« Fe deficiency often causes shoot dieback.

« Violation of the ratio of elements of natu-
ral nutrition, « occurrence of point chlorosis,
« sometimes complete absence of fruiting

« growth retardation - shredding
« short internodes

« interveinal chlorosis

« brown spots on upper leaves

o deformed leaves and fruits

» Chlorosis and curling of leaves due to dying
of their tips. « Weakened ovary in cereals -
drop in yield in the absence of visible signs
of deficiency. « Reduced release of pollen
grains, which leads to less pollination of flo-
wers and reduced yield. It causes "hanging" of
tree crown branches and laying of cereals (low
yield).

o Poor growth can be corrected by using am-
monium and nitrate nitrogen.

o Manifestation of chlorosis on the leaves.

« Slow plant growth

« Development cycle lags behind the norm.

« the edges of the leaves acquire an orange, red
or pink shade

« Plant growth is inhibited, leaves are de-
formed and die prematurely.

o nitrates accumulate and nitrogen metabo-
lism is disturbed - the content of ascorbic acid
decreases.  violations of the phosphorus me-
tabolism of plants are observed.

vineyards, legumes,
corn, tomatoes, ros-
es and ornamental
plants

Oats, barley, beets,
beans, tomatoes, ap-
ple trees, roses

Corn, hops, beans,
flax, green vegetables,
citrus fruits, grapes,
apples and pears

Cereals, citrus fruits,
apple trees, pears,
green vegetables,
rice, alfalfa.

Beans, peas, clover,
alfalfa

soybeans, grain and
leguminous  crops,
clover, perennial gra-
sses

https://ucj.org.ua
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To activate the process of iron up take by
the plant, a biochemical adaptation of the pri-
mary metabolism is necessary, which requires
primarily changes in energy consumption in
the form of macroergic compounds, which
are represented in the cell by such basic forms
as nicotinamate (NADadenine) dinucleotide
phosphate and adenosine triphosphate. In the
course of the development of any organism,
the most important role in providing cells with
these components belongs to mitochondria,
since for adaptive reactions, the effect of iron
deficiency on these qi organelles is impor-
tant [8].

A high degree of mitochondrial sensitivity
in this aspect can be explained by the high need
for iron to maintain the activity of metalloen-
zymes, iron-sulfur proteins and cytochromes,
thanks to the work of which protons and elec-
trons, ultimately, are transferred to the oxygen
in the air. Electron carrier proteins include
iron-sulfur proteins (Fig. 1), containing frag-
ments of the (Fe-S)n ferredoxin cluster. In
them, iron is tetrahedrally surrounded by sul-
fur atoms of thiolate fragments of cysteine. In
addition to cubic clusters of the type [4Fe - 4S],
larger ones are also known: [8Fe - 7S] and
[Mo-7Fe-8S-X] (in nitrogenase).

)

Cys — 7 \

e Fe

FI Fe S//
/\7>

F

Cys
e

Cys

Fig. 1. - A fragment of the iron-sulfur protein
structure (Cys is a cytein residue).

94

Iron is necessary for the synthesis of cyto-
chromes, pyridoxine and other iron-sulfur
proteins, components of the reaction centers of
the chloroplast photosystem, cytochrome oxi-
dase, catalase, peroxidase and other enzymes
that play key roles in the main physiological
processes — photosynthesis, respiration, nitro-
gen fixation and metabolism.

Iron has a special function - indispensable
participation in the biosynthesis of chlorophyll.
Therefore, any reason that limits the availabili-
ty of iron for plants leads to serious diseases, in
particular to chlorosis. When photosynthesis
and respiration are impaired and weakened as
a result of the insufficient formation of orga-
nic substances from which the plant's body is
built, and the lack of organic reserves, a general
metabolic disorder occurs. Therefore, with an
acute lack of iron, the death of plants inevitably
occurs. In trees and shrubs, the green color of
the apical leaves disappears completely, they
become almost white, and gradually dry up.

Manganese is absorbed by plants and dis-
tributed among their organs as a result of meta-
bolic processes. Passive adsorption takes place,
especially at high and toxic levels of its content
in the solution. Manganese is distinguished by
a high degree of absorption activity and rapid
transfer in plants. In plant fluids and extracts,
it is present in the form of free cationic forms
and is transported in plants in the form of Mn*,
and its significant concentrations are found in
young plant organs. One of the most important
functions of manganese is participation in redox
reactions. Mn** is a component of two enzymes:
phosphotransferase and arginase. In addition, it
can replace magnesium in other enzymes and
increases the activity of some oxidases. The lat-
ter happens, apparently, as a result of a change in
the valence of manganese.

ISSN 2708-129X. VKp. Xim. XypH., 2022
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Manganese is necessary for normal photo-
synthesis, participates in the reduction of
CO,, plays a role in maintaining the structure
of chloroplasts. In the absence of manganese,
chlorophyll quickly breaks down in the light.
Manganese activates more than 35 enzymes
involved in various reactions, including nitro-
gen metabolism. Owing to this, it is difficult for
plants experiencing a lack of manganese to use
nitrates as a source of nitrogen nutrition. In ad-
dition, manganese participates in the synthesis
of vitamin C, other vitamins and sugars, regu-
lates the water regime, increases resistance to
adverse factors, affects fruiting and promotes
the acceleration of fruit development.

The lack of manganese greatly affects the in-
tensity of photosynthesis in plants. For exam-
ple, in oats with a lack of manganese, the inten-
sity of photosynthesis drops by about 2 times.
Manganese takes an active part in the release of
oxygen during photosynthesis and water split-
ting. Also, in the absence of manganese, chloro-
phyll is quickly destroyed in the light. Violation
of the photosynthesis system leads to a sharp
decrease in the carbohydrate content of the
plant, especially in the root part, so the lack of
manganese is a key factor in the slowing down
of the growth of the root system in plants.

Signs of manganese deficiency in plants
most often appear on carbonate soils, on cher-
nozems rich in humus, and on soils with a soil
solution pH close to neutral. The highest con-
centration of manganese is observed in acidic
soils, where pH is below 6.5. This feature is ex-
plained by the fact that with a decrease in pH
by 1.0, the content of mobile manganese in the
soil increases by a factor of 10, i.e. liming reduc-
es the content of mobile manganese in the soil,
and the use of acidic fertilizers, on the cont-
rary, contributes to its increase. Manganese

https://ucj.org.ua

deficiency is exacerbated at low temperatures
and high humidity, so winter and perennial
crops are sensitive to its deficiency in spring.
The introduction of sulfur, superphosphates
(substances that acidify the soil) into the soil
increases the content of available manganese.
The lack of manganese in the soil is especially
acutely felt by cereals, in particular oats, as well
as corn, legumes, beets, potatoes, rapeseed,
peas, green crops (dill, parsley, spinach, onion,
horseradish) apple, cherry, raspberry, grapes
[9]. An external sign of manganese deficiency
is leaf spot and necrosis.

Zinc has a great influence on oxidation-re-
duction processes, the rate of which is signifi-
cantly reduced when it is lacking. Zinc defi-
ciency leads to disruption of hydrocarbon con-
version processes. It has been established that
with a lack of zinc in the leaves and roots of to-
matoes, citrus fruits and other crops, phenol-
ic compounds, phytosterols or lecithins accu-
mulate, and the starch content decreases. The
importance of zinc for plant growth is closely
related to its participation in nitrogen metabo-
lism. Zinc deficiency leads to a significant ac-
cumulation of soluble nitrogen compounds -
amines and amino acids, which disrupts pro-
tein synthesis. Many studies have confirmed
that the protein content of plants decreases
with zinc deficiency.

Zincis part of various enzymes: carbonic an-
hydrase, triose phosphate dehydrogenase, per-
oxidase, oxidase, polyphenol oxidase, etc. The
importance of zinc for plant growth is closely
related to its participation in nitrogen metabo-
lism. Zinc deficiency leads to significant ac-
cumulation of soluble nitrogen compounds -
amines and amino acids, which disrupts pro-
tein synthesis. Many studies have confirmed
that the protein content of plants decreases
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with a lack of zinc. Under the influence of zinc,
the synthesis of sucrose, starch, the total con-
tent of carbohydrates and protein substances
increase. The use of zinc fertilizers increases
the content of ascorbic acid, dry matter and
chlorophyll. Zinc fertilizers increase drought,
heat and cold resistance of plants [10]. Zn?*
ions form complexes with ligands with donor
O and N atoms. Zinc is part of the active center
of many important enzymes, mainly catalyzing
reactions of hydrolysis of peptides, collagen,
phospholipids, etc. Zinc activates carbonichy-

drase enzyme (Fig. 2), which is responsible
for the hydration of CO, in biofluids and the
transfer of H* ions to CO,*, which regulates
one of the most important buffer systems of
the body. Zinc-containing enzymes form of
«zinc fingers» wonderful shape. This happens
because DNA fragments form repetitive do-
mains, which «fold» near zinc ions and cha-
racteristic folds - «fingers» appear. The "fingers"
include fragments of the type (Cys),(His),,
(Cys),(His), (Cys), or thiolate cluster complex-
es with bridging cysteine residues.

H H
| oH o|-l|——-(|;=0 / \0
OH \\ / : B i H-—-O-" . “,' '__H
\\Zn’/ £ /?_',‘n\ — \Z'n—O Z Zn, +HCOy
/ . __..--'H ' “O / “\ _,..--'H +H20 / | ™~
/O N /0
0 C
TN
H H H \\\o H
a
(0] H
H H;
HN (|‘—C—_ Ol’();z'
e S o
H,N N Mo
2 // \
0 X (O or?¥) b

Fig. 2 — Carbonichydrase (a) and a fragment of xanthineoxidase (b).

All cultivated plants in relation to zinc are
divided into 3 groups: very semsitive (corn,
flax, hops, grapes, fruits); moderately sensitive
(soy, haricot bean, fodder legumes, peas, su-
gar beets, sunflower, clover, onions, potatoes,
cabbage, cucumbers, berries); slightly sensitive
(oats, wheat, barley, rye, carrots, rice, alfalfa).

Zinc deficiency has the strongest effect on
the formation of seeds than on the develop-
ment of vegetative organs. Symptoms of zinc
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deficiency are widely found in various fruit
crops (apple, cherry, Japanese plum, walnut,
pecan, apricot, avocado, lemon, grape). Citrus
crops especially suffer from the lack of zinc.
With zinc deficiency, chlorotic spots appear on
the leaves of plants, which become pale green,
and in some plants they are almost white. In
apple, pear, and walnut trees, zinc deficiency
develops the so-called rosette disease, which is
expressed in the formation of small leaves at
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the ends of branches, which are arranged in
the form of a rosette [11]. With zinc starvation,
few fruit buds are laid. The grain yield drops
sharply. Among field crops, zinc deficiency
most often manifests itself in corn in the form
of a white sprout or a white tip. An indicator of
zinc starvation in legumes (haricot bean, soy-
beans) is the presence of chlorosis on leaves,
sometimes asymmetric development of the
leaf blade. The lack of zinc for plants is most
often observed on sandy and sub-sandy soils
with a low zinc content, as well as on carbonate
and old plowed soils.

In plants, cobalt affects the accumulation
of nitrogenous substances and carbohydrates,
increases the intensity of respiration and pho-
tosynthesis, contributing to the formation
of chlorophyll and reducing its decay in the
dark. Cobalt also increases the overall water
content of plants, especially during droughts,
and is absolutely necessary for the growth of
nodule bacteria and their nitrogen fixation.
In plants, this element is found in ionic form
and in the composition of vitamin B, (about
4.5%). Plants, like animals, do not synthesize
vitamin B, ,. It is produced by the bacteria of
nodules of leguminous plants and participates
in the synthesis of methionine. It is part of vi-
tamin B, which is present in the nodules, and
has a noticeable positive effect on the activity
of enzyme hydrogenase, and also increases the
activity of nitrate reductase in the nodules of
legume crops. This trace element affects the ac-
cumulation of sugars and fats in plants, has a
beneficial effect on the synthesis of chlorophyll
in plant leaves, reduces its decay in the dark,
increases the intensity of respiration, and the
content of ascorbic acid in plants. As a result of
foliar fertilization with cobalt in plant leaves,
the total content of nucleic acids increases. Co-

https://ucj.org.ua

balt has a noticeable positive effect on the acti-
vity of enzyme hydrogenase, and also increases
the activity of nitrate reductase in the tubers of
leguminous crops. Cobalt takes an active part
in oxidation and reduction reactions, stimu-
lates the Krebs cycle and has a positive effect
on respiration and energy metabolism, as well
as protein biosynthesis of nucleic acids. Due to
its positive effect on metabolism, protein syn-
thesis, assimilation of carbohydrates, etc. It is a
powerful growth stimulator.

As already mentioned, cobalt is part of co-
balamin - coenzyme B , (Fig. 3).

CONH,

CH,§
CHj \]/
H,NCO
N_--
CH:S \CO:,
N’f \N_

H,NCO

CH; CH;

“\-conm,

Fig. 3 - Cobalamin fragment near the coordi-
nation center.

Cobalamin contains a macrocycle - a corrin
ring connected to a nucleotide and dimethyl-
benzimidazole. The cavity in the center of the
corrin ring is occupied by a Co atom with a
coordination number of 5, and the sixth co-
ordination position can be occupied by 5-de-
oxyadenosine, connected to Co through the
-CH,- group. Due to this, coenzyme B, is a
rare example of a natural organometallic com-
pound. If the sixth coordination position is oc-
cupied by any other small ligands, aquacobala-
min, hydroxocobalamin, cyanocobalamin are
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formed. In cobalamin, the CO atom can be in
3 oxidation states: +3, +2, +1, and all of them
are low-spin. The main enzymatic role of co-
balamin is related to the exchange transfer of H
or CH, radicals between bioligands. Other co-
balamin enzymes catalyze radical exchange in
the cases of isomerization (mutase) and dehyd-
ration (lyase). Radical exchange begins with
the weakening of the Co-C bond, which leads
to the formation of low-spin 5-coordinated
Co(II) and the CH R radical, which is replaced
by any other radical. CH3 group transfer re-
actions are based on the high nucleophilicity
of the Co™ ion in a square environment. This
reaction takes place during the biosynthesis of
methionine, as well as for the activity of metha-
nogenic bacteria that produce methane.
Cobalt has a positive effect on the forma-
tion of nitrogen-fixing nodule bacteria in le-
gumes, improves the growth and development
of plants through the interaction of cell hor-
mones during auxin metabolism, participates
in redox reactions, photosynthesis (increases
the amount of chlorophyll), synthesis of nu-
cleic acids, promotes the intensity of the pas-
sage of respiratory processes, the formation
in plants, carbohydrates, fats, sugars, vitamins
(ascorbic acid), activates enzymes (in particu-
lar nitrate reductase), accelerates the develop-
ment of vegetative organs, promotes flowering,
can accumulate in pollen, forms frost resis-
tance, heat resistance (increases the total water
content), increases resistance to stress - factors,
diseases, in cereals ( resistance to lodging), in-
creases productivity, improves the quality of
grown products, promotes better absorption
of nitrogen, potassium, phosphorus, magnesi-
um from the soil and limits the entry of heavy
metals into the organs of agricultural plants.
Cobalt can move freely from the leaves to
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other organs of the plant, which is an impor-
tant indicator in foliar feeding [12, 13].

Copper is an essential redox-active transi-
tion metal that is involved in many physiologi-
cal processes in plants because it can exist in
multiple oxidation states in vivo. Under phy-
siological conditions Cu exists as Cu** and Cu*.
Cu acts as a structural element in regulatory
proteins and participates in photosynthetic
electron transport, mitochondrial respira-
tion, oxidative stress responses, cell wall me-
tabolism and hormone signaling. Cu ions act
as cofactors in many enzymes such as Cu/Zn
superoxide dismutase (SOD), cytochrome c
oxidase, amino oxidase, laccase, plastocyanin
and polyphenol oxidase. At the cellular level,
Cu also plays an essential role in signaling of
transcription and protein trafficking machine-
ry, oxidative phosphorylation and iron mobili-
zation. Thus, plants require Cu as an essential
micronutrient for normal growth and deve-
lopment; when this ion is not available plants
develop specific deficiency symptoms, most
of which affect young leaves and reproductive
organs. The redox properties that make Cu an
essential element also contribute to its inhe-
rent toxicity. Redox cycling between Cu** and
Cu" can catalyze the production of highly toxic
hydroxyl radicals, with subsequent damage to
DNA, lipids, proteins and other biomolecules.
Thus, at high concentrations, Cu can become
extremely toxic causing symptoms such as
chlorosis and necrosis, stunting, leaf disco-
loration and inhibition of root growth. At the
cellular level, toxicity may result from 1) bind-
ing to sulthydryl groups in proteins, thereby
inhibiting enzyme activity or protein function;
2) induction of a deficiency of other essen-
tial ions; 3) impaired cell transport processes;
4) oxidative damage [14, 15].
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Plants use Cu as a cofactor for a wide range
of proteins involved in several physiological
processes, including photosynthesis, mito-
chondrial respiration, carbohydrate metab-
olism, formation of phenolics in response to
pathogen attack, superoxide scavenging, cell
wall remodeling, and ethylene perception.
The majority of Cu proteins (~90%) found in
nature function as oxidoreductases. The most
abundant Cu protein in plants is plastocyanin
(which utilizes about 50% of Cu in plastids),
a protein essential for photosynthetic elec-
tron transport in chloroplasts that transfers
electrons from the cytochrome b6f complex
to photosystem I (PSI). Cu is part of Complex
IV of the mitochondrial respiratory chain, and
thus is involved in metabolic pathways that
supply energy for cellular processes. Other Cu
proteins are Cu/Zn superoxide dismutase (dis-
mutation of superoxide), laccase (cell wall re-
modeling), amine oxidase (cell wall and plant
tissue differentiation, wound healing, and re-
sponse to pathogens), and polyphenol oxidase
(wounding and pathogen response) [16].

In plant organisms, copper is found mainly
in the form of copper-containing proteins [17,
18]. There are more than 20 enzymes contain-

i

ing copper in the active center, most of which
are oxidases. Their biological role is related to
the processes of hydroxylation, oxidative cata-
lysis, and oxygen transfer. The role of copper
in enzyme cytochrome oxidase, which con-
trols the reactions of the O, » H 0,0, »> H O,
type, as well as the disproportionation reaction
O, — O* + O°, which is very important for the
body, and takes place with the participation of
the enzyme superoxide dismutase, has been
studied in the most detail. Oxygen carrier pro-
teins include the protein hemocyanin, which is
intracellular, which is generally characteristic
of Cu-containing proteins (Fig. 4).

In the hemocyanin oligomer, each mono-
mer unit contains 2 copper atoms located very
close together. Deoxyhemocyanin is colorless,
but acquires a bright blue color when binding
O,. In deoxyhemocyanin, the Cu(I) atom has
a coordination number of 3 and pyramidally
coordinates 3 histidine residues. After the ad-
dition of an O, molecule, 2 bridging bonds are
formed, which connect 2 copper atoms. At the
same time, O, is reduced to O,”. The protein
residues converge significantly, and the Cu
atoms have a coordination number of 5, which
is typical only for Cu(II).

HN \
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Fig. 4 - Fragment of the structure of copper-containing proteins: hemocyanin (a), plastocyanin (b).
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Electron carriers are the so-called "blue" cop-
per proteins containing both Cu(I) and Cu(II),
as well as residues of thiolate groups, imidazole,
and cysteine. In plastocyanin and azurin, there
is a planar Cu(I) complex with a coordination
number of 3. When coordinating the fourth
ligand, which usually contains a donor sulfur
atom, the coordination number of Cu(I) in-
creases to 4 in a tetrahedral environment.

In cytochrome-C-oxidase and N,O-reduc-
tase, the center of the enzyme is a binuclear
complex in which 2 Cu atoms are connected
through a bidentate cysteine residue, and each
Cu atom coordinates a heterocyclic imidazole
nitrogen atom. In one-electron oxidation of
this form, a purple paramagnetic complex is
formed, in which the unpaired electrons be-
long to both copper atoms. Despite the fact
that a number of other macro- and microele-
ments greatly affect the rate of redox processes,
the effect of copper in these reactions is spe-
cific, and it cannot be replaced by any other
element. Under the influence of copper, the
activity of peroxysylase increases and the ac-
tivity of synthetic centers decreases and leads
to the accumulation of soluble carbohydrates,
amino acids and other products of the break-
down of complex organic substances. Copper
is a constituent part of a number of the most
important oxidizing enzymes - polyphenol
oxidase, ascorbin oxidase, lactase, dehydroge-
nase, etc. All of these enzymes carry out oxi-
dation reactions by transferring electrons from
the substrate to molecular oxygen, which is
an electron acceptor. In connection with this
function, the valence of copper in redox reac-
tions changes from a divalent to a monovalent
state and back.

Almost all copper in leaves is concentrated
in chloroplasts mainly in the form of plastocy-
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anin and is closely related to the processes of
photosynthesis: it stabilizes chlorophyll, pro-
tecting it from destruction. Copper is part of
copper protein, forming an oxidizing enzyme,
and promotes the synthesis of iron-contain-
ing enzymes in plants. It positively affects the
synthesis of proteins in plants, which ensure
the ability of plant tissues to retain water, as
a result, copper in the form of fertilizer adds
drought and frost resistance to plants and pro-
tection against bacterial and fungal diseases.
Copper participates in the process of nitrogen
fixation by plants, increases resistance to lodg-
ing. In practice, copper is used in crop produc-
tion, especially on poor peat-swamp soils. With
its deficiency, young leaves quickly wither and
dry without visible signs of chlorosis, abnormal
intense shedding is often observed. [19].

When feeding with ammonia nitrogen, the
lack of copper delays the incorporation of ni-
trogen into protein, peptones, and peptides
already in the first hours after nitrogen fertili-
zation. This indicates a particularly important
role of copper in the application of ammonia
nitrogen. A characteristic feature of the action
of copper is that this trace element increases the
resistance of plants against fungal and bacterial
diseases. Copper reduces grain crops diseases
of various types of smut, increases the resis-
tance of plants to brown spot, etc. Symptoms
of plant diseases with a lack of copper in the
soil are manifested for cereals in the whitening
and drying of the tips of the leaf blade. With a
strong lack of copper, the plants begin to bush
intensively, but later earing does not occur, and
the entire stem gradually dries up. Fruit crops
with a lack of copper suffer from the so-called
dry top or exanthema. At the same time, pro-
nounced chlorosis develops between the veins
on the leaf blades of plum and apricot trees. In
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tomatoes, when there is a lack of copper, the
growth of shoots slows down, the development
of roots is weak, the appearance of dark blu-
ish-green leaves and their twisting, the absence
of flower formation. Copper deficiency nega-
tively affects plant reproduction. Pollen grains
are formed in smaller quantities, and for cereals,
an empty ear grain is characteristic. [15, 20].

Thus, summarizing the need and behavior
of Cu in plants, the following conclusions can
be drawn:

1. Cu is mainly complexed with organic
compounds of low molecular weight and with
proteins.

2. Cu is found in compounds that do not
have conducting functions, as well as in en-
zymes that have vital functions in plant meta-
bolism.

3. Cu plays an important role in several
physiological processes — photosynthesis, res-
piration, carbohydrate distribution, reduction
and fixation of N, protein exchange and cell
wall metabolism.

4. Cu affects the water permeability of xy-
lem vessels and thus controls water relations.

5. Cu controls the production of DNA and
RNA, and its deficiency significantly inhibits
plant reproduction (reduction of seed produc-
tion, pollen sterility).

6. Cu is involved in disease resistance me-
chanisms. This resistance of plants to fungal
diseases is likely to be associated with an ade-
quate supply of Cu. There is also evidence that
Cu-enriched plants are susceptible to some
diseases. These phenomena may indicate an
indirect effect of Cu on plant disease resistance.

Currently, molybdenum has been put for-
ward in one of the first places among other
microelements in terms of its practical impor-
tance, since this element turned out to be a very
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important factor in solving one of the cardinal
problems of modern agriculture - providing
plants with nitrogen. With a lack of molybde-
num, a large amount of nitrates accumulates
in plant tissues and the normal nitrogen me-
tabolism is disturbed [21]. Molybdenum is an
essential component in two enzymes that con-
vert nitrate into nitrite (a toxic form of nitro-
gen) and then into ammonia before it is used to
synthesize amino acids within the plant. It also
needed by symbiotic nitrogen fixing bacteria
in legumes to fix atmospheric nitrogen. Mo is
involved in hydrocarbon exchange, in the ex-
change of phosphorus fertilizers, in the synthe-
sis of vitamins and chlorophyll, and affects the
intensity of redox reactions. After seed treat-
ment with molybdenum, the content of chlo-
rophyll, carotene, phosphorus and nitrogen
in the leaves increases. It was established that
molybdenum is part of the enzyme nitrate re-
ductase, which restores nitrates in plants. The
activity of this enzyme depends on the level of
supply of plants with molybdenum, as well as
on the forms of nitrogen used for their nutri-
tion. With a lack of molybdenum in the nutri-
ent medium, the activity of nitrate reductase is
sharply reduced [22, 23].

Molybdenum is able to detect both different
oxidation states (+4, +5, +6) and variable co-
ordination numbers (4, 5, 6, 8). Therefore, the
biological action of Mo is diverse. It is the pre-
sence of Mo that allows leguminous plants to
assimilate atmospheric nitrogen, in the body
of animals, Mo is part of redox enzymes, in-
cluding xanthine oxidase, which is involved in
the exchange of purines and the transfer of O,.
With an excess of Mo in the soil, it accumulates
in the body, which contributes to the activation
of xanthine oxidase (Fig. 5) and the synthesis
of an excessive amount of uric acid.
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Fig. 5 - Fragment of xanthine oxidase.

Like most metals required for plant growth,
molybdenum is used by special plant enzymes
to participate in reduction and oxidation re-
actions. Molybdenum is an integral part of an
organic pterin complex called molybdenum
cofactor (Moco). The coordination unit of a
Mo-containing enzyme is usually formed from
thiolate ligands (for example, pterin), cysteine
residues and is supplemented with ligands
with donor oxygen atoms: water molecules,
OH" and O* groups. Moco binds to molybde-
num-requiring enzymes (molybdoenzymes)
found in most biological systems, including
plants. When plants are grown under molyb-
denum deficiency, a number of varied phe-
notypes develop, which hinder plant growth.
Most of these phenotypes are associated with
reduced activity of molybdoenzymes. These
enzymes include primary nitrogen assimila-
tion enzymes, such as nitrate reductase (NR),
and nitrogen-fixing enzyme nitrogenase found
in bacteroids of legume nodules. Other mo-
lybdoenzymes have also been identified in
plants, including xanthine dehydrogenase/oxi-
dase involved in purine catabolism and urei-
de biosynthesis in legumes, aldehyde oxidase
(AO), which is involved in ABA biosynthesis,
and sulfite oxidase, which can convert sulfite
to sulfate, an important step in the catabo-
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lism of sulfur-containing amino acids [22-24].

The value of molybdenum in the life of
plants is quite diverse. It activates atmospheric
nitrogen binding processes of nodule bacteria,
promotes the synthesis and exchange of pro-
tein substances in plants. The most sensitive
to molybdenum deficiency are such crops as
soybeans, grain legumes, clover, and perennial
grasses. Plant's need for molybdenum fertili-
zers usually increases on acidic soils with a pH
below 5.2. The physiological role of molybde-
num is related to the fixation of atmospheric
nitrogen, the reduction of nitrate nitrogen in
plants, participation in redox processes, carbo-
hydrate metabolism, and the synthesis of chlo-
rophyll and vitamins. Nitrate reductase with
the participation of molybdenum catalyzes the
reduction of nitrates and nitrites, and nitrite
reductase also with the participation of mo-
lybdenum reduces nitrates to ammonia. This
explains the positive effect of molybdenum on
increasing the protein content of plants. Under
the influence of molybdenum, the content of
carbohydrates, carotene and ascorbic acid also
increases in plants, and the content of protein
substances increases. Under the influence of
molybdenum, the content of chlorophyll in
plants increases, and the intensity of photosyn-
thesis increases.
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The availability of molybdenum for plant
growth strongly depends on soil pH, concen-
tration of adsorbing oxides (e.g., Fe oxides),
degree of drainage of water and organic com-
pounds contained in soil colloids. In alkaline
soils, molybdenum becomes more soluble
and available to plants mainly in anion form.
On the contrary, in acidic soils (pH<5.5), the
availability of molybdenum decreases, as the
adsorption of anions by soil oxides increases
[25]. When plants are grown under the con-
ditions of molybdenum deficiency, a number
of different phenotypes develop, which inhibit
plant growth. Most of these phenotypes are as-
sociated with the reduced activity of molybdo-
enzymes.

The lack of molybdenum in plants is mani-
fested in the bright green color of the leaves,
while the leaves themselves become narrow,
their edges curl inward and gradually die, a dot
appears, the leaf veins remain light green. The
lack of molybdenum manifests itself, first of all,
by the appearance of the yellow-green color of
leaves, which is a consequence of the weaken-
ing of atmospheric nitrogen fixation, the stems
and petioles of plants become reddish-brown.

Nickel belongs to conditionally essential ele-
ments. Nickel is a component of some plant
enzymes, especially urease, which metabo-
lizes urea nitrogen into useable ammonia in
the plant. Without nickel, toxic levels of urea
can accumulate in tissues; forming necrotic
legions on leaf tips. Currently, there is a suf-
ficiently large number of scientific works in
which the beneficial effects of Ni compounds
on plant growth have been proven [26]. The ele-
ment Ni is considered an indispensable trace
element for plants because it acts as an activa-
tor of the urease enzyme. Recent studies have
shown that Ni can activate the glyoxalase I
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isoform, which performs an important step in
the degradation of methylglyoxal (MG), a po-
tent cytotoxic compound naturally produced
by cellular metabolism. Reduced glutathione
(GSH) is consumed and regenerated in the de-
toxification process of MG produced during
stress (stress-induced production). [26, 27]
investigated the role of Ni in the interrelation
between the MG cycle and GSH homeostasis
and suggested that Ni may play a key role in
the metabolism of plant antioxidants, espe-
cially in stressful situations. Some researchers
demonstrated the effect of Ni stimulation on
the nitrification and mineralization of nitroge-
nous compounds [28], and in [29] it was estab-
lished that microorganisms that metabolize H,
and urea are highly sensitive to Ni nutrition.
It was shown in [30] that water-soluble forms
of nickel compounds in small concentrations
are easily absorbed by plant roots, which has a
positive effect on their development.

In [31] it was found that Ni binds to ani-
onic organic complexes in xylem exudates.
Although the transport and storage of Ni ap-
pears to be metabolically controlled, this metal
is mobile in plants and is likely to accumulate
simultaneously in leaves and seeds. It should
be noted that Ni is easily and quickly taken up
by plants from soils, and until a certain con-
centration of Ni in plant tissue is reached, ad-
sorption is positively correlates with soil Ni
concentrations.

Nickel is found in soil as a free ion and in
complexes with other metal ions (such as Fe).
In soils, Ni exists in various states of oxidation,
but the predominant and more stable form is
Ni**, which exists in a wide range of pH and re-
dox potentials. The biological effects of Ni are
very related to its forms, however, regardless
of the chemical form of Ni introduced into the
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soil, Ni was found in plants only in the form
of neutral and negative complexes. Ni cations
are included in the structure of many enzymes,
including glyoxalases, ureases, methyl-CoM
reductases, superoxide dismutases, peptide
deformalylases, and some hydrogenases [27,
32, 33]. It plays an important role in ureolysis,
methane biogenesis, acetogenesis, hydrogen
metabolism, as well as in the maintenance of
the cellular redox state, tolerance to stress and
protection and optimal use of nitrogen [34-
36]. Deficiency of nickel ions in plants causes
accumulation of urea and necrotic lesions in
plant leaves.

At excessive concentrations of nickel in
plants, its phytotoxic effect is manifested -
photosynthesis and transpiration are inhibited
in plant tissues. At the same time, the develop-
ment of roots and metabolism lag behind. The
most common symptom of Ni toxicity is Fe-in-
duced chlorosis, in which the foliar Fe level
is reduced. Another manifestation of nickel
toxicity is the reduction of plant growth and
photosynthesis caused by induced oxidative
stress, inhibition of nitrogen metabolism and
enzymatic activity.  Thus, nickel salts play a
significant role in the growth and development
of plants. The absorption of nickel by plants is
achieved either by active transport or by pas-
sive diffusion, depending on the plant species,
soil pH, the form of nickel compounds, their
concentration, and the availability of other
metals. Solubilized nickel compounds can be
transported by various cationic transport sys-
tems, such as Fe**, Mg?*, Cu?**, Zn** in the form
of chelates with citric acid, histidine, and nico-
tiamine, as well as with various proteins, such
as permeases, metallothionein, metallochape-
rones [37-39].

Nickel for plants is an important ultra-mi-
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croelement that takes part in biological nit-
rogen fixation. The particular importance of
the element lies in the increase of resistance to
negative manifestations of the environment,
which significantly affects the increase in pro-
ductivity. Nickel is responsible for the hydro-
lysis of urea in the plant body (conversion of
urea into ammonium (NH?*"), as it is an indis-
pensable component of enzyme urease. Nickel
has fungicidal properties due to the fact that
it directly affects pathogenic organisms or ac-
tivates the protective properties of the crop.
In addition, Ni is the main nutrient for nitro-
gen-fixing bacteria.

USAGE OF MICRO ELEMENTS IN CROP
GROWING. In total, about 75 chemical ele-
ments of Mendeleev's periodic system were
found in plant cells, which are part of enzymes,
hormones, vitamins and other biologically
active compounds. Each of the elements per-
forms its specific function and ensures the
normal growth and development of crops.
Microelements («metals of life») are necessary
for the construction of enzyme systems (bio-
catalysts) for all plants, and it is impossible to
replace them with other macro- or meso-ele-
ments. For normal life, crops need more than
30 trace elements in sufficient quantities, in-
cluding both metals (Cu, Zn, Co, Mo, Mn, etc.)
and non-metals (I, Si, Se, Br, E, etc.), which are
part of various chemical compounds contained
in the soil (Table 2.).

When there is a lack of available forms of
boron, manganese, copper, molybdenum, and
in certain conditions also cobalt, zinc, iodine,
vanadium and other microelements in the soil,
specific diseases of crops are observed, they
give a low and inferior yield. In this case, the
use of appropriate microfertilizers eliminates
plant diseases and significantly increases the
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yield and quality of crop production. Under
the action of microelements, the sugar content
of many plants increases, the content of starch
or protein, vitamins and fats increases. The
resistance of plants to drought, high and low

temperatures also increases, their susceptibili-
ty to pests and diseases decreases. The value of
trace elements goes far beyond crop produc-
tion, as many animal and human diseases are
often associated with a lack of trace elements.

Table 2.
Physiological need of agricultural crops for trace elements [40].
Crop/trace element B Cu Fe Mn | Zn | Mo
Corn % %% %% *% %% *
Sorghum * %% %% %% %% *
SOY * * %% %% *% %%
Wheat * %% * %% * *
Barley * %% * *% * *
Pea * * * ok * ot
Sunflower skl o * o - %
Sugar beet 6% % % % *% %%
Rape ook * * *o%o% * ook
FlaX % % * * % *
Tomatoes % %% %% % % *
Cucumbers * o * x * *
Ol’llon 4% %% %% % % 4%
White-headed cabbage o ot * e ot o
CaullﬂOWCI' %% %% * % * %%
Carrot %% % * %% * *
Potato % * * % % *
Grape % %% %% %% % *
Apple tree orx ok ok —_— o %

*** - key microelement; ** - vital microelement; * - an important microelement

A deficiency in the soil of certain trace
elements can be detected by the appearance
of specific signs in the appearance of plants.
However, in the practice of agriculture, one has
often to meet with a less acute shortage of trace
elements, when clear external signs are not
observed, but the growth and development of
plants are suppressed and they give low yields.
The need for the use of microfertilizers can be
de’termined based on the results of a chemi-
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cal soil analysis for the content of plant-avai-
lable forms of microelements. With the grea-
test accuracy, the need to apply microfertili-
zers in specific soil and climatic conditions can
be judged by the results of field experiments.
A higher efliciency of using microfertilizers, as
a rule, is observed when plants are well sup-
plied with the main nutrients - nitrogen, phos-
phorus and potassium. At the same time, the
introduction of the necessary trace elements
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significantly increases the effect of nitrogen,
phosphorus and potassium fertilizers. When
microelements are introduced, a better use of
nutrients from the soil and mineral fertilizers
by plants is ensured.

But only a small part of trace elements in
the soil solution is in a mobile form, easily ab-
sorbed by plants. Therefore, when filling their
lack, the form of compounds (degree of availa-
bility for the plant organism) in which they
will be in the soil should be taken into account.
Most trace elements are part of enzymes and
act as active catalysts that accelerate important
biochemical reactions in plants. Insignificant
amounts of microelements in combined ac-
tion strengthen their catalytic functions and
greatly influence the course of life processes
in crops. In addition, they affect the orienta-
tion of biochemical processes. For example,
copper protects chlorophyll from destruction
and contributes to an almost twofold increase
in the doses of nitrogen and phosphorus. Man-
ganese regulates the ratio of divalent and triva-
lent iron in plant cells. Boron and manganese
have a positive effect on the recovery of crops
after freezing, they contribute to the flow of
photosynthesis in them. Microelements are of
decisive importance in activating the regene-
rative functions of tissues and resistance of
the plant organism to various diseases. They
are indispensable in increasing the immunity
of plants and reducing their susceptibility to
parasitic diseases. Only the complete supply of
plants with all the necessary trace elements al-
lows crops to fully use energy, water and basic
nutrients (nitrogen, phosphorus, potassium),
and as a result, to form higher yields.

Microfertilizers are able to eliminate plant
diseases that arose as a result of an incorrect
ratio of macroelements (N, P, K) in their nu-
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trition. When one or more microelements are
insufficiently supplied to plant cells, there is a
decrease in the rate and coherence of the phy-
siological processes responsible for the de-
velopment of the plant organism. As a result,
plants are not able to realize their genetic po-
tential, the level and quality of their yield are
significantly reduced. Therefore, along with
the main elements of mineral nutrition, which
contain macro- and mesoelements, it is neces-
sary to take care of the introduction of complex
fertilizers, which contain all the microelements
necessary for crops.

The metabolic action and role of each mic-
roelement in plants can be characterized in re-
lation to some basic processes, such as:

1. Absorption and transport inside the plant

2. Enzymatic processes

3. Concentrations and forms of occurrence

4. Deficiency and toxicity

5. Ionic competition and interaction

Chemical balance in living organisms is
the main condition for their proper growth
and development. The interaction of chemi-
cal elements also has a similar importance to
deficiency and toxicity in plant physiology. In-
teractions between chemical elements can be
both antagonistic and synergistic, and their
unbalanced reactions can cause real chemical
stress in plants. Antagonism occurs when the
combined physiological effect of two or more
elements is less than the sum of their inde-
pendent effects, and synergism occurs when
the combined effect of these elements is great-
er. These interactions can also relate to the
ability of one element to inhibit or stimulate
the absorption of other elements in plants. All
these reactions are quite variable and can oc-
cur inside cells, inside membrane surfaces, and
also in plant roots.
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Below are examples of «interaction»of mac-
ro- and microelements in plants [2, 3].

Zinc-phosphorus - a high level of availa-
ble P causes a deficiency of zinc, which may
be associated with the formation of insolu-
ble Zn,(PO,), in the soil. P-Zn antagonism in
roots affects zinc translocation.

Zinc-nitrogen - high levels of nitrogen cause
a deficiency of zinc due to increased growth
rate with a limiting supply of Zn; retention of
Zn in the roots due to the formation of a stable
N-Zn protein complex.

Iron-phosphorus - an excessive amount of
P and an increase in the P/Fe ratio inactivates
iron. This effect is probably due to the forma-
tion of a slightly soluble Fe-phosphate preci-
pitate, and the plant is able to absorb and re-
tain Fe in a soluble, mobile form, the amount
of which decreases with an increase in the con-
centration of P in tissues. Similar phenomena
occur with copper-phosphorus imbalance in
plants.

Molybdenum-sulfur — the absorption of Mo
by plants reduces the S content by direct com-
petition between two equivalent anions of the
same size; another explanation suggests that
the inhibition of Mo utilization in the plant
occurs at low Mo levels.

Zinc-magnesium — an increase in the pH of
the soil, after the use of MgCO,, causes the in-
teraction of Zn and Mg inside the plant and in
the soil.

Zinc-iron - the metabolic functioning of
Fe in plants is closely related to the balanced
supply of Zn, but with excessive addition of Zn
there is a noticeable decrease in the concentra-
tion of Fe in plants.

Iron-manganese — Fe and Mn are intercon-
nected in their metabolic functions, the effec-
tiveness of one determines the proportional
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presence of the other. An excess of Mn reduces
the availability of Fe, because Mn prevents the
transport of Fe from roots to shoots.

Iron-molybdenum - two effects of Mo and
Fe are proposed - a beneficial and a harmful
one. With an excess of Mo, there is a deficien-
cy of Fe due to the formation of Fe-molybdate,
which leads to a decrease in the content of Fe
in the solid body (roots). On the other hand, at
an equivalent level of these elements, Mo in-
creases the absorption of Fe.

Copper-iron — in several crops and mainly
citrus fruits, Fe-chlorosis occurs due to a high
concentration of Cu in the nutrient solution

Copper-molybdenum - the antagonism of
Cu and Mo in plants is observed when Cu in-
terferes with the role of Mo in the enzymatic
reduction of NO.,.

As mentioned above, plants can easily use
trace elements only in a biologically active wa-
ter-soluble form (mobile form of a microele-
ment), and the immobile form can be used by
the plant after complex biochemical processes
involving soil humic acids. In the middle of the
20th century, trace elements in crop produc-
tion were mainly used in the form of inorganic
salts of trace elements, which were mainly in-
troduced into the soil in significant quantities.
Adding them to the soil contributes to their
better assimilation and hence to a more effec-
tive effect on the yield of plants. Preparations
of this type have a low cost, which attracts the
attention of farmers. However, the use of salts
of trace elements is appropriate only on acidic
and slightly acidic soils. Salts of inorganic acids
are poorly soluble, so they are difficult for
plants to assimilate. Their excess can cause a
toxic reaction and soil salinization. The twen-
ty-first century is the period of the use of more
effective preparations of microelements in the
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form of chelated microfertilizers. They are
more effective due to the availability of trace
elements for plants, and act as dual action
drugs.

MICROELEMENTS IN CHELATED FORM.
Currently, particular attention is given to the
role of microelements in living organisms as
complexing agents, since most biochemical ob-
jects in plants are in the form of coordination
compounds [41-43]. Living organisms prefer
compounds of those elements that are capable
of forming sufficiently strong but at the same
time labile bonds. These bonds should be easi-
ly subjected to both homolytic and heterolytic
rupture as well as cyclization. Such organogens
are microelements. The microelements must
be introduced into the body in an active form,
capable of being transported and absorbed.
From this point of view, chelate complexes of
biometals are promising [2, 44].

In recent decades, the development of nano-
technology has reached its height. Of particu-
lar interest to researchers are nanosystems of
a given composition with predicted properties.
When used in chemistry, medicine, biotech-
nology, the size of nano particles or nano-sys-
tems is of great importance because it depends
on the permeability, activity, solubility and
toxicity of nanoparticles [45, 46].

The biocoordination compounds of metals
as medical and biological agents form the ba-
sis of modern socially and technologically sig-
nificant innovative developments. Combining
metal ions with an organic compound enables
the production of supramolecular associates,
which are inherently close to the endogenous
coordination compounds that exist in the liv-
ing organism and in general in biosystems.
They are less toxic than their constituents and
usually have a wide range of biological acti-
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vity. The attention of the world scientific com-
munity to this area is caused by its intensive
development, as well as the achievements of
biocoordination, bioorganic, medical chemist-
ry. More and more new complexing ions and
ligands are involved in the orbit of biochemical
research. disorders of plants.

The theory and practice of the experimen-
tal chemistry of biologically active substances
are related to the development of fundamen-
tal principles for the creation of effective drugs
based on the structure-activity dependence,
which, in turn, is associated with the develop-
ment of theoretical methods, as well as the ac-
cumulation of information on the relationship
of molecular structure with biological activity.
The effectiveness of the influence of the micro-
elements on any living organism quantitatively
and directly depends on the form in which the
microelements is.

The twenty-first century is a period of use
of more effective chelate-based microelements
They are more effective due to the availabili-
ty of microelements for living organisms and
act as dual action drugs. Chelating compounds
(chelates) are coordination compounds of
metal (microelements ) with a chelating agent
(chelant, ligand) of a cyclic nature. Complex-
ons are the most promising chelating agents.
Complexones belong to complex amino-
carboxylic (aminophosphonic) acids, which
contain several functional groups: carboxylic
(-C (O) O-), phosphonic (PO,H,), and amino
(NH-) groups. Therefore, thanks to chemical
interaction, it is possible to obtain metal-con-
taining compounds in which metal ions will
bind to the ligand with the help of electron-do-
nating atoms (oxygen and nitrogen) with the
formation of heterocyclic rings (metal-che-
late cycles).
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Among the multifunctional complex-form-
ing compounds, polyaminocarboxylate, phos-
phonic, and aminophosphonic complexones
are the most promising from a biological point
of view for creating microfertilizers [3, 48-50].
In table 3, the most common chelating agents
that are currently used to create microfertili-
zers and in fig. 6 structural formulas of some
complexions are shown.

Almost all microelements form fairly stable
complexes with the given ligands, while the
form of the complexes strongly depends on the

pH of the solution or soil. The most favorable
conditions for the formation of complexes are
non-alkaline environments (pH ~ 5.5-6.5).

In terms of biochemical structure and
chemical purity, chelated complexes of micro-
elements are very similar to organometallic
compounds synthesized in plant cells (Fig. 7,
a, b). Therefore, upon entering a living cell,
these substances will be perceived by them not
as alien elements, but as «their own», which
will ensure their biogenic compatibility and
accordingly, high absorption [51-54].

CH,COOH ~CH,—P(0)(OH),
_CH,COOH NTA  N—CH,—P(0)(OH)
\CH,COOH \CH,—P(O)(OH),  NTP

CH,NHCH,COOH CH,—P(0)(OH)

i EDDA cHN *

CH,NHCH,COOH | NCH,~P(O)(OH), Lo
»CH,—P(O)(OH),
,CH,COOH N
CH,N \CH,—P(0)(OH),
| “CH,COOH EDTA
,CH,COOH CH,
|
*\CH,CO0H (OH),(0)P—(—P(0)(OH) HEDP
OH
,CH,COOH
H,CH,N
\CH,COOH
N—CH,COOH DTPA
CH,COOH
CH,CH,N
" \CH,CcO0H
-iIDOD_H
_CH CH,COOH
-
|HINH EDDS
CH,NH
CHCH,COOH
.COOH

Fig. 6 - Structural formulas of some complexones.
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Table 3.
Chelating agents.

Abbreviation The name of the complexones Formula
EDTA Ethylenediaminetetraacetic acid C,H,O,N,
DTPA Diethylenetriaminepentaacetic acid C,H,,0, N,
CDTA Cyclohexane Tetraacetic acid C H, 0N,

EDDHA Ethylenediamine-Q-hydroxyphenylacetic acid C,H,, 0N,
HEDTA Hydroxyethylenediaminetriacetic acid C,H,O.N,
EDDS Ethylenediaminedisuccinic acid C,H, ON,
NTA Nitrilotriacetic acid CH,0ON
EGTA Ethyleneglyco-bis(2-aminoethylether)tetraacetic acid C,H, O N,
HEDP Hydroxyethylenediphosphonic acid CHO.P,
NTP Nitrilotrimethylphosphonic acid C,H ,NO,P,
EDTP Ethylenediaminetetraphosphonic acid
CIT Citric acid C.H,O,
(0).¢ Oxalic acid CH.O,

Il O
C
0

Jnefren

_CH=NihnMosmN-CH

S \ N\
C ~— 0——C=0
%I) O
H,0 010A

a b
Fig. 7 - General structure (a) and a fragment of molecular structure (b) of transition metal complexes
with EDDS [51].

An organic molecule seems to capture metal further the metal ion is absorbed by the plant,
in a «claw», and when in contact with a plant, and the chelant breaks down into simpler sub-
the cell membrane recognizes this complexasa stances (Fig. 8) [3, 49, 53].
substance related to biological structures, and
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A trace element ion 3 Sheet surface

Free ion of a trace element cherech
poorly penetrates the surface of the sheet

Chelating agent

The trace element chelate easily penetrates the cherry leaf surface
and is included in biochemical processes in plants

Fig. 8 — The structure of the chelate of a microelement and the action of a chelated microfertilizer on

plant leaf rotation.

The complexonates of microelements have
a number of valuable properties: they are
non-toxic, dissolve well enough in water, have
high stability in a wide pH range, and are not
destroyed by microorganisms [3, 4, 6]. It is in
complexonates that the microelement is trans-
ferred into a mobile, biologically active form.
The chelate serves to protect the metal ion,
prevents it from reacting with the environment
and keeps it in a highly soluble form that can
be absorbed by plants, even at a pH that natu-
rally leads to their deposition.

The difference between the two forms of
microelements (inorganic salts and chelates)is
as follows:

o trace elements in the form of inorganic
salts work satisfactorily only in acidic soils (pH
up to 6). In soils close to neutral, their effec-
tiveness decreases tenfold. In neutral, weakly
alkaline and carbonate soils, inorganic salts
cannot retain microelements in a water-solu-
ble form available to plants and their efficien-
cy approaches zero, i.e. they change to poorly
soluble forms (hydroxides, carbonates) and be-
come unavailable to plants;

« complex ions are stable in all types of soils,
and there are no restrictions on soil pH for
them;

https://ucj.org.ua

 microelement complexes are much more
effective than ordinary salts, and accordingly
their consumption is less. This form of micro-
elements can be used, figuratively speaking, in
homeopathic doses, that is, as a prophylactic
without even taking into account the composi-
tion of the soil and without causing any harm
to nature [53].

Among the listed chelants, the most stable
complexes are formed by polyaminopolycar-
boxylic acids (EDDS, EDTA, DTPA, CDTA,
EDDHA), which have a high specificity for the
iron ion Fe’* at a certain pH. When increas-
ing the pH, the order of stability of the com-
plexes decreases as follows: EDDHA> DTPA>
CDTA> EDTA> EDDS (Fig. 9) [3]. It should
be noted that EDDHA has a high selectivity
for Fe’* in a wide pH range (from 4 to 9), but,
unfortunately, this effective chelant forms sta-
ble complexes only with iron, and the stability
of complexes with other necessary microele-
ments (Mn, Cu, Zn, Co) is significantly low-
er [55]. Therefore, in the modern practice of
creating chelated microfertilizers, the EDDHA
complex is used extremely rarely, although it is
allowed by the European Union Directive EU
2003/2003 of October 13, 2003 for the produc-
tion of mineral fertilizers.
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Ratio of chelated Fe to Total Chelate

pH

Fig. 8 - Comparison of Fe-chelate stabilities in soil solution [3].

There are various factors affecting the sta-
bility of metal chelates, which are primarily re-
lated to the nature of metals and the nature of
the chelating agent (ligand). The influence of
metal ions on the stability of chelates is mani-
fested as follows: at the same degree of oxi-
dation for metal ions of the same family (for
example, 3d, alkaline earth elements), the sta-
bility of complexes increases with a decrease in
the ionic radius. So for Ca(II) complexes IgK .
is higher than for the corresponding strontium
complex. For the same metal, as the ion charge
increases, the stability constant increases (for
example, Fe3+ chelates are more stable than
Fe2+ in most cases). And finally, stability de-
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pends on the electronegativity of the metal ion
and increases as follows: (e¢V) Cu (1.9) > Fe
(1.8) > Zn (1.6) > Mn (1.5) > Ca (1.0), which
makes it possible to create a stronger covalent
bond.

The effect of stabilization of the complex
due to the chelating agent depends on the
structure of the ligand (stability increases with
the formation of a larger number of metallo-
cycles between the metal ion and the chelat-
ing agent), the affinity of cations to the donor
atoms of the ligand (for example, for a zinc ion,
when coordination bonds with donor atoms
are formed, stability changes in the series
S> N> O, while for Ca ions there is no signi-
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ficant difference between these three donors).
The stability of the complexes is significantly
affected by the steric effect. When the atoms are
too close to each other, energy is wasted due to
overlapping electron clouds (Pauli - Born re-
pulsion), and this can affect the desired shape
of the molecule (conformation) and reactivity.
And different conformations in space have dif-
ferent levels of stability. Complexes that have
a high entropy are more stable, since the most
stable energy state is achieved in them. For
example, for ethylene diamine tetraacetates of
various metals, the entropy (AS*¢) changes in
the following order: +55 (Cu®*) = +55 (Zn**)>
+42 (Cu*")> +41 (Mn*")> +32 (Mg*").

Among complexones that contain carboxyl
groups, DTPA is the most optimal, which al-
lows the use of complexones (especially iron)
on carbonate soils in a wide pH range (even
at pH above 8), where other complexones are
ineffective. Although, it should be noted that
currently microfertilizers based on EDTA are
produced in the largest quantities, which is
primarily due to its sufficient availability and
relatively low cost.

Currently, the vast majority of chelated mi-
crofertilizer preparations are based on com-
plexes of two complexones - ethylenediamine-
tetraacetic acid and hydroxyethylenediphos-
phonic acid. The leadership of these chelants is
due, first of all, to their unique properties (the
possibility of forming complexes with almost
all metals of the Periodic System) in combi-
nation with a well-developed theoretical and
experimental base and, of course, economic
feasibility of use. Chelates are produced on the
basis of EDTA, which can be used on soils with
a pH of less than 8, and for each microelement,
stable compounds can be formed only at cer-
tain pH values (for example, an iron complex
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with EDTA is effective in combating chlorosis
only on moderately acidic soils; in an alkaline
medium it is unstable. It should be noted seve-
ral characteristic features of complexes with
EDTA: complexes with molybdenum are rela-
tively weak, they decompose in an alkaline en-
vironment; Ca and Mg chelates are soluble, but
less stable compared to other trace elements;
no complexes are formed with boron). In ad-
dition, chelates with EDTA are decomposed by
soil microorganisms, which leads to the tran-
sition of trace elements to an insoluble form.
These drugs exhibit antiviral activity.

Of the complexones containing phosphonic
groups, HEDP is the most promising. On its ba-
sis, all individual metal complexonates used in
agriculture, as well as compositions of various
compositions and ratios, can be obtained. In
its structure, it is closest to natural compounds
based on polyphosphates (during its decom-
position, chemical compounds are formed that
are easily absorbed by plants). Chelates based
on it can be used on soils with a pH of 4.5-11.
A distinctive feature of this chelating agent is
that, unlike EDTA, it can form stable complex-
es with Mo and B. However, it is a very weak
chelating agent for iron, copper, and zinc. In
the nutrient solution or root zone, these ions
are easily replaced by calcium and their effec-
tiveness is significantly reduced. HEDP is re-
sistant to the action of soil microorganisms.
The conditions of solubility of HEDP complex-
es, which are strictly differentiated depending
on the complexing metal, make it possible to
obtain microfertilizers of prolonged action.
The specificity of the interaction of OEDP
with calcium ions allows changing the physi-
cochemical and granulometric properties of
various mineral fertilizers. It should be not-
ed that the use of HEDP-based chelates in
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working solutions on very hard natural waters
is unacceptable, however, acidification elimi-
nates this drawback. In addition, HEDP pre-
vents the formation of poorly soluble salts in
nozzles, pipelines of nutrient systems and is a
growth regulator.

The formation of stable complexes of metals
with HEDP can be explained by the formation
of chelate structures due to the bidentate coor-
dination of the ligand by two oxygen atoms of
phosphonic groups to the cation. At the same
time, stable eight-membered cycles are formed,
which can be strengthened by intramolecular
bonds with the participation of water mole-
cules, formed in the case of the interaction of
a metal cation with the oxygen atoms of two
phosphate groups at the same time, which can
be strengthened by intramolecular bonds with
the participation of water molecules:

Q e M e -0

\P( %P/
& \50 )\ 0-"/ N

Hydroxyethylidenediphosphonic acid is
close in its structure to natural compounds
based on polyphosphates (its decomposition
produces chemical compounds easily digested
by plants).

Other complexones are also used as chelat-
ing agents, for example, ethylenediamine
(2-hydroxy-4-methylphenyl)acetic acid. Che-
lates based on it can be used in pH ranges from
3.5 to 11.0. However, the cost of this highly ef-
fective agent is quite significant. The issues of
the use of 3-d metal complexes based on eth-
ylenediaminedisuccinic acid are covered quite
widely in the literature. These complexes are
very stable (IgKst.~13-18) in a wide pH range
(3-10) and are biologically active, non-toxic
and environmentally friendly compounds [56,
57]. The type of chelating agent strongly affects
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the efficiency of the fertilizer and the degree
of assimilation of trace elements by the plant:
chelates based on lignins are absorbed 4 times
better, those based on citrates 6 times better,
and those based on classical aminopolycar-
boxylates and/or polyphosphonates (EDTA,
HEDP, DTPA) - in 8-10 times better than tra-
ditional inorganic fertilizers [58]. In chelated
microfertilizers based on traditional comple-
xones such as EDTA, DTPA, NTA, HEDP, the
active component is only the ion of a biologi-
cally active trace element, and the organic part
of the compounds performs only a transport
function - diffuse delivery of trace elements
to plants. In complexes based on EDDS, the
chelant not only delivers the trace element, but
also has a biological activity itself. Upon en-
tering to a living organism, the organic part of
ethylene diamine disuccinates under the influ-
ence of sunlight or UV radiation breaks down
into essential amino acids (arginine, leucine,
isoleucine, valine, histidine, asparagine, ala-
nine), which are present in the living organism
as components of the metabolic chain (Fig. 9,
table 4) [59-61].

o, N/I\{
L His JAS
A
Phe
Arg
Leu Val Gin
h Gly

Fig. 9 - Chromatogram of photolysis products
of FeMEDDS model solutions (C=1-10" mol/l) after
irradiation A=345 nm [60, 61].
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Table 4.

Products of the photochemical decomposition of Fe(III) and Mn(II) complexonates with

ethylenediaminedisuccinic acid.

FeEDDS MnEDDS
NH, - 68% NH, - 89%
CO, - 82% CO, - 68%

Arginine (Arg) - 6,3%
Asparagine (Asp) - 1,9%
Valine (Val) - 0,72%
Histidine (His) —13,9%
Isoleucine (Ile) — 0,76%
Leucine (Leu) —1,4%
Glutamine (Gln) - 1,34%
Phenylalanine (Phe) - 11,3%

Alanin (Ala) - 0,35%
Arginine (Arg) - 3,89%
Asparagine (Asp) — 1,8%

Histidine (His) — 9,8%
Isoleucine (Ile) — 0,87%

Leucine (Leu) - 2,7%

Depending on the 3d-metal, a different set
of essential amino acids is formed when the
complexes decompose, which is obviously as-
sociated with the different nature of the me-
tal and the stability of the complexes. But the
main decomposition products are ammonia
and CO,.

The given data show that compounds, the
cation of which can change the valence state,
undergo photochemical decomposition in
solution. The photodecomposition of com-
plexes is accompanied, first of all, by decarbox-
ylation processes with release of free CO2, as
well as ammonia. The depth of decomposition
increases with increasing pH and the intensity
of irradiation. Since the final products of the
photolysis of complexonates are natural ami-
no acids containing residues characteristic of
the EDDS molecule, it can be assumed that the
photodecomposition is accompanied not only
by the breaking of the bond in the original
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EDDS molecule, but also by the recombination
of the emerging intermediate products.

The question of the important role of pho-
tochemical redox reactions of iron-containing
chelates (the transition of Fe(III) to Fe(II)) is
discussed in [62]. For the implementation of
metabolic processes in plants, a divalent form
of iron is needed. The key value of Fe(II) is de-
termined, on the one hand, by the better solu-
bility of its mineral salts compared to Fe(III),
and, on the other hand, by the lower stability
of Fe(II)-chelates, which facilitates the release
of iron from transport forms and its further in-
corporation into metabolism. The photoreduc-
tion of Fe(III) to Fe(II) occurs under the action
of optical radiation with wavelengths less than
420 nm. Optical radiation with a wavelength
distribution in the range of 350-700 nm is able
to penetrate the green leaf and cause photore-
duction of Fe (III) in the nutrient solution. This
process occurs both with direct irradiation of
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solutions and with their illumination through
leaves affected by chlorosis. With the exclusion
of the ultraviolet part from the composition of
optical irradiation, the photoreduction of Fe
(IIT) is suppressed. The stimulating effect of
UV radiation on the reduction of Fe(III) and
the synthesis of chlorophyll in leaves was found
in experiments with soybean plants, in which,
under the influence of UV rays, physiological
effects were enhanced and accompanied by an
increase in the amount of chlorophyll and ca-
rotenoids.

The mechanism of photolysis of carboxyl-
containing chelates of iron and other trace ele-
ments (Mn, Co) consists in the elimination of
the CO, molecule and the consequent reduc-
tion of the chelate cycle. During photolysis, in-
termediate products with metal-carbon bonds
are formed. These products are thermally un-

stable and form metal ions as well as ligand ra-
dicals. For example, the photodecomposition of
Fe-chelates of citric or tartaric acids is accom-
panied by the formation of numerous inter-
mediate compounds, and the end products of
decomposition are acetone and carbon dioxide.
During the photodecomposition of EDTA, the
following products have been identified: car-
bon dioxide, formaldehyde, ethylenediamine-
triacetate, ethylenediaminediacetate ions.

In [61], based on the results of mass spec-
trometry of metal complexes with ethylene-
diaminediansuccinic acid, it was established
that the decomposition of the compounds is
accompanied by the breaking of the C-N bond
and intramolecular rearrangement along the
labile bonds of the ethylene bridge with the
formation of certain amino acid radicals or
amino acids themselves. (Table 5).

Table 5.

Ratio of the mass to the charge of fragments and their interpretation in the mass spectra

of Fe (III) and Mn(II) complexes with EDDS.

EDDS | FeEIlr)li;S | MnEDDS Fragment Interpretation
R - NH,-CH,-CH,-NH Eibylonediamine edical
69 69 69 -HC-NH-(CH,),-NH- Fragment EDDS
- 75 75 -NH-CH-COOH Glycine
86 84 84 -NH-CH-(COOH)-CH_- o- Alanin
96 98 96 -NH-CH(CO-)CH,-CO- Asparagine fragment
101 - - -CH,-CH,-CH(NH)COOH Aminobutyric acid
112 112 112 -CH(COO-)CH-COO- Succinic acid radical
- 121 - HOOC-CH,-CH,-COOH Succinic acid
- 130 - -NH-CH(COOH)-CH,-COOH [-Asparagine
- 149 - HOOC-(CH,),-CH(COOH)NH, Glutamic acid
158 - - HOOC-CH,-CH(COOH)NH-(CH,),- -

296 296 - EDDS
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Compared to the mass spectra of pure EDDS,
a larger set of decay products is observed in the
complexes, because the attachment of a metal
to the complex one weakens the carbon-nitro-
gen bond due to the coordination of the cation
of amino groups and increases the mobility of
the asparagine fragment of EDDS. The decom-
position products of ethylenediaminesuccinic
acid and its complexes are mainly natural com-
pounds, which determines the environmental
safety and biological activity of both EDDS it-
self and its complexes with microelements.

The study of the stimulating effect of the
FeEDDS complex compared to the effect of
the natural growth stimulator heteroauxin
(HA) on the growth processes of corn showed
that under the influence of the complex, the
length of the leaf and root increases by ~ 45%,
while heteroauxin increases these indicators
by ~ 38% [61]. In this case, the stimulation by
FeEDDS by more significant than that by NA
precisely on the leaves, which are the surface
part of the plant. Presumably, in this case, the
photodestruction of the complexonate under
the action of natural light is more pronounced.

Under the influence of the FEEDDS com-
plex, the content and heterogeneity of free
amino acids (alanine, asparagine, glutamine,
glycine, threonine, serine, tyrosine, etc.) in
plants increases (Table 6). In general, the total
amount of amino acids under the action of the
complexing agent increases sharply, in addi-
tion, there is an increase in the heterogeneity
of free amino acids.

Also, a distinction of their qualitative com-
position under the conditions of stimulation
from that under the conditions of inhibition is
the absence of an increase in the «non-damag-
ing2 osmolyte of the cell, while its significant
accumulation is observed under saline condi-

https://ucj.org.ua

tions. This is due to the fact that this is how the
plant reacts to stressful conditions for it, when
growth processes are inhibited. In addition,
this is explained by the different compartmen-
talization of the enzymes for the synthesis and
breakdown of proline located in mitochondria.
Under saline conditions, the proportion of pro-
line in mitochondrial membranes decreases
and, therefore, its decomposition cannot occur.

Table 6.
The content of amino acids in the leaves of
corn seedlings.

Amino acid | Control | Experiment
Alanine 12,20 15,8
Methionine 3,12 0,97
Valin 4,63 1,45
Leucine 6,04 4,53
Isoleucine 5,26 5,34
Proline 8,78 7,35
Threonine - 3,27
Serin - 2,44
y-Aminobutyric acid 7,39 7,68
Arginine 2,39 3,33
Glutamine 4,06 5,55
Asparagine 30,88 33,77
Glycine 2,49 24,01
Lysine 2,45 2,26
Tyrosine - 1,74
Phenylalanine - 5,43
Histidine - 1,66
Amount, % 0,19 0,39

Based on the results obtained, taking into
account the data of [63, 64], an assumption
was made about the mechanism of action of
FeEDDS complexonate in plants.
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The tricarboxylic acid cycle (TCAC) is a
key step in the respiration of all cells that use
oxygen, the intersection point of many meta-
bolic pathways in the body, an intermediate
step between glycolysis and the electron trans-
port chain. In addition to a significant ener-
gy role, the cycle also performs a significant
plastic function, that is, it is an important
source of precursor molecules, from which,
in the course of other biochemical transfor-
mations, such important compounds for cell
life as amino acids, carbohydrates, fatty acids,
etc. are synthesized. The tricarboxylic acid
cycle includes 8 main stages, including the

oxidation of isocitrate to a-ketoglutarate, the
oxidation of a-ketoglutarate to succinyl-CoA,
the conversion of succinyl-CoA to succinate.
It was shown in [63] that the amino acids his-
tidine, proline, arginine, glutamine, and glu-
tamate can be converted into a-ketoglutarate
and restore its concentration; isoleucine, va-
line, methionine, tryptophan - into succinyl-
CoA, aspartate, phenylalanine and tyrosine
into fumarate; aspartate and aspragine to ox-
aloacetate. The amino acids alanine, serine,
threonine, cysteine and glycine can be con-
verted into pyruvate, which is necessary for
the tricarboxylic acid cycle (Fig. 10).

Isoleucine
Methionine
Threonine
Valin
'
Succinyl CoA\_
-
Succinate a-Ketoglutarate Arginine
X Glutamat
Glutamine
* Tricarboxylic acid Histidine
Phenylalanine —* Fumarate Isocitrate Prolin
Tyrosine C_VCI e i
5
Malate Citrate
N -
Alanine > Pyruvate —~ Oxaloacetate’ - Asparagine
Cysteine ' Aspartat
Glycine
Serene ¥
Threonine Glyceraldehyde-3- = = Glycerol
Tryptophan phosp_hate
)
'
Glucose

Fig. 10 — Scheme of the inclusion of amino acids in the tricarboxylic acid cycle [63].
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In plants, during the glyoxylate cycle, acetyl-
CoA is converted into succinate, which is fur-
ther involved in biosynthetic processes [64].

The increase in the pool of free amino acids
in plants under the influence of FeEDDS oc-
curs due to a significant increase in the content
of glutamine — one of the main transport forms
of nitrogen. As is known that glutamine in the

plant is formed from o-ketoglutarate (Fig. 11).
The FeEDDS complex includes two succi-
nate fragments. Therefore, it can be assumed
that these succinate residues are included in
the tricarboxylic acid cycle, going the path to
a-ketoglutarate and, thus, accelerate the main
substrate- and energy-providing process of the
TCAC.

COOH COOH (IZ'OOH
! I
= CHNH
(E © transaminase G VL glutaminesynthetase | -
CH ' CH,
| 7
CH, /_\ CH, /_\ CH,
| | C=0
HOOC NH;  H0 COOH ATP ADP .
)
NH,
a-ketoglutarate Gly - Gln

Fig. 11 - Formation of glutamine in a plant cell.

The need of plants for microelements

in various phases of growth

Stages of growth
gy

.

‘Seed germination
and start of growth

Vegetative ¢

Microelements needed to support grow

Fe,Zn,Mn Fe,Zn, Mn,Cu, B
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Fe, B

Fig.12 - The need of plants for microelements in various phases of growth.
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It is also possible that metal complexes with
EDDS somehow activate the path of trypto-
phan synthesis or are directly included in this
path, and tryptophan is a precursor of auxin -
a plant growth hormone.

APPLICATION OF COMPLEXONATES
OF MICROELEMENTS IN PLANT BREED-
ING. The use of chelate microelements based
on complexonates is very wide, since they al-
low providing plants with the necessary mic-
roelements by converting ME into a mobile
biologically active form not only in plants, but
also in the soil. Metal complexonates used as
microfertilizers are the most effective form
of micronutrients and a means of regulating
the production process of agricultural crops,
both during seed treatment before sowing and
during root and foliar top dressing [65]. With
their help, you can easily correct nutritional
deficiencies that occur as the plant develops

(Fig. 12). Especially valuable is the use of che-
lates at an early stage of development, when
the root system is not yet well formed. In the
flowering stage, the use of foliar dressings with
chelates increases the number of ovaries, and
fruit processing increases their sugar content.

Chelates are compatible with insecticides
and pesticides and when used together reduce
plant stress due to the application of pesticides.

Microelements in chelated form, enhance
plant immunity and serve as a prophylactic
against fungal and viral diseases.

In complexonates organic acid significant-
ly increases the solubility of the microelement
ion in solution; transports the microelement
ion into the plant organism; protects the micro-
element ion from transformations of physical
and chemical nature; promotes the rapid in-
volvement of microelement ion in biochemical
processes in the plant organism (Fig.13) [3].

* * Aerial part
Af—

Chelating
agent

38,000 ppm ‘/

Solid phase

Soil solution

W\ -

Rhizosphere

Fig. 13 — Mechanism of metal (Fe) release from chelating agent [3].
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The main role of chelates is to keep the metal
cations in solution so they can diftuse through
the soil to the roots. This is done through the
formation of a chelate "ring" around the metal
cation, which protects the metal from interac-
tion with other inorganic compounds. Upon
reaching the plant root, the metal cation either
splits out from the chelate and diffuses into
the root membrane, or the entire metal chelate
complex is absorbed into the root and then de-
composes, releasing the metal. Both cases re-
sult in the extraction of the metal up the root,
and the chelate is returned to the soil solution
for binding other metals.

Applying to the soil and spraying with solu-
tions of complexonates of microelements have
a positive effect on the yield of many crops
[66-77]. For example, treatment with man-
ganese, iron, copper, etc. Complexonates on
based EDTA and DTPA, of the seeds of cereal,
industrial, grain crops (buckwheat, oats, bar-
ley, rye, flax) lead to a change in the terms of
plant vegetation, accelerates the germination of
these crops, and increases their yield. In [77]
the effect of chelate compounds of zinc, copper,
manganese and iron with HEDP on the yield
of spring rapeseed, white lupine and oats was
studied. For comparison, traditional forms of
trace elements were used - vitriol of the corre-
sponding metals. It was found that the chelated
forms of microelements had an advantage over
their salt counterparts, providing a biomass
yield of rapeseed pods higher than the best of
the options using sulfate for zinc by 56%, for
copper — 38%, for manganese — 42%, as well
as an increase in oat grain by 18%. % when us-
ing iron. Also, the individual characteristics of
plants in relation to the studied microelements
were revealed. Thus, the treatment of spring
rapeseed with chelates containing zinc and
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copper contributed to the greater development
of generative organs. In [73], a heterometallic
complex of magnesium and germanium'
based on HEDP - [Mg(H,0)],[Ge (u-OH),
(u-HEDP),]-20H,0 — was used for the pre-sow-
ing treatment of winter wheat seeds. It has
been proven that the compound increases the
field germination of wheat by 75%. In addition,
intensive growth of ground mass (17 cm) and
primary root system (7.5 cm) was observed in
the plants. These indicators are significantly
higher compared to the control and standard -
complex fertilizer Novalon.

During clonal micropropagation of the
gooseberry cultivar at the stage of rhizogene-
sis, the efficiency of modification of media with
mineral salts according to Quoirin-Lepoivre
(QL) was shown by replacing iron, which is
standardly used in the form of FeSO,-7H,O
together with Na EDTA, with chelated forms
with carboxyl-containing ligands Fe(III)-ED-
TA and Fe(III)-DTPA and the organophos-
phate complexone Fe(II)-HEDP. On the 45th
and 60th days of subculturing, the distribu-
tion in descending order of the impact of che-
late iron compounds on the rooting rate of
the studied gooseberry plants was as follows:
Fe(II1)-EDTA>Fe(ITT)-DTPA> Fe(Il) -HEDP>
Fe(II1)-EDDHA>Fe(II)-HEDP. On the 60th
day of subculturing in the best variants of the
experiment, the rooting rate of gooseberry mi-
crocuttings of cultivar Pink-2 was 86.7-100%
compared to 60% in the control variant [74].

The effect of organic (Fe-EDTA and Fe-ED-
DHA) and inorganic (FeCl,) iron substanc-
es on the rooting of the rootstock GF-677
(Prunus amygdalusxPrunus persica — hybrid
of peach and almond) in vitro was studied.
Full rooting (100 %) was observed in ex-
plants nourished with Fe-EDDHA, while less
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rooting was found in the absence of iron or in
the presence of FeCl3. On the contrary, no root
formation was observed in explants nourished
with Fe-EDTA, which showed extremely lower
chlorophyll and high iron contents at the end
of the experiment [71].

Complexes of 3d-metals with EDDS are en-
vironmentally safe biostimulants and positive-
ly affect the yield of plants (apple trees, straw-
berries, legumes, cabbage, buckwheat, alfalfa,
etc.) [72, 74-77]. Fe[S,S']-EDDS was evaluated
as an iron-containing fertilizer in growing ca-
lendula [78]. It has been shown that FeEDDS
complexes are a suitable source of Fe for the
production of marigolds and, most likely, oth-
er horticultural crops. Iron sources (FeEDDS,
FeEDTA, FeDTPA, FeEDDHA, and FeSO,) did
not affect marigold leaf count, plant height, dry
weight, or leaf greenness, and there was no evi-
dence of bronze spotting or micronutrient toxi-
city syndrome. At the same time, all the main
indicators of the development of calendula
leaves when using chelate complexes and fer-
rous sulfate did not differ much and were suf-
ficient for normal growth. However, obtaining
concentrated initial solutions of fertilizers with
non-chelate microfertilizers turned out to be
practically impossible due to the low solubility
of the iron salt. Therefore, APCA complexones
(chelates) are necessary to maintain the solu-
bility of this metal. And the best fertilizer to
use are FeEDDS/EDDS chelates.

In [79], it was established that no nega-
tive consequences are observed when using
FeEDDS on peat soils to increase the yield of
fruit and vegetable crops. The work [80] com-
pared the mobility, leaching and availability of
ionc of zinc when using its various complexo-
nates (ZnHEDTA, ZnEDDHSA, ZnEDTA,
Zn(S,S)EDDS) on haricot bean. It was estab-
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lished that the maximum concentration of zinc
in soil leachate was 65 mg/I for Zn(S,S)EDDS
when 10 mg of Zn was applied per 1 kg of soil.
At the same time, the pH of the calcareous soil
increased significantly over the course of the
experiment.

The effect of presowing treatment of spinach
seeds with compounds containing complexo-
nes (EDDS, IDS), as well as their complexo-
nates with magnesium and zinc, on the content
of chlorophylls and carotenoids in plant leaves
was studied. The effect of complexons was
studied in combination with the exposure of
seeds to a weak constant magnetic field. An in-
crease in the content of pigments, participants
in the process of photosynthesis, was record-
ed in spinach plants [81]. In the presence of
50 pmol/L Cu, the addition of edds increased
the growth of shoots and roots and decreased
the relative loss of electrolyte from the root cells
of chrysanthemum (Chrysanthemum coronari-
um L.), which led to an increase in the accumu-
lation of copper in plant shoots [82].

The results of studies of the effect of EDDS
and its complexes with boron showed a signifi-
cant efficiency of using borate complexes in
comparison with the traditional boron micro-
fertilizer H,BO, as stimulators of soil biologi-
cal activity and photosynthetic processes in
order to obtain an optimal yield of table beet
root crops [83]. It has been proven that EDDI-
AC has a pronounced antimicrobial effect, and
B-EDDS stimulates the microflora. Treatment
with B-EDDS solution caused an increase in
leat weight by 19% and in root crops by 37%.
The effect of boron compounds on the germi-
nation, biomass, and pigment composition of
seedlings of flax, wheat, and Kalanchoe pin-
nate, as well as on the nutrient content of Jeru-
salem artichoke tubers, was studied [84]. Seed
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germination in a solution of boroethylenedi-
amine disuccinate significantly increased the
level of chlorophyll content of flax seedlings.
Treatment with boric acid and free ligand
EDDS also caused some increase in biological-
ly active substances. Apparently, not only bo-
ron, but also EDDS is included in the metabol-
ic processes of the plant as an additional source
of organic carbon and amine nitrogen. The ob-
tained data showed that the EDDS borate com-
plex turned out to be a more effective fertilizer
for the plant than boric acid or EDDS alone.
The use of B-EDDS significantly increased the
level of chlorophyll in the leaves and seedlings
of wheat, of sugars and pectin in the leaves of
Kalanchoe, inulin and fructose in Jerusalem
artichoke tubers. Some addition of biologically
active substances was also caused by treatment
with boric acid and a free ligand. Apparently,
not only boron, but also complexone is includ-
ed in the metabolic processes of the plant as
an additional source of organic carbon. At the
same time, as part of the complex, both com-
ponents of the test preparation are more acces-
sible to plants than each separately.

Employees of the V.I. Vernadsky Institute of
General and Inorganic Chemistry of National
Academy of Sciences of Ukraine have worked,
for a number of years to create new chelate
forms of microfertilizers based on complex-
es of Mn(II), Fe(III), Co(II), Cu(II), Zn(II)
with EDDS [61, 72, 75, 76 , 85-88]. The effect
of complexonates on increasing the yield of
fodder (rapeseed, clover, sweet clover, lupine,
etc.), technical (alfalfa, buckwheat, corn), veg-
etable (beets, tomatoes, cabbage) crops, grapes,
flowers was studied in a field experiment
in different regions of Ukraine. Plants were
treated during the period of budding by fo-
liar feeding or pre-sowing treatment of grains
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with aqueous solutions of preparations with a
metal concentration of 0.05 wt.%. It has been
established that under the action of complexo-
nates, the yield of plants increases (15-50%),
the quality of the fodder mass and grain im-
proves (the content of sugar, fiber, fats and pro-
teins increases). In grape berries, sugar content
increases by 10-12%, and in leaves - the con-
tent of chlorophylls and carotenoids increas-
es by 59% and 30%, respectively). The use of
preparations on flowers significantly increases
the number of productive stems: by 22% for
carnations and by 42% for roses. In addition,
for roses, an improvement in the elitism of the
variety was noted - an increase and compac-
tion of buds. In addition to growth-stimulating
copper complexes, they exhibit a pronounced
fungicidal effect.

The addition of a second biologically active
ligand (citric, tartaric acids, thiourea) or metal
to ethylenediamine disuccinates made it possi-
ble to increase the biological activity of the com-
plexes. For example, when grapes were treated
with the heterometallic complex, FeCuEDDS,
increased by 7% compared to FeEDDS with
monometallic iron complexonate. In that case,
the absolute content of chlorophylls and caro-
tenoids increased by 79% and 37% for the mo-
nometal complex and by 93% and 48% for the
heterometallic complex [87].

On the crops of oats and various herbs
(natural meadow grasses), the heterometallic
complex CuCoEDDS was tested, which in-
creased the yield of plants by 23% and 13%
respectively. Also, in plants, the amount of
microelements increases greatly: Cu** and
Co*" (by 38%), crude fat, protein and cellulose
(~80%) [61]. When lupine and rapeseed plants
are treated with solutions of the MnZnEDDS
complex, the yield of both crops increases by
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20% compared to MnEDDS and ZnEDDS.
The content of protein, crude fat and gluten,
sugars increases in plant grains (Table 7). At
the same time, the efficiency of microelements
contained in complexonates is much higher
(especially in the case of MnZnEDDS) than
when using aqueous solutions of inorganic
salts [88, 89].

Mixed-ligand ethylenediaminedisuccinate
complexes of iron and copper with hydroxy
acids and thiourea (THIO) also increase the
yield and quality of grapes, barley, tomatoes,
and peas compared to their monoligand coun-
terparts. At the same time, under the action of
CuEDDSTHIO, the number of pea plants af-
fected by root rot decreased by 6.2% [61].

Table 7.

Influence of foliar application of the complexes MnEDDS, ZnEDDS, MnEDDS on the
accumulation of some metabolites in rape straw and grain.

. Crude protein, g/kg |  Crude fat, g/kg Raw gluten, g/kg Sugar, g/kg
Option
straw grain straw grain straw grain straw grain
control 18,4 169 6,3 353 25,4 109 16,3 35,4
MnSO, 17,7 179 6,2 374 24,7 95 15,5 37,6
ZnSO, 20,4 182 6,6 330 23,8 121 17,2 33,7
MnEDDS 20,0 178 6,6 376 25,7 122 16,9 37,7
ZnEDDS 21,7 175 6,8 342 27,9 128 17,2 38,8
MnZnEDDS 22,6 190 6,8 390 28,6 129 18,0 40,2

It is promising to use 3d-metal complexo-
nates for the treatment of carbonate chlorosis
in grapes and fruit and berry crops. The calca-
reous chlorosis of plants thrives on carbonate
soils, which contain from 10 to 50% and more
carbonates [80]. In such soils at low pH, the
plants are lacking iron and cannot form chlo-
rophyll. However, any soil always contains
enough iron. The reason lies in the alkaline
reaction of the soil, because there is too much
lime, due to which iron is in an insoluble and
hence, in an inaccessible form. Due to the lack
of access to the plant organism, as well as the
partial immobilization of iron already present
in its tissues, a situation of deficiency of iron is
created. In addition, chlorosis can be caused by
the presence of high concentrations of metals
such as Mn, Cu, Zn, Co, Ni or Cd, which can
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compete with Fe on the level of absorption by
plants. The external manifestation of the phy-
siological changes caused by iron deficiency
is chlorosis of leaves - a change in the color
of leaves due to a decrease in the content of
chlorophyll in them. When photosynthesis
and respiration are impaired and weakened as
a result of the insufficient formation of orga-
nic substances from which the plant's body is
built, and the lack of organic reserves, a general
metabolic disorder occurs. Therefore, with an
acute lack of iron, the death of plants inevitably
occurs. To protect against chlorosis caused by
iron deficiency on carbonate soils, preparations
containing iron in the form of complexonates
are used [80-82]. The accepted mechanism for
the treatment of iron chlorosis with iron che-
lates involves the enzymatic reduction of Fe’*
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to Fe** by the chelate of Fe(III) reductase. The
result of this transformation is the release of
Fe**, which is absorbed by the roots, forming a
free ligand molecule during the process.

The effectiveness of iron chelate in solving
the problem of chlorosis depends on several
factors. The first is the ability of the organic
compound to efficiently chelate Fe3+ and other
metals present in soils (Ca’*, Mg*" and Cu*").
Copper is normally present in soils in low con-
centrations, but becomes a major competitor to
Fe’* due to its ability to be chelated by amino
acids. The second factor is the ability of plant
roots to remove Fe’* from the chelating agent.
This ability is affected by the stability of Fe**
and Fe** chelates. To predict the reactivity of
iron chelates in plants and their effectiveness as
chlorosis correctors, it is necessary to know the
nature of the complexone and the stability of
their complexes with iron, as well as to take into
account their photochemical activity. In a series
of polyaminocarboxylic complexes, stability
increases in the order: FeNTA— FeEDDHA—
FeEDDS— FeEDTA— FeDTPA. Therefore, the
antichlorosis effect of more stable complexes
is more effective than that of medium-resis-
tant chelates, and even more so of phosphonic
complexes, which do not affect the synthesis of
chlorophyll in iron-deficient leaves. Obviously,
when phosphonic Fe-chelates are applied to the
leaf surface, their photochemical inertness pre-
vents the formation of biologically active Fe(II)
forms. In turn, the differences in the physiolog-
ical action between the photochemically active
groups of moderately and highly stable Fe-che-
lates may be due to the unequal period of their
photodecomposition. The best antichlorosis
effect is possessed by iron complexes capable
of intensive but prolonged photochemical de-
struction [49, 62, 67, 87].
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The use of iron(III) complexes in vineyards
showed that spraying grape plants affected by
carbonate chlorosis and/or affected by freezing
has a positive effect on the content of photo-
synthetic pigments in the leaves and increases
the yield of plant berries [49, 61, 87, 90, 91].
Fertilization of chlorotic grape plants with
FeEDTA and FeDTPA compounds not only
increases the concentration of chlorophyll in
leaves, but also reduces the content of organic
acids compared to control plants.

USE OF CHELATE COMPOUNDS OF
MICRO ELEMENTS FOR PURIFICATION
OF PLANTS AND SOIL FROM RADIONUC-
LIDES. Among the complex systems of mea-
sures aimed at minimizing the entry of radio-
nuclides from contaminated soil into the first
link of the food chain - the plant, at present
and probably in the coming decades, the most
effective and economically justified system
should be considered the use of mineral and
organic fertilizers. When used purposefully in
certain forms, quantities, ratios and combina-
tions, they can be used to reduce the input of
radioactive substances to agricultural plants by
many fold. After the accident at the Chornobyl
nuclear power plant, the area most contaminat-
ed by radionuclides is the Ukrainian Polissia
zone, which belongs to a biogeochemical pro-
vince, where soils, plants and, accordingly, fod-
der and products of plant and animal husband-
ry lack many biogenically important trace ele-
ments - iodine, zinc, manganese, cobalt, cop-
per, fluorine, lithium, boron and some others.
This is the reason of the wide distribution of
specific plant, animal and human diseases in
this zone, which are known under the general
name of hypomicroelement diseases (various
forms of chlorosis, rosette leaves, small leafi-
ness in plants; hypocobaltosis, hypocuperosis,
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keratosis, alimentary anemia in animals and
humans) [92, 93]. Liming of acidic soils slows
down the mobility and inhibits the transition
from soil to plants not only of radionuclides,
but also of other elements of mineral nutrition.
But this is especially reflected in the content of
trace elements. In [94] it was shown that under
the influence of three times repeated liming of
sod-podzolic soil at a dose of 2 t/ha with an
interval of 4 years, the content of most of the
listed microelements in oat and lupine plants
decreased by almost half. It is known that some
trace elements, including Zn, Mn, Co, Cu, have
radioprotective properties, and some of them
can affect the entry of radionuclides into plants
and animals. Taking into account the situation
with microelements in the region of Ukraine
most contaminated with radionuclides, as well
as their possible role in anti-radiation protec-
tion of living organisms, it is possible to pre-
dict their special role in the area affected by
the accident. The radiosensitivity of most types
of plants is quite high, so the damage from
the accumulation of radionuclides by plants
and their subsequent transport through food
chains to animals and humans is a much more
important problem than radiation damage to
plants themselves. Therefore, the protective
role of the factors that block the entry of radio-
nuclides into plants becomes a more important
element of anti-radiation protection than the
role of radioprotectors. It is indisputable that
the basis of such blocking should be interac-
tions occurring between microelements and
radionuclides.

Various interactions are possible between
trace elements and radionuclides:

« additive, in which the effect of the compo-
nents is equal to the total sum of the effects of
each component;
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« synergistic, when one of the components
enhances the action of the other, as a result of
which the physiological effect of their mixture
exceeds the sum of the effects;

« antagonistic, in which the effect of the ac-
tion is smaller than the action of each of the
components separately and than the total ac-
tion [95, 96].

Additivity indicates the absence of inter-
action between elements. Antagonistic effect
occurs in cases when one of the elements re-
duces the concentration of another or com-
petes with it for the places of absorption and
further transport, but is unable to replace it
in physiological processes. A synergistic ef-
fect is observed when one of the elements can
partially replace the other in some functions
(there can be no question of a complete re-
placement). Synergistic interaction can occur
only in cases where an element is multifunc-
tional and can perform some functions to-
gether with other elements. On this basis, de-
pending on the conditions, which primarily
include such indicators as the degree of radio-
nuclide pollution, the composition of radio-
nuclides, the granulometric composition of
the soil, its agrochemical properties and some
other indicators, three main strategies can be
applied to reduce the degree of radionuclide
entry into plants:

1. Creation of a competitive situation for the
arrival of radionuclides on the basis of antago-
nistic interactions between them and elements
of mineral nutrition;

2. Enhancement of the nutrient supply of ra-
dionuclide antagonists to plants, based on the
synergism between individual elements and

3. Binding (complex formation) of radio-
nuclides in the soil using elements of mineral
nutrition (Table 8).
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Table 8.
Possible interactions between macro- and microelements and Cesium-137 and Stron-
tium-90.
Antagonism Element Synergism
B, Cu, F N B, Cu, Fe, Mo
Al As, B, Be, Ca, Cd, Cr, E Fe, Hg, Mn, Mo, Ni, Pb, Sb, Si, Sr P B, Co, Cu, Mn, Mo, Zn
AL E Cd, Cs, Hg, Mo, Rb, Se K B, Cu, Li, Mn, Zn
Al, B, Ba, Cd, Co, Cs, Fe, Ns, Pb, Si, Sr Ca Cu, Li, Mn, Zn
Al, B, Ba, Co, Cu, Cr, F, Fe, Mn, Ni, Zn Mg Al, Zn
As, Ba, Fe, Mo, Pb, Se S E Fe
Ba, Ca, Cd, E Fe, Mg, Li, Zn Sr Pb
Cu, K, Li, Na Cs Cd, Ni

It can be seen from table 8 that microele-
ments such as fluorine, iron, cadmium, lithium
and zinc, and the macroelements - calcium,
barium, magnesium can act as antagonists in
relation to *°Sr. Lead is a synergist. In relation
to 7Cs, microelements - copper and lithium,
and macroelements - potassium and sodium
act as antagonists. Synergists of radiocesium
are cadmium and nickel. The given tabular
data show the second possible relationship
between microelements and radionuclides,
when microelements contribute to the supply
of macroelements to plants, and the latter, act-
ing as antagonists of radionuclides, affect the
reduction of their supply to plants.

The creation of a competitive situation be-
tween trace elements and radionuclides is
based on the interaction of ions of elements
with chemical properties close enough to com-
pete for absorption, transport and metabolism.
At the same time, competition will be more
significant for elements and radionuclides with
similar sizes of ionic radii, charge, geometry of
coordination and electronic configuration. The
selection of antagonists can be carried out not
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only within one group of the periodic system,
but also among the elements of other, as a rule,
neighboring groups, among elements of varia-
ble valences.

Research on the influence of trace elements
on the uptake of radionuclides (137Cs, 90Sr)
into plants was conducted mainly on contami-
nated soils in the northwestern part of Ukraine.
A group of researchers under the leadership of
Academician I.M. Gudkov. made a series of field
experiments in the zone of Ukrainian Polissia
to test the most promising trace elements: zinc,
manganese, cobalt, copper, molybdenum, lithi-
um, boron and nickel [94, 97-100]. When se-
lecting them, a complex of indicators was taken
into account: physiological role, deficiency in
the environment, possible antagonistic inter-
actions with radionuclides, possible synergistic
interactions with macroelements-antagonists
of radionuclides, as well as radioprotective pro-
perties. The results of these studies indicate that,
under the influence of trace elements, the accu-
mulation coefficients (K __ - the ratio of the
radionuclide content of plants to the content
in the soil) of both radionuclides significantly
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decreased both in comparison with the control
without fertilizers and against the background
of the main fertilizer (nitrogen-phosphate).
The most effective trace element was zinc, un-
der the influence of which the KN in oat and
lupine grains in the version without fertilizers
decreased by 2-2.5 times. Manganese and co-
balt were somewhat less effective, copper, lithi-
um and boron were even less eftective. It should
be noted that the effectiveness of microelements
was the greatest in the variants without fertili-
zers and the least against the background of in-
creased doses of fertilizers. This is quite natural,
since, firstly, with fertilizers, a certain amount
of the most diverse microelements is always in-
troduced into the soil in the form of impurities.
And, secondly, in favorable conditions for the
growth and development of plants, which are
provided by fertilizers, the action of all factors,
both positive and negative, is affected to a less-
er extent. When foliar feeding of plants (lupine,
rapeseed, etc.) with aqueous solutions of zinc,
manganese, cobalt, and copper sulfates in plants,
the accumulation of 90Sr in the vegetative mass
(straw) and seeds decreases by 25-40%, and
137Cs that of by 1.5 times [89, 101-103].
Complexionates of microelements are much
more effective in reducing the accumulation of
radionuclides in plant products compared to
their inorganic salts. Numerous works have
shown that the treatment of various plants
with complexonate solutions helps to reduce
the specific radioactivity of both ’Cs and *°Sr
by several times. For example, the work [104]
presents the results of a three-year study the
foliar fertilization of spring wheat crops of the
Struna Myronivska variety with aqueous solu-
tions of zinc, manganese and their chelated
analogues with EDTA in different phases of
plant growth and development for the accu-
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mulation of some trace elements in grain and
straw. It was established that in the early phases
of plant growth and development (spraying in
the tillering phase), there is an increase in the
concentration of both zinc and manganese at
the time of harvesting in both grain and straw,
but for the most part such growth does not in-
crease the yield of either grain or straw. In the
case of foliar fertilization of wheat crops, espe-
cially with a zinc solution, the accumulation
of iron, potassium, manganese, copper, zinc,
and especially boron ions by plants from the
soil increases by 1.5-2 times both in grain and
in straw compared to the plants of the control
variant. When feeding plants with a MnEDTA
solution, a similar increase in the coefficients of
accumulation of the specified microelements is
observed. At the same time, the transition of
7Cs from the soil to grain decreases by 30-
35%. The highest effect of reducing the levels
of contamination of wheat grain with radioce-
sium is observed when feeding plants with a
solution of zinc complexonate in the first half
of the growing season - in the phases of tiller-
ing and stooling.

In [105] presents long-term studies on de-
termining the accumulation coefficients of
¥7Cs and *Sr in the soil and grass of alpine pas-
tures in Switzerland. The long-term behavior
of radionuclides was quantified using the ef-
fective half-life, which combines all processes
that cause a decrease in activity in a given en-
vironment, such as leaching, fixation, erosion
and radioactive decay. The results showed that
%Sr is more transferred from alpine soil to grass
than '¥’Cs. This is explained by stronger fixation
of Cs in soils. At the same time, the lower the
concentration of calcium in the soil, the high-
er the absorption of *°Sr by grass. This is a very
important fact, since it is traditionally believed
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that radio-Sr, accumulating together with calci-
um in the skeleton, poses a threat only to blood
cells. But it is well known that calcium is the
main mineral component of plant cell mem-
branes and accumulates in increased amounts
in the nuclear envelopes of all types of cells.
Therefore, the high absorption of **Sr by plants
contributes to the purification of soils from ra-
dionuclide pollution, which is an integral part
of phytoremediation. A similar conclusion can
be drawn regarding radio-cesium.

Thus, some microelements can block the
transfer of radionuclides both from the soil to
plants and from plants (forage) to the body of
animals, thus reducing their accumulation in
crop and livestock products. Microelements can
influence certain aspects of metabolism in both
plants and animals, the activity of metal-con-
taining enzymes, permeability of membranes.

An intensive study of the effect of chelated
microelements on reducing the accumulation
of long-lived radionuclides *’Cs and *Sr is be-
ing conducted at the Zhytomyr National Agro-
ecological University (from 2020, Polis Natio-
nal University) under the leadership of Ph.D of
Agricultural Sciences V.M. Bidenko [106-112].
Chelated microfertilizers based on mono- and
heterometallic complexonates with EDDS for
field experiments were provided by a group of
scientists of the Institute of General and Inor-
ganic Chemistry named after V.I. Vernadsky
National Academy of Sciences of Ukraine. The
effectiveness of microelement complexonates
(Zn, Co, Mn, Cu) was determined under the
conditions of field experiments on sod-podzo-
lic soils of the Zhytomyr region on various ag-
ricultural plants (wheat, rye, oats, corn, lupine,
rapeseed, clover, etc.). The results of experi-
ments show that foliar feeding of lupine, vetch,
clover, etc. plants with microelement complex-
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onates helps to reduce the content of Cs-137
and Sr-90 in the green mass of the studied
crops. For example, the 137Cs activity of lu-
pine green mass in the control was 671 Bg/kg,
in the variants of using Mn and Zn sulfates, the
¥7Cs content was equal to ~ 440 Bq/kg, and
in the areas where mono- and heterometallic
complexes (ZnEDDS, MnEDDS, MnZnEDDS)
were used, the *’Cs content was only ~350 and
260 Bg/kg, respectively. That is, microelement
complexonates contributed to a decrease in the
specific activity of Cs-137 by more than 50%
(Fig. 14, a). Both microelements showed a high
radio-blocking effect. Thus, zinc in the form of
a salt solution reduced the accumulation of ra-
dio-cesium by more than 1.5 times), and in the
form of ZnEDDS - by 2.1 times. The results of
the action of trace elements on the accumula-
tion of *Sr in plants were distinguished, first
of all, by high coefficients of accumulation of
the radionuclide (K _ _=4.33). The influence
of microelements in the form of salts on the
accumulation of *°Sr in lupine plants was man-
ifested to a somewhat lesser extent compared
to monometallic complexonates. The most ef-
fective data, as in the experiments with *’Cs,
turned out to be in the version with the hete-
rometallic complex MnZnEDDS - the accu-
mulation of radio-strontium in the vegetative
mass of lupine decreased by 34% (Fig. 14, b).
It should be noted that microelements used
as microfertilizers contributed to the activation
of metabolic processes in plants through phyto-
hormones, enzymes, vitamins, improvement of
metabolic processes in chlorophylls, contribut-
ing to the accumulation of metabolites in crops.
In addition, under the influence of complexo-
nates, an increase in some microelements was
observed in plants compared to the control:
copper, zing, iron and manganese [113].
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Control MnS0O4 ZnS04

MnEDDS ZnEDDS MnZnEDDS

100 -

MnS04

Control

ZnS04 MnEDDS ZnEDDS MnZnEDDS

Fig. 14 - Influence of microelements and their complexonates on the accumulation
of ¥’Cs and *°Sr in the lupine vegetative mass.

The obtained results confirm the opinion
that one of the mechanisms of reducing the
accumulation of *’Cs and *°Sr by plants under
the influence of microelements can be due to
the antagonistic interactions of microelements
and the radionuclide on the one hand, and on
the other hand, to an indirect effect due to the
stimulation of the entry of macroelements into

130

plants — its antagonists , in particular potassi-
um, calcium and possibly some other elements,
a noticeable increase in the amount of which in
plants was found during foliar treatments with
zing, cobalt and manganese. It is likely that the
effect of the use of complexonates is associat-
ed with better penetration of the trace element
through cell membranes, the ability to be di-
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rectly incorporated into the molecular struc-
tures of enzymatic systems, bypassing many
transport chains.

CONCLUSIONS. The role of trace elements
in plant nutrition is multifaceted. In particular,
Cu, Mo, Mn, Co, Zn, B and others increase the
activity of many enzymes and enzyme systems
in the plant body and improve the plant's use
of nutrients from the soil and fertilizers. There-
fore, trace elements cannot be replaced by other
substances, and their deficiency must be filled.
Only then will we receive high-quality pro-
ducts that contain the optimal amount of su-
gars, amino acids, and vitamins for this vari-
ety. Microelements can accelerate plant deve-
lopment and seed ripening. They increase the
resistance of plants to adverse environmental
conditions (lack of moisture in the soil, increase
or decrease in temperature). In addition, they
protect plants from a number of bacterial and
fungal diseases (bacteriosis of flax, beet heart
rot, gray spotting of cereals, etc.), but unlike
the effect of toxic chemicals, this occurs due to
an increase in plant immunity.

The scientifically justified use of microele-
ments in agricultural production is based not
only on the need for them of a certain crop,
but to a greater extent on their retention in the
soil. It was established that the content of trace
elements in the soil determines their content
in plants, affecting their productivity and the
quality of the yield. In this regard, the basis for
the development of measures for the produc-
tion and use of microfertilizers should be the
content of microelements in the soil, their ge-
ographical distribution and distribution along
the soil profile.

It has been established that trace elements
in the form of inorganic salts work satisfactori-
ly only in acidic soils. In soils close to neutral,
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their effectiveness decreases tenfold. In neut-
ral, weakly alkaline and carbonate soils, inor-
ganic salts cannot retain microelements in a
water-soluble form available to plants and their
efficiency approaches zero, i.e. they turn into
poorly soluble forms (hydroxide, carbonates)
and become unavailable to plants.

The researches of agrarian scientists and
chemical scientists established that microele-
ments are most effective for plants in the form
of metal complexes (chelates). In particular, the
complexes are stable in all types of soil and there
are no soil pH restrictions for them. It should
be noted that the specific properties of various
soils and the complex physiological processes
occurring in the plant have a noticeable effect
on the action of complex compounds. In this
regard, it is difficult to assume the possibility
of creating a universal means of combating the
lack of trace elements on various soils. The most
reliable solution to this problem is the creation
of a wide range of metal chelates for their diffe-
rentiated application depending on the nature
of the plant and the nature of the soil.

In addition, the use of microelement com-
plexes can be an effective additional measure
to reduce the ingress of radionuclides into ag-
ricultural plants, especially in biogeochemical
provinces with their deficiency.
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B ornmapmosiit crarTi po3INIAHYTO OCHOBHI
INUTAaHHA CTBOPEHHA Ta 3aCTOCYBAaHHA Cy-
YaCHUX XeJaTHMUX MIKpOmZoOpuB Ha OCHOBI
MiKPOEJIEMEHTIB Y CiTbCbKOTOCIIOAAPCHKOMY
BUPOOHMITBI. BucBiT/IIeHO uTaHHA posti Mik-
POEJIEMEHTIB Y JKUTTEAIANBHOCTI KMBUX Opra-
Hi3MiB Ta CIIoco6M MOKOIAHHS HecTadi MiKpo-
e/IeMeHTIB y pocnuHax. [Ipencrasieno ornaz
KOOpAMHALIIHUX CIIONYK 3d-metanis (Fe,
Mn, Zn, Cu, Co, Ni, Mo) 3 pisHumu knacamu
KOMIUIEKCOHIB, 0COOMBOCTI IXHBOI Oy/10BU Ta
BJIACTUBOCTEN. MIiCTUTbCA aKTyaJbHUII Ma-
TepiaJ PO BUKOPUCTAaHHA KOMIUIEKCOHATIB
MIKpPOEJIEMEHTIB  [I/IA CTBOPEHHSA Cy4YaCHUX
xenmaTHUX fobpus. Ilpupaineno ysary sacrto-
CYBaHHIO KOMIIJIEKCOHATIB MIiKpO€/IeMEeHTIB
Ha 3a6pynHeHux pagionykiaifamu (**’Cs, *°Sr)
TEPUTOPIAX.

Knro4oBi croBa: KoopayuHaliliHi comyku,

MiKpO€e/IeMeHTH, Xe/laTh, KOMIIEKCOHU, J00-
pUBa, pOC/IVHI.
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PO3POBJIEHHSA COPBLIMHNX MATEPIANIB LUUPOKOI0

®YHKLIOHAIbHOI 0 MPU3HAYEHHS B IHCTUTYTI 3ArANbHOI
TA HEOPTAHIYHOI XIMIT IM. B. I. BEPHALLCbKOI0 HAH YKPAIHU

T. B. Manvuesa, IO. C. [I3a3vK0

Incmumym 3azanvroi ma Heopeaniunoi ximii im. B. I. Beprnaocvkoeo HAH Ykpainu,
npocn. Axao. Ilannadina 32/34, Kuis 03142, Yxpaina
email: dzyazko@gmail.com

Ornapg npucBsayeHo poborawm, ski 6yno nposeseno B I3HX im. Beprapgcokoro HAH Ykpainn
3a HanpsAMKoM «Po3po6neHHA copOLiiHNX MaTepialiB MIMPOKOro (GyHKIiOHATLHOTO IIPYU3HA-
4yeHHs». Bci copbeHT MOXXKHA 3aCTOCYBATH Y IIPOLiecax PO3/iIeHH:A: 3aBJsAKN KPYITHOAUCIIEPC-
HOCTi Ta MeXaHiuHill MiIIHOCTi 1X MOXXHa BMKOPMCTOBYBaTM AK HAIIOBHIOBAa4iB COpOLitHMX
Ko7noH. Hampsimok panHix pobit — 1je po3pobients amopdHux rigpodocdariB ta mogBiitHmNx
rifjpaToBaHMX OKCH/IiB 6araToBaIeHTHMX MeTaIiB, IPU3HAYEHNX [Is BUTYYEHHS 3 BOJY TOKCUY-
HUX HeOpraHiyHMX iOHiB (apceHaT-, XpoMaT- Ta 6opaT-aHioHiB, kaTionis Cu**, Pb*", Cd** Towo).
Hapasi yBary 3ocepemkeHo Ha po3po0ieHHI KOMITO3ULiTHNX MarepianiB. OCHOBOI HeopraHiy-
HJIX KOMIIO3UTIB € rifipodocdaTn Ta okcupHi copbenTr, a MoandikaTopy — HOBITHI Byr/enesi
Marepiann, MiTiii-TUTaHOBI Ta MiTifi-TUTaH-MapraHiesi mmnixesni Tomo. Pospobneno Takox cop-
OeHTV Ha OCHOBi iI0HOOOMiIHHNX cMOIT, MOfiMbiKOBaHMX HeopraHiyHMMM ioHiTamu. [ToegHaHH: B
KOMIIO3MTaX PiSHNUX CK/TAI0BMX I03BOJISIE OTPUMATI COPOEHTH 3 IOKPALeHVIMY BIACTUBOCTSMMI
(6inpII HIBMAKOI COPOIi€t0, MiIBUIIIEHOI EMHICTIO Ta CEIEKTUBHICTIO, COPOIITHOI 31aTHICTIO
y 6inpmr mupokoMy iHTepBami pH, moserieHo pereHepoBaHIcTIO) abo monmipyHKIiOHaNIbHI
Marepianu, Aki cOpOyIOTb AK HEOpraHiuHi, TaK i OpraHivyHi CHONYKM, HAIPUK/IAJ, TTeCTULIVIML.
IlepcneKkTUBHI HaIPAMKM JOCTI)KEHb — 1l CTBOPEHHS TeXHOJIOTN, AKi BK/II0YalOTh He TiIbKK
BIIy4eHHS TOKCMYHUX 1 I[iHHMX KOMIIOHEHTIB i3 piiiH IIPUPOHOr0, TEXHOTEHHOro Ta OioreH-
HOTO IIOXOJKEHHS, a 1 pereHepailio copbeHTy Ta nepepobieHHs KOHIIEHTPATy I OTPUMaHHs
KOMepLiTHNX NpoAyKTiB. Tak, 3amporOHOBaHO iHTerpyBaHHS COpPOIiIHOrO KOHIJEHTPYBaH-
H4 JITiI0 1O POLiecy 3BOPOTHO-OCMOTIYHOTO 3HeCOIeHH: Bopu. Ilepepo6eHHs po3unHy, 110
YTBOPIOETBCA 3a pereHepariii cop6eHTy, BK/II0Ya€ OTPUMAHHA KapOOHATY JITiI0 Ta KOMIIIEKCHO-
ro fo6puBa 1 KUCIUX IpyHTiB. Takox y ¢okyci yBaru 3HaXOAATbCA KOMIIO3UTH, CKIaJJOBYIMMI
SAKUX € IPUPOIHI MaTepianu. MaruitHi copbeHTH Ha OCHOBI 6i0mO/iMEpPiB 3aIPOIIOHOBAHO [iIs
BITyYeHHs Ha Ty Ta HadTONPOAYKTiB i3 BOZHUX OBEPXOHb. KOMIIO31TH, OCHOBOIO SIKMX € II€0-
JITH, BUKOPUCTAHI SIK KOHTeMHEepH [Tl pifKux JoOpuB. [HIIMIT HAPSIMOK HOCTKEHb MOJIATAE
y CTBOpEeHHi KOMITO3UTIiB — MOTeHLiTHNX MoaMpikaTopiB MeMOpaH A1 MPOLeCiB pO3/IiNneHH .

Kirouosi cmoBa: copbenTH, KOMIIO3UTH, Tiffpodocdary 6araToBaseHTHUX METAIiB, rigpaTo-
BaHi MTOABITHI OKCcMAM, iI0HOOOMIHHI cMOMNL.
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®I3UYHA XIMIS

PO3POBJIEHHA COPELIII?IHI/I_).( MATEPIAJIB LUINPOKOI0 ®YHKLIIOHANBHOI 0 NPU3HAYEHHSA
B IHCTUTYTI 3ATAJIbHOI TA HEOPTAHIYHOI XIMII IM. B. I. BEPHAICbKOI0 HAH YKPAIHW

BCTYII. IligBuieHHsI BUMOT IO €KOJIOrid-
HOI Oe3IeKyl IPOMMCIOBOCTI Ta YOCKOHAJIEH-
HS 3aKOHOJaBYOi 0a3M BiJHOCHO MOUIVPEHHs
PE4YOBUH, AKi HETATMBHVM YMHOM BIUIMBAIOTh
Ha JIOBKI/UIA, CYTTEBO 3arocTpumio npobie-
MYy OYMILEHHA CTIYHUX BOJ, IIPOMMCIIOBUX Ta
KOMYHa/IbHUX HiJIPUEMCTB Bifi HeOaXaHUX
foMimmok. BakmmBoio Impo61eMoI0 € TaKoX
pallioHa/IbHe BUKOPUCTAaHHA NPUPOJHUX pe-
cypciB, 1o, 30KkpeMa, repefdadae He TibKU
€KCIUTyaTallilo pPOJOBMUI KOPUCHUX KOIIAa/IVH,
a I BUJOOYTOK I[iHHUX PEYOBMH i3 IIAXTHUX
BOJ] Ta MOPCBKOI BOAM, IlepepobIeHHs Bigxo-
ZiB TOWO. Y 3B'SA3KY 3 MM KOHIJEIIIIisl CTAJIOr0
PO3BUTKY BMMarae NpUINMHEHHSA MTOJA/bIIOr0
MiBUILEHHSA TEXHOIEHHOIO0 HaBaHTAXKEHHHA
Ha IIPUPOJIHE CEPENOBUILE i YMOBU TIOJCHKOTO
JKUTTSA, TIOBEPHEHH:A BUXIJIHOIO CTaHy IIpU-
POIHMUM JKepelaM BOAM, a TaKOXX BIIPOBa-
IPKE€HHA TEXHOJIOTIN paljioHaIbHOTO BUKOPMU-
CTaHHA BTOPUMHHUX pecypciB. Tomy HaykoBi
Ta HAyKOBO-TeXHiYHi poOOTH, HaIlpaBJIeHi
Ha pO3pOO0/IeHHS eKOIOTiYHO Ta €KOHOMIYHO
NPUMHATHUX METOMIB BUTyYE€HHSA i KOHLIEHT-
PYBaHHA TOKCMYHMX Ta I[IHHUX pEYOBUH i3
PO3YMHIB IPUPOJHOro, TeXHOTEHHOro i 6io-
TeHHOTO IIOXOJKeHHsI, HabyBaloTh 0COOIMBOI
aKTyanbHOCTI. Taki po6OTU CTaOTh HaBaX-
JIVBUIMMU I1iJ} YaC BiifiICbKOBOI'O CTaHY, OCKi/IbKI
BiH Iepep6avae ssKoMora 6i/1bIll eKOHOMHE BJ-
KOPMCTaHHs HasBHUX pecypciB, a 60110Bi Ail
MaloTh KaTacTpo]iyHO HEraTMBHUI BIUIMB Ha
TOBKIiJI/IsL.

Haii6inpur posnoBCIOIKeHNMM cepel Me-
TOZIiB PO3Zi/IeHHs € MeMOpaHHi Ta copOirHi
TexHosorii. J[o mepeBar MeMOpaHHUX Ipolie-
CiB BiTHOCATD JIETKiCTh MacIITaOyBaHHS, TPU-
Ba/mMit 4yac mepebiry Ta MopiBHAHO HEBENKY
BUTPATY peareHTiB /i pereHepanii MeMOpaH-
HUX cucTeM. BopHouac, MeMOpaHHi npolecn
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HOTPeOyI0Th BUKOPUCTAHHS e/IeKTPOeHepril
wist poboTn HacociB (6apomembpaHHe PoO3-
IiTeHHS), JKepel cTpyMy (efeKTpopiania Ta
e/IeKTpofieioHi3alis) abo HarpiBaJbHUX MPU-
napiB (MemOpanHa myuctwiAnisa). Ha Bigminy
Bif MeMOpaHHUX, copOuiitHi mpomecy, ki
BUKOPVICTOBYIOTb y 10OOyTi ((inbrpyBaHHsa
BOJM), He TIOTPeOYIOTh eJIeKTpOeHeprii, a Bif-
IpanboBaHi copOeHTN ab0 He BUKOPUCTOBY-
I0Tb IIOBTOPHO 200 pereHepyITh BUCOKOKOH-
nerTpoBauyuM posunHoM NaCl. ¥ mpommucro-
BOCTI Ji/iA pereHepalii akTMBOBaHOIO BYTIi/I/iA
Hic/s copOIil OpraHiYHMX pPEeYOBUH 3aCTOCO-
BYIOTb TepMOOOpOO/IeHH . BupjanenHs ioHHUX
KOMIIOHEHTIB i3 II0/IiIMEPHMX Ta HEOPraHIYHUX
copOeHTiB BifOyBaeTbcsa 3meOiMbIIOrO IIif
Ji€r0 arpecMBHUX peareHTiB. IIpokadyBaHHA
yepe3 COpOIiiHi KOMOHM PifiVH, SKi OYMIIy-
I0TbCSI, a00 pereHepyruMX PO3UYNMHIB MOXe
BimOyBaTNCsA He TiIMbKY M Ii€l0 THUCKY, IO
CTBOPIOETbCA HACOCAMM, a /I CAMOII/IIBOM.

Otxe, MeMOpaHHI IIpoIleCy MO>KHA YMOB-
HO BiffHecTu o Ge3peareHTHUX, IPOTe eHep-
roBuTpaTHux. HaBmaku, copOuiiite pospineH-
Hs y 6araTbox BUIIaJKax He HOTpebOye eHepro-
BUTPAT, aJie pereHepalisi copbeHTiB norpebye
BUKOPUCTAHHA peareHTiB. IIpu njpomy yTBO-
PIOETbCSL  BENIMKMIT 00'€M BTOPUHHUX CTOKIB,
AKi TOTpeOyI0Th IepepoOIeHHs Ta yTUTi3allil.
TakuM 4MHOM, 3aJIeKHO Biff TOTpeb Ta CUTY-
aljii 3 eHeprornocTa4YaHHAM i MOXK/IMBICTIO 3a-
CTOCOBYBaTU Ti a00 iHIIII peareHTH, I BUTY-
YeHHs HeOaXaHuX a0 I[iHHMX KOMIIOHEHTIiB
i3 pigMH MOXXHa 3acTOCOBYBaTV MeMOpaHHe
posnineHHs abo copoiio.

B InctuTyTi 3arajbHOI Ta HEOpraHi4HOI
ximii im. B. I. Bepnagcbkoro HAH VYkpainn
(I3HX) mocmimxeHHs copOLiiiHMX MaTepiasiB
Ta IPOoLECiB po3novaro y 1979 p. micnsa nepe-
BefIeHHA TPYIN CHiBpOOITHUKIB 3 [HCTUTYTY
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¢isnynoi ximii im. JI. B. [TucapxeBchKoro 3riz-
Ho pimtenns [Tpesupii AH YPCP. Ha 6asi miei
rpymu B I3HX 6yno ctBopeHo Bingin cop6buii
Ta TOHKOTO HEOPraHi{YHOrO CKHTe3y (KepiB-
HyK — akagemik HAH Ykpainm B. B. Crpen-
Ko0), (puc. 1). ¥V Bigmini npoBopuau po6otu 3
CUHTE3Y Ta JOCTiP)KEHHA HEOPTraHiYHUX COp-
6enTiB (wieH-kopecrionfienT HAH VYkpainu
B. M. DenskoB), a TakoXX BYIJIELIEBUX COP-
OeHTiB, IpM3HAYEHNX /IS TIOTPeO MeAUIIVHNA
(akagemik HAH Ykpaian M. T. Kaprenb, kaHz.

a

xim. Hayk K. O. CynpyHeHKo0) Ta /11 BUITy4eH-
HA JOPOTOLIiHHMX METAaJliB i3 T€XHOJIOTIYHUX
posunHiB (gokTop xim. Hayk lO. O. Tapacen-
K0). ¥ 1993 p. Ha 6asi Bigminy opranizoBaHO
IHcTUTYT copbuii Ta mpobreM eHIO0eKOIOril.
Panime rpyna nig xepiBaursom B. M. bens-
KOBa YyBINII/IAa 0O CK/IaAy Biifiy eneKTpoxi-
Mil BogHMX po3unHiB (1988 p.), sskuit 040/II0-
BaB akageMik AH YPCP O. B. Topoxgucpkmuii.
B pamxax Bippiny opranizoBaHo 1abopaTopiio
efeKTpocop6il, iky ogonus B. M. bensakos.

B

Puc. 1. Akagemik HAH Ykpainn B. B. Ctpenxo (a), unen-kopecnionientr HAH Ykpainn B. M. bensakos
(6), unen-kopecnonsenT HAH Ykpainu B. M. Orenko (B)

Fig. 1. Academician of the NAS of Ukraine V.V. Strelko (a), corresponding member of the NAS of
Ukraine V.M. Belyakov (b), corresponding member of the NAS of Ukraine V.M. Ogenko (c).

3ropoM Ha 6asi mabopartopii CTBOpeHO Bifi-
Iin MeMOpaHHMX i cOpOUiHNX MaTepiaiB Ta
npoueci (1993 p.) — came Toni B I3HX pos-
IIOYa/I JOC/IIJPKEHHA B ramysi MeMOpaHHOTO
Marepias03HABCTBA Ta MEMOPAHHUX MPOIL[ECIB
TeXHoJoriit. B obmacti cop6buiitHux marepia-
JTiB OCHOBHY yBary 0y/1o 30Cepei>KeHO Ha I10-
IBITHUX OKCUJHUX i KOMIO3UIIITHUX COpOeH-
TaxX, HeOpraHivHUX Moaudikaropax MeM6bpaH,

https://ucj.org.ua

a TaKOXXK Ha copbeHTax [y KOMOiHOBaHMX
IpoIeciB, AKi BKIIOYAOTh COPOLil0 Ta MeMO-
panHe pospaitenna. Y 2017 p. Bigain peopra-
Hi30BaHO y HEeCTPYKTypHY naboparopiro (ke-
piBHUK — mokTop. XiM. Hayk lO. C. [I3a3pK0),
sKa yBIfIlIZIa 10 CKIajgy Bimmimy disnko-He-
opraHiuHoi XiMii (kepiBHMK — dJIeH-KOpec-
nouzpeHT HAH Ykpainu B. M. Orenxo). Came
TOZi B /1abopatopii po3movany JOCTiKeHHS
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BYIJIELIeBUX HaHOMaTepianiB st Mopudiky-
BaHHs COPOEHTIB Ta MeMOpaH.

VY 11iif cTaTTi B KOHTEKCTi CBITOBOTO JTOCBI-
Ly PO3ITIAHYTO po6OTH B 06/1aCTi COpOLIiTTHIX
Marepiais, ki 6ymo Bukonano B I3HX.

HEOPIAHIYHI ®OCPATBMICHI COP-
BEHT/. [Ina pisHKX ranysei IpOMUCTOBOCTI
noTpiOHi ioHITH, SIKi XapaKTepu3ylTbhCs Me-
XaHIYHOI MilIHICTIO, BUCOKOIO CTIilIKiCTIO 1O
Oil arpeCMBHUX pEareHTiB, MiIBULIEHNX TeM-
nepaTyp Ta iOHi3yH04Oro BMUIIPOMiIHIOBaHHA.
TakuMm BUMoOTraM BifIIOBiflaloTh HeOpraHivyHi
ioHoOOMiHHI Marepiann. IxHe mocmimxeHHs
PO3II0Ya/IOCs 3 CEpEeAVHI MUHYJIOTO CTOMITTA
3 PO3BUTKOM AJIEPHUX T€XHOJIOT1.

OpHuMy 3 HaiiBioMimmx ioHiTiB € doc-
¢dary GaraToBajeHTHUX MeTaniB. Y 1964 p.
Clearfield u Stynes [1], a srogom Alberti i To-
racca [2] cuHTesyBamm ApiOHOKpUCTAIIYHUI
rigpodocdar unpkonito (I'®LI), a came itoro
a-mopudikariito (puc. 2 [3]).

¥a§'L
fuxouds pseg

KA

Puc. 2. Crpykrypa a-mommdikanii I'QLL [3].
Omny6nikoBaHo 3i srogu BupaBHunTBa Elsevier.

Fig. 2. Structure of a-modification of ZHP [3].
Published according to the permission of Elsevier.
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Kpucramm o-I'®L cknagaroTbcs 3 NPOTXK-
Hux mapis [Zr(HPO,),] , e aromn umpkoHiro
3HAXOJATbCA B OKTAEPUYHOMY OTOYEHHI aTo-
MiB KucHio ¢ocdataux rpym. Y ¢popmysan-
Hi 3B'A3kiB P—O-Zr 6GepyTb y4acTb Ti/IbKM
3 aToMM KMCHIO, a YeTBEPTUI OpPi€HTOBAHUIA
Yy MDKIUIOIIMHHUI IPOCTIp i Ba/JIeHTHO OB 'A-
3aHMi1 3 BogHeM. DyHKIiOHA/NIbHI TPyNM KO-
OpPAVHYIOTb MoeKyny Bopu. Ilismime 6ymo
CMHTe30BaHO iHIIi Moaudikaii, ki BigpisHs-
IOTHCS CITiBBiTHOIIIEHHAM Zr:P:HZO, a TaKOX
MDKIUTOIIMHHUMM BifcTaHsamu [4-6].

Kucnotsi rigpodocdarni rpynu Ta cyuins-
Ha CiTKa BOJHEBMX 3B 5I3KiB CTBOPIOIOTH IIepe-
NYMOBM Il BUHMKHEHHS Y KPUCTA/iYHOMY
I'®L mpoTOHHOI IPOBIHOCTI i, CYyKyNmHO 3
MOX/MBOIO 11(y3i€el0 y MDKIIapoBOMY IIpoO-
CTOPI, — 37aTHICTD 10 i0HHOTO 00MiHYy. Ilepmri
IOCTiMKeHHA (YHKI[IOHAIbHNX BIACTUBOC-
teit [®I] crocyBanmcs came iOHHOrO 0OMiHYy
[7-9]. BcTaHOB/IEHO, IO CYTTEBUM HEJOIIKOM
kpuctaniuHoro ['®I] e mysxe nmoBinbHa cop6b-
1]ifl, 1II0 3yMOBJICHO YTBOPEHHAIM HOBUX (as.
BxroueHHs cop6oBaHMX iOHIB O KpucTasmiy-
HOI CTPYKTYpM YTPY[AHIOE pereHepaliio i0Hi-
tiB. OKpiM 1bOro, KpucTaniyni Mopgudikamii
bOro IOHITY MOKHAQ OTPUMMATH Yy BUITIAJI
ApiOHOAVCIEPCHOTO IOPOILIKY, IO YCKIaJ-
HIO€ IXHE NPAKTUYHE 3aCTOCYBAaHHA.

Ha Bigminy Big xpucramivyamx, amopd-
Hi rigpodocdarn YOTMPUBATEHTHNX MeTa-
MiB XapaKTepU3YITbCA JOCTATHHO BICOKOIO
MIBUKICTIO copOriii. BctaHOBIEHO, 10 TMO-
pAnoOK BemmuyH KoedilieHTiB nudysii gposa-
PAHUX KaTiOHiB CTaHOBIATH 107-10"* m*.c!
[10-14] (mna xpucramivanx mMopmdikanin i
BEIMYMHY € MEHIIMMM Ha JeKilbKa IOopsAf-
KiB), IK i y BUIIAJKy cepegHbO3MNTUX [12,
15] Ta CUIPHO3IINUTUX IOHOOOMIHHMX CMOJ
(B. M. Bensxkos, 10. C. [I3513pK0, ZOKTOP. XiM.
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Hayk K. O. Ka3nob6in, kanp. xim. Hayk JI. M.
PoxpectBencbka). Y rigporemsax 'Ll koedi-
nieHT pudysii ioniB Ni** cTaBUTh BeIMYUHY
nopsaaky 10" m*c! [16] aHamoriyHo crmabko-
3IINTUM cMosaMm [14].

B I3HX pospobneHo cmocib cuHTE3Y
KPYIHOAUCIEPCHNX, CQEepUIHO TPaHYIbO-
BaHUX IOHITIB, PO3Mip 3€peH AKUX MOXKe
mocaratu 1 mm [17] (B. M. bensakos, kaHp,.
xim. Hayk A. I. bopTyn, JOKTOp Xim. Hayk
T. €. MirueHko, KaHj,. xiM. Hayk T. A. Kapa-
cpoBa). ligpodocdaram TuTaHy Ta LUpKO-
HiI0 MpUTaMaHHA 3HA4YHA TiApONTITUYHA CTa-
6inbHIcTD [18], CeNEKTUBHICTD O TOKCMYHUX
ioniB [14, 16, 19], BigTBOpIOBaHICTH COPO-
LilHUX BAaCTUBOCTe. AMOp®HI ioHiTH J1er-
KO PETreHepPYITbCA PO3YMHAMM MiHepasb-
HUX Kucnot. b. M. JlackopiH Ta cniBaBTOpU
CTBEpPIKYIOTb, 11O ICHYE B3aEMO3B 30K
MK BuUOipkoBicTIO TimpodochaTHUX cop-
6entiB Ta pH ocamKeHHS TiPOKCUMIB Me-
TaliB, ioHM AKMX copOyroTbesa [20]. IIpore
cuiBpobiTHuku I3HX poBenn, mo cemex-
TUBHICTb 3yMOBJIEHA KOMIIEKCOYTBOPEHHAM
ioHiB i3 PpyHKLioOHaNIBHMMY TpyHamu (21, 22]
(B. M. benskos, A. I. boptys, I0. C. JI3513b-
Ko, JI. M. PoxxpmectBencbka). [Ina ionis Ni(IT)
IIOKAa3aHO, IO IXHA COpOLis CympOBOMXKY-
€TbCA TifgpornizoM y TBepaiit ¢pasi — ionn ic-
HYI0Tb y ¢popmax Ni*" Ta NiOH'. Came Tomy
KOHIIEHTpalliZ copOOBaHMX iOHIB mepeBU-
1Y€ BMICT AMCOLiT0BaHNX PYHKI[IOHAIBHUX
rpyn (HagekBiBaneHTHa cop6uis) [22]. Max-
CUMaJIbHa €MHICTD 3a ioHamMu Na* cTaHOBUTD
2.5-3.5 mMonb-T![13], BennuuHyM Ha OXVHIA-
1110 06'eMy € O/IM3BKUMMY i 3HAUHO IIePEeBUILY-
IOTh €MHICTb CUIBHOKMC/IOTHUX CMOJI, IIPOTE
€ MEHUIVMM IIOPIBHSHO 3i C/IMaOKOKMCIIOT-
HUMU, 5IKi 3a3BMYail MIiCTATb KapOOKCUIbHI
rpymnu. [lepeBaroro nepeys ocTaHHIMU € 6ibII

https://ucj.org.ua

mupokuit intepsan pH posduny, ne peanisy-
I0TbCs1 COPOLiNiHI BIaCTUBOCTI.

3HauHa MBUAKICTb cOpOIii, BUCOKA Cerlek-
TUBHICTD, 3[IaTHICTb 0 pereHepanii, XiMiuHa
CTIMKICTh Ta KPYNHOAVICIEPCHICTH HaJalOTh
3MOTy BMKOPUCTOBYBaTH rigpodocdaru 6a-
raTOBAJIEHTHUX MeTa/liB AK HAIlOBHIOBadi io-
HOOOMIHHUX (i/IbTPIiB Ta KOTIOH /I OUYMILeH-
Hi. [IpoTe, He3BaXkar04M Ha CTAOKO BUpaKeHi
amdoTepHi BIACTMBOCTI, SIKi BM3HAYAIOTHCS
criBBigHOIIEHHAM MeTany Ta gocdopy [23],
ritpodocaTy YOTHMPMBAIEHTHUX MeTasliB
COpOYIOTh IepeBa)KHO KaTiOHY, SIK i HepeBaK-
Ha O1/IbpIIiCTh HEeOpraHiyHNX iOHITIB i3 HeMoO-
nviKOBaHOI TOBEPXHEIO.

OKCM/IHI COPBEHTMH. Oxcupsi copben-
TU, HAIIEBHO, €IVHI cepef, He(byHKuiOHani:-so—
BaHMX HEOPraHiYHMX MaTepiajiB, AKi 3[1aTHI
copbyBaru anionn (amdotepHi rifpodocda-
TN 3 ManuM BMmicTtoM ¢ochopy MoxHa dop-
MaJIBHO PO3I/IAAATH K OKCUAM, MOofu(ikoBa-
Hi ¢pocdopHoKMcIuMM Tpymamm). 3i CIIOTYK
LbOr0 KJIAaCy BapTO BUIUINTK TIifpaTOBaHi
oKcuay («OKCHUTifpaTu», «IIOOYIApHI Tifpa-
Ti»). SIpo MepBMHHUX YaCTUMHOK IUX COp-
OeHTiB € OMM3BKUM 3a CK/IAJOM /10 OKCUJIB,
a Ha IOBEPXHi YaCTMHOK 3HAXOMATHCA IPYIN
—OH (puc. 3), saxi 3paTHi g0 Aucornianii abo
[0 TIPOTOHYBAHHA 3a/IEKHO Bifi KMCIOTHOCTI
pO34NHY:

7

N

XN
N

OH+HOH «— OH!OH" (2)
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H-0 H0 go © H:07 H.0
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HQO Of HEO
HO OH OH

Puc. 3. bygosa rifparoBaHOro miokcupay Lup-
KOHiI0, afjaliToBaHo 3 [24]

Fig. 3. Structure of hydrated zirconium dioxide,
adapted from [24].

BaxxnuBuM napameTpom, KNI BIVIMBAE HA
COpOLiliHi BMaCTMBOCTI OKCUIHUX COPOEHTIB,
€ pH posuuny, 3a AKOro peamisyerbcsa TOYKa
HynboBoro 3apany (TH3). 3a nux ymoB fo-
CATAETHCA PIBHICTb KOHLIEHTPALIN AMCOLii0-
BAaHUX Ta IPOTOHOBAHUX (YHKIIIOHATBHNIX
rpyn —OH, npu jbomy 3apsj oBepxHi JOpiB-
Hio€ 0. [I/a oKcupis, rifpoKCcupiB Ta rigparo-
BaHMX oKcupiB B ornAni Parks [25] HaBemeHO
kopenauii mix pH TH3 Ta ananorom ionHoro
norenuiany (z/R, ne z — BaJIeHTHICTb MeTay,
R — cyma papiycy ioHa MeTany Ta fiameTpa
iOHIB KICHIO, IKUII CTAHOBUTH 2.8 A):

pH TH3=A-B(z/R)-DAF’ 3)

Tyt A, B ta D — xoHcrantu, AF/— BHecok
eHepril BoHeBuUX 3B'sA3KiB. [lapamerp z/R xa-
PaKTepusye TyCTMHY 3apsAAy IMOBEPXHiI OKCH-
Ay: 1o OiBIIOI0 € I BeINYNMHA, TO CHUJIb-
HIIIOK0 € €/IEKTPOCTATHYHA B3aEMOJIA MDX
copboBaHVMM iOHOM Ta IOBEpXHe. [HIMMMK
c7oBaMM, cOpOLis BUSHAYAETHCS PafiycoM
Ta BAJIEHTHICTIO MeTaly, AKUI BXOOUTbH [O
cknagy okcupy. IIpore enekrpocratmyna mMo-
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JieNIb He MOSICHIOE YTPYAHEHY JecopOiiito ioHiB
IIpM BapilOBaHHI KMCAOTHOCTI PO3YMHY, AKa
NIpU3BOJUTD O 3MiHM 3apARy nosepxHi. Ha-
pasi HailbiMbII PO3MOBCIOKEHNMI € MOJeTi
ionHoro o6Miny (nuB. piBHAHHA (1, 2) [26] Ta
dbopMyBaHHS TOBepXHEBUX KOMIUIEKCIB [27,
28]. lna cop6uii ionis HCrO,, sxi He yTBO-
PIOIOTH KOMIIIEKCIB, PO3I/IALAITD IXHIO IOJi-
Mepisatito y TBepaiit ¢asi [29] (0. C. [1353b-
K0, /1. M. PoxxiecTBeHChKa).

[Ipore A MpoOCTMX Ta MOABIMHUX OKCU-
niB, cuHre3oBaHux B I3HX, cmocrepiraemo
3arajioM sMeHueHHA pH TH3 ta mifBuinenua
koedinienty posnoginy Cu®*/H* 3i 3pocTan-
HAM napaMeTpa z/R (puc. 4), o Ii/KOM BKJIa-
JA€ETbCA Y PaMKU €/1eKTPOCTATUYHOI MOZei
(xanp. xim. Hayk T. B. Marnbnesa). Y Bumagxy
MOZIBIIHMX OKCUJiB MapameTp z/R oIjiHeHo 3
ypaxyBaHHAM BHECKY IBOX MeTasliB. Takum
YIMHOM, BapilOBaHHA BMICTY KOMIIOHEHTIB
CKJIAJHUX OKCUJIiB JO3BOJIAE CIIPSIMOBAHO pe-
TY/IIOBATY IXHI COpOLiiiHi BTacTUBOCTI.

Sk cBimyaTh paHi puc. 4, karioHo- abo aHi-
OHOOOMiHHA 3JIaTHICTD Ti[paTOBAaHMX OKCUJIB
nupkonito (I'IIT), turany (IIT) ta cranymy
(THC) mocmmroerbcst MpU HOJABaHHI 1O HMUX
«kucnotroro» (MnO,) abo «ryxxuoro» (ALO,)
KOMIOHeHTY BinnosigHo [30] (B. M. bensxos,
T. B. Manbuesa, O. B. ITanbunk, KaHp. XiM. HayK
K. O. Kyzenxo, T. B. fInenko). Hait6inbur Baro-
Mi pes3y/IbTaTi 100 BUOIpPKOBOTO IIOIIMHAHHS
KatioHiB Pb** ta Sr** oTpumaHo Jy1s noaBitHNX
OKCUIiB i3 BiTHOCHO BUCOKIM BMiCTOM MaHTa-
HY, IpM LIbOMY IPUTHIYY€ETbCA cOpOILis KaTio-
HiB Ty>xHMX MeTais [31]. [Tpn ounienHi Bogn
3 JOCTAaTHbO BE/IVMKVM BMiCTOM iOHiB >KOPCTKO-
cti Bif i3oromy *°Sr cTymiHb JIOr0 BUITy4YeHH:
pocaras 99,9 %. TakuM 4MHOM, MaHTaHBMIiC-
Hi COpOEHTM PEeKOMEH/IOBAHO ISl BUIYYeHHS
pPafioHyKIiAiB i3 Bogu. MOX/IMBICTH IXHBOTO
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3aCTOCYBaHHS LA IlepepoOIeHHs PifKMX Bif-
xopniB AEC npoananizoBano y [32]. Bigsnaue-
HO, 110 JI/Is1 OKCUTHUX COPOEHTIB peanisyroTbcs
3Ha4yHO BuIli koedirientn posnopiny *°Sr/Na*

pH TH3

S, ;Mn, , 0O,

45 50 55 60 65 70

7z/R

a

(10°) mpu BwWIydYeHHi pafiioi3oTomy HaBiTh i3
COTIOHMX BOZ. 7151 iOHOOOMIHHUX CMOJI Ta TIpH-
POIHMX i CMHTETUYHUX L[€OJIITiB LI BeINYMHA
€ Ha 1-2 MopAAKM MEHILOIO.

KoeinienT poznominy
1,0

0,8

Sn, (M, ,0,

0,6

04 |

0,2

0,0

Puc. 4. 3anexxnicts pH TH3 (a) Ta koedinienta posnopiny Cu**/H*(6) Big mapamerpa z/R
Fig. 4. pH of the PZC (a) and Cu*/H* distribution coefficient (b) as functions of the z/R parameter.

XapakTepHi 1A TigpaTOBAaHUX OKCUJIB
MeTaniB IV rpynm okraegpuyHi IpOCTOPOBi
yrpynoBanHs MO, 6epyTb y4acTb y CTBOPEH-
Hi CTPYKTypH i 3apsAny IOBEpXHi, AKa, Bifmo-
BiJJHO, € OCUTb BUCOKOIO y IlepepaxyBaHHi Ha
mutomi BermuymHM (M>1, M*>cm”). Tomy 3a-
TaJIbHOBIIOMUM € 3aCTOCYBAaHHS IIMX OKCUZIB
B afcopbuiiiHuX Ta iOHOOOMIHHMX Ipolecax
y BUIIAJKaX, KOMU HeOOXifHUMM € mifjBuie-
Hi eMHicTb (r106ynApHi, mapysari okcuan) i
BUOIPKOBICTD (1OpyBarti, TyHeNnbHi). 30kpeMa,
MnOQO, mMoxe CTBOpIOBaTH SIK IIAPYBATi, TaK i
TYHE/IbHI IIPOCTOPOBi CTPYKTYypu. KO po3-
I7A0aTU pAf OKCupiB MeraniB IV rpymm 1o
Mipi 36ibLIIeHHS iOHHOTO MTOTEHIIialy MeTary,
TO XapaKTePHNUM € 3POCTAHHA IIPOTOH-JOHOP-
HUX BJIACTMBOCTEN IIOBEPXHi 3 BiATIOBIZHUM

https://ucj.org.ua

3MEHIIEHHAM 3HayeHHA pH HymboBoro saps-
my. TakuM 4MHOM, iCHY€E CIIEKTp aficOpOLiTHIX
OKCUJJTHUX MarepiasiB i3 BapiabenpHOIO 3apsi-
JIOBOIO CeTeKTuBHicTIO. Vloro Moxe 6yTu po3-
IIVPEHO IUIIXOM IIPOTOH-JOHOPHOI ab0 Ipo-
TOH-aKIeNTOPHOI (yHKIioHai3aril npocTnx
oxcupiB. [l nporo i 6y 3acTocoBaHi OKCnz
aMoMiHiI0 (IpOoTOH-akLenTopHa (yHKI[iOHa-
Mi3alisa OKCUJiB TUTAHY, CTAHYMY) ab0 OKCuUJ
MapraHipio (IIpOTOH-IOHOpHA (PYHKIiOHaTi3a-
11is oKcuAy nupkosimo) [30, 31, 33-38].

Cnip 3a3HaYNTH, IO B PAAY IPOCTUX OKCHU-
miB Zr, Sn, Ti BinbyBaeTbcs 3MiHa KOOpAMHA-
nirtHoro yncna (8; 6; 6) Ta iOHHOCTI 3B’A3KYy
MeTasn — Kucenb. I/I'T 3a oTpuMannMu pesynb-
TaTaMy COPOLIHUX JOCTIKEeHb € IpPUKIIa-
[IOM KaTiOHOOOMIHHOTO afcopOeHTa 3 JOCUTD
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BJCOKVMM BeTMYMHaMU KoeillieHTiB po3mo-
miny came Kationis [30, 31, 33, 37]. Taxy Big-
MiHHicTb BractuBocreit Big [II1, Axnii nepe-
BO)XHO € aHIOHOOOMIHHMKOM Y HeWTpasIbHill
o67acTi, MOXKHa MOACHUTYU 3MiHOI KOOpPAM-
HariitHoro uncia (K49) 3 8 Ha 6 i 3sMeHIIIeHHAM
ioHHOCTI 3B’s13Ky MeTan — KuceHb. 3mina K4
IPU3BOAUTD JI0 TIOABYM Ha IOBEPXHi IEepBUH-
HIX YaCTMHOK OKTAEAPUYHUX IOPOKHUH —
IIEHTPIB CeJIeKTUBHOI COpOIii, a 3MeHIIeHHS
ioHHOCTi 3B’A3Ky MeTa/n — KNCeHb HifiBUIIYE
KUCTIOTHICTD QYHKIIIOHAIBHUX IPYIL.

CuHTe3 6iHapHUX OKCHUJIIB TO3BOJLAE IiNe-
CIPAMOBAHO 3MIiHIOBaTU KMC/IOTHO-OCHOBHI
BractuBocTi [JI1I, I'IT ta I'/IC, sike BU3Ha4a€e
nonoxeHHsa TH3. I3 3actocyBanuaM ¢isu-
KO-XIMIYHMX METO[iB IOKa3aHo, o OiHapHi
OKCUJIN MxAll_xOy-nHZO (M -Zr (IV), Ti (IV),
Sn (IV)) € amopdHMMY TONTIMEPHUMM CHONTY-
KaMI BM3HAY€HOTO CK/IaJy 3 HAHOBOJIOKHU-

cnpy Ti0.5A10‘5Oy-nHZO
Fig. 5. TEM image of hydrated oxide of
Ti, Al,,0, nH,0.
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3rigHo pmanux ®yp'e-IY  cnexTpockomii
BCTAQHOBJICHO, 1IJ0 aTOMU MeTAaJIiB y TaKux 0i-
HAapHMX OKcurifparax (OpMyIOTb 3 aTOMa-
MU KUCHIO TiIpOKCOTPYIl IIPOCTOPOBY CiTKY
TeJTIo, IIOB'A3aHY PYHKI[iOHaTbHUMM IPYTIaMM:
rigpokcugaumy M-OH Ta MicTKoBOro THIy
=M -O-M= (me M~ Zr, Ti, Sn, MZ——AI,
Mn). TigpokcupHi rpynn 3abesnedyoTs i0H-
HUIT OOMiH.

KpiM KMCIOTHO-TYy>)KHUX BIaCTUBOCTEIA,
IIpY CUMHTE31 NOABITHUX OKCUJIB 3MIHIOETHCA
MOPUCTa CTPYKTypa HMOBepXHi (HOpiBHAHO 3
npoctumu okcupamu cknagy MO_-nH O (M -
Zr, Ti, Sn), a came 3HaYHO 30i/IbIIYETHCS Kilb-
KiCTh MiKpOIIOp i1 BeIM4MHa MMTOMOI ITI0BEPX-
Hi. YacTka MIKpOIOp y CTPYKTypi IOBepXHi
noaBitHUX okcumiB ctaHoBUTHh 50—80%. bi-
HapHi TiipaToBaHi OKCUAU XapaKTePU3YITh-
CS1 BUCOKVMMM Be/IMYMHAMM NMUTOMOI IIOBEPX-
Hi (300—400 M*T™") Ta pO3BMHEHOIO ITOPUCTOIO
CTPYKTYPOIO, YTBOPEHOI MIKpO- i Me30IIo-
pamn.

Ha puc. 6 HaBefieHO i3oTepmu afgcopOIii —
fecop6buii a3oTy i posnogin mop 3a pagiycom
s moaBitHuX okcupiB Ha ocHoBi ['J]C. Iika-
BIUM (AKTOM € MaiDKe iIeHTMYHICTb i3oTepM
IS MaHTaH-Ta aJIOMIHIIBMICHUX OKCHUIB,
0co6MBO B 00/1aCTi HM3BKOTO THUCKY. 3a Xa-
PaKTepOM 3ajIeXXHOCTEN y Wil 4YacTMHIi i30-
TE€PM MOXHa KOHCTAaTyBaT!l HAaABHICTb 3HAY-
Hoi wacTku Mikpomop. Ha pudepennirmmx
IoporpamMax IIpOCTEXEHO BY3bKi IIKM, AKi
Bi[IOBiJalOTh pajiiycy Mop 2 HM, IO CBiTYUTh
IIPO PEryNsApPHY ME30IIOPUCTY CTPYKTYPY.

CuHTe3 NOABIHNX TipaTOBAHMX OKCH[IIB
CTBOPIOE MOXX/IMBICTb CYTTEBOTO BIUIMBY Ha
BMOIPKOBICTD NOITIMHAHHS iOHIB 3aBISKM ITiJI-
BUIIIEHHIO YaCTKM MiKPOIIOP, SAKi € IleHTpaMu
CeIeKTUBHOI COpOIIil.
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Puc. 6. Isorepmu apcop6buii — mecop6buii asory (a) i posmopin mop 3a papgiycamm (6) pra

Sn, Mn ,0,nH,0 (1), Sn Al ,O,nH O (2) [36]

Fig. 6. Isotherms of nitrogen adsorption-desorption (a) and pore distributions (b) for Sn  Mn_ ,0,nH,0O

(1), $n,,Al, O, nH,0 (2) [36].

Ha BigMiHy Bif MaHraHBMICHUX COPOEHTIB,
BBefeHHA okcuay Al mo TILL, TOT ra I'/IC mo-
CUTIOE aHIOHOOOMIHHI B/TAaCTMBOCTI OCTaHHIX
[30, 33-38]. IIpu cop6uii ionip CrO,* i3 myx-
HOTO PO3UNHY €MHICTb gocArae 5-16 mrr’!
sa Cr(VI), a mpu cop6uii HCrO, i3 xuco-
ro — 10-43 mrr'Ha ¢oHi HapmMIIKy ioHIB
Cl' [34]. Benuunuu copb6buii He KOpeTOIOTH
i3 muToMOI0 TIOIIer0 NoBepxHi. Tak, Hampu-
KJ/IaJl, MMTOMA I/IOLIA IIOBEPXHi AIZO3-nH20 Ta
Zr, Al O, . nH O cranosutb 93 ta 330 m>r1"!
BIZITIOBITHO, @ MAKCMMaIbHa EMHICTh — 16 Ta 12
mr-r' 3a Buxigaoro pH 10.5. [Ipore 06'em Mik-
pomop (ceneKTMBHUX LIeHTPiB) focsrae 0.16 Ta
0.14 cM’r'— 70% Bim 3aranbHOrO 06'€My TIOD,
SIKi BU3HAYaI0Th METOOM aJIcopO1Iil — mecop-
6wl asory. PosBuHeHa moBepxHA rifpaToBa-
HUX IIO/IBIIHMX OKCUJIB 3yMOBJIEHA IXHbHOIO
BOJIOKHJCTOIO CTPYKTYPOIO (IMB. puC. 5): Me-
30II0pM MiXX HaHOBOJIOKHaMM 3a0e3MeYyIoTh

https://ucj.org.ua

IIBUJKY COpOIifo, HAIPUK/IAJ, Yac HamiBoO-
miny Cr(VI)-BMicHMX i0oHIB mocsrae 5—6 xB, a
piBHOBara BCTaHOB/IIOETbCA 3a 0.5—2 rop.
[Tpy BUBYEHHI NOI/IMHAI0YO0I 3aTHOCTI Oi-
HapHMX IiIpaTOBaHUX OKCUJIIB BiTHOCHO pALY
KaTiOHIB Ta aHIOHIB 3HalIeHO MOCUTDH BUCOKI
koedinieHTN posmnopiny karionis Pb*, Sr*, a
takoxX Cr(VI)- ta As(V)-BMicHUX aHiOHIB, 1[0
TNO3BOJISIE pO3IJIAAATY Lji MaTepiaiy AK Iep-
CIIeKTVBHI COPOEHTM /IS CeNIEKTUBHOTO BUITY-
YeHHs TOKCMYHUX KOMIIOHEHTIB i3 po3baBie-
HIX BOJHUX PO34MHIB y IIMPOKOMY JIialla3oHi
pH [30, 31, 32—38]. 3i ciBcTaB/IeHHS pe3y/ib-
TaTiB JJOC/IIJPKEHHA ITIOBEPXHi 3 pe3y/bTaTaMu
BUBYCHHS COPOLIITHNX B/IACTUBOCTEN CIIOTYK
cknagy Sn Mn O,nH,O i Sn Al ,O,nH O
CTOCOBHO Pi3HMX iOHIB MO>KHa 3pOoOUTN BUC-
HOBOK IIpo Te, mo Mmopudikysanus [[ILI,
I'OIT ta I'IC 3MiHIOE caMe 3apsACeNeKTUB-
Hi ueHTpm cop6uii. Cnmig 3asHaYUTH, L0
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KoeillieHTTV PO3MOJiNy OfHO3apATHUX io-
HiB J/1s1 OABIMHUX OKCUMIB € HU3bKUMU. [/1s
COpOEeHTIB i3 NMTOMOIO IUIONIEI0 IOBEPXHi
250 m*r'ta Bume koedinieHT posmnopity
3MEHUIYIOTbCA 3 1I 3pocTaHHAM. OTXe, CUH-
Te3 CK/IAJHMX OKCUJIB TIIOTeTUYHO IiBAILYE
MOXX/IVBICTh Pery/lToBaHHA SIK BMOIpKOBOCTI
IOITIMHAHHA — 3aBIAKM BIUIMBY 3apAIOBUX i/
a60 crepnuyHux (pakToOpiB, TAaK i TpaHCIOPT-
HUX B/IACTMBOCTEI: HANPUKIaZ, 00 €THAHHS
TeTParoHaJbHOI CTPYKTYpU OKCUAY TUTAHY,
LVPKOHIIO 3 T€KCATOHA/IbHOIO OKCUJIB a/IlOMi-
HiI0, 3a/1i3y, CUJIILII0 Ma€ MPU3BECTU IO 3HU-
JKE€HHA CTYIIeHA BIIOPALKOBAHOCTI OKCHUIHOI
MaTpUI i MABUIEHHS PyX/IMBOCTI afgcopbo-
BaHIX iOHiB.

3Hali[leHo, W0 [IA BCiX BUMBYEHUX Trifipa-
TOBAaHUX IOJBIIHMX OKCHJIB BelIM4YMHA KOe-
¢iuienta nudysii, Hanpukaan, Cr(VI)-Bwmic-
HIX aHIOHIB 3HaxoguTbcA B iHTepBani 0.1-
0.3-10" m*c". IlokasaHo, IO Ha PyXIUBICTb
aficopbOBaHNX iOHIB BIUIMBA€E BMICT CTPYK-
TYPHOI BOfiM B MaTpuili OiHapHUX OKcurifpa-
TiB. [Ipy cmiBcTaBneHHi pyX/IMBOCTI amcop-
0oBaHUX iOHIB i3 B/IACTMBOCTAMM IOBEPXHi
(3apsm, mopmcra CTPYKTypa, BMICT BOAM)
CKJIIAJIHUX TipaTOBAaHMUX OKCUMIB 3HANJEHO,
110 Y BUIIA/IKy CTBOPEHHA IIPOCTOPOBOI CiTKM
TiZIPOTENI0 € MOXK/IVBUM JNOCATHEHHA BEINYMH
koedinienTa nudysii i pyxmmsocTi Bub6ipkoBo
copOOBaHMX i0HIB Ha 1BA TIOPSIIKM BUILINX I10-
PiBHSHO 3 KpucTaniyHuMu copbentamm [33].

Ak 3asHavyeHO BuIlE, IJIONIA MUTOMOI IIO-
BEpXHi € OfHMM i3 axkTOpiB, sIKMIT BU3HAYAE
€MHICTb copbeHnTiB. Criff 0c06MMBO 3a3HaYM-
TH, 1110 IIOPOMETPUYHI JOCTIKEHHA nepen6a—
Yal0Th TePMOOOPOOIEHHS, Pe3y/IbTaTOM SIKO-
TO € 3MeHIIeHHs 00'eMy TiipaTOBaHOTO OKCH-
ny [39] i, BigmoBigHO, 06'eMy mop Ta IUIOMI
NUTOMOI NOBepXHi. TaKMM 4YMHOM, 3HAUEHHA,
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OTPMMaHi ITOPOMETPUYHUMM METOHAMM, HE
BIJITIOBi/Ial0OTh iICTMHHUM BeIMYMHAM [IJIs1 BU-
XifHUX MarepianiB. [l eKclipec-OLiHKM K-
TOMOI TIOBepXHi TrifjpaToBaHMX OKCUJiB Oy10
po3pobieHo crernianbHy MeToauKy [40, 41] Ha
ocHoBi mifxony [Tapconca — 306ems [42], sxa
nepenbavyae IMOTEHIIOMETPUYHE TUTPYBAHHSI
3 TOfA/NbLIVMM MaTeMaTUYHUM 00pOoOIeHHAM
orpuMmanux pesynbraris (T. B. Marnbuesa,
KaHZ. Xim. Hayk B. JO. Aramaniok, T. B. fuen-
K0). IIpakTnyHO B ycix BMIAagKax OTpMMaHi
3HA4YEHHA € MEHIIVMM IOPiBHAHO 3 IIOpPOMe-
TPUYHMMU JaHuMU. [JifiICHO, pO3BUTOK IIO-
BepXHi BifOyBaeTbcs Mpy 3MeHIIeHH] po3Mipy
op, siKe BiffOyBaeTbcs 3a jAerigparanii cop-
OeHTY BHACIIIIOK TepMOOOPOOIEeHHS.

Bapro 3asHaunTy, M0 HE3Ba)karouM Ha Ha-
HOBOJIOKHIUCTY CTPYKTYpPY, TifpaToBaHi IIO-
ABifiHI okcupu Oy/I0 OTPUMAHO y BUIVIAAI
DOCTAaTHbO BENIMKUX MEXaHIYHO MIIHUX Ipa-
Hy7 (mepeBaxaroda ¢paxnia — 0.25-0.5 Mm),
IO /la€ 3MOIy BMKOPMCTOBYBaTM IIi Mare-
piam y copOuiiflHuX mporecax po3fiIeHHs
(B. M. benskos, O. B. Ilanpunk). Pawnimie B
I3HX 6yno po3pobieHO MeTORMKY CUHTe3y
KPYIHOAMCIIEPCHUX Tif[paTOBaHMX OKCUZIB,
AKi Mictim muure opguH Metan (B. B. Crpern-
Ko, B. M. bensaxos, A. I. bopryH, Kanp. xim.
Hayk C. O. Xaitnakos) [43]. [TopiBHsAHO 3 oc-
¢daramy, oBHa OOMiHHAa €MHICTb € 3HAYHO
HIDK4010 (=1 MMmonb-T') [44]. [Iporte nepesa-
rOI0 TiIpaTOBaHMX OKCUJIB € aHIOHOOOMiHHa
37TaTHICTb.

o HemonikiB okcupHMx Ta ¢ocdarHux
COpOEHTIB C/Iif BiTHECTM CWIbHY 3aJIeKHICTb
ixHpoi cop6OuiitHOi 3paTHOCTI Big pH posunny.
Oco6mMBO HETaTVBHMM YNHOM Lie BIUIVMBAE
Ha copOLifo iOHIB, CK/Iafi SIKMX BU3HAYAETHCS
KJC/IOTHICTIO CEpeIOBUINA, HAIPUKIIAZ, aKTH-
HOifiB a60 6opaTiB. B ocTaHHBOMY BMUIIAAKY
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3ajIexXHicTh copbuiitnoi emuocti I'IL Big pH
PO3UMHY TeMOHCTpye MakcuMyM npu pH 9 [45]
(T. B. Manbuesa, B. 10. Aramanok, B. M. Be-
nskoB). s cop6buii U(VI)-BMicHux ioHiB Ha
['®I] 3anexxHiCTD € OibII CKIagHOo0 [45]. s
MOJO/IAHHA BIUIMBY KUC/IOTHOCTI PO3YMHYy Ha
copOIiif0 Ta IS MiIBUILEHHS CeIeKTUBHOCTI
copbenTy MopudiKyIoTh HaHOMaTepialamu 3
NeBHUMM (YHKI[iOHaJIbBHVMY BIACTUBOCTSAMIL.
Ile nMTaHHA POSIIIAHYTO Jali.

HEOPIAHIYHI KOMIIO3UTH. JIna mo-
cuneHHs cop6buirHoi 3marHocTi @I Ta rig-
paroBanux okcupis B I3HX pospobrneno kom-
IMO3UTH, AKi BKIIOYAIOTh CKIafoBi a00 i3 mifi-
BUILEHVM BMiCTOM (PyHKIIiOHa/JIbHUX TPYII Ta
rifpodinpHO-TigpodoOHNMY BIACTUBOCTAMMU
(oxucnennit rpaden (OI), yacTKOBO pO3KpuUTi
ByIJIelleBi HAHOTPYOKM, aKTMBOBaHe BYTi/UIA),
a00 BUCOKOCENEKTUBHI (Kamiii-Kob6anbT Tek-
cauianodepar II, pochopmonibnenoBy Kuc-
JIOTY, OKCHHITpaT BicMyTy). Croci6 iXxHbOTO
CMHTe3y Iepenbadae apMyBaHHA (HocdaTHOO
a00 OKCHU/JHOI0 MaTpHUILEI0 MoNepefHbO chop-
MOBAaHOI CKJIaIOBOI 3 IIEBHUMMU (byHKuiOHanb—
HUMJ BJIACTMBOCTAMM. IHIIMM crocob6om €
BBEJIEHHA TaKOl CK/IAZlOBOi [0 BXX€ yTBOpe-
Hoi Matpuui (O. B. IManpunk, 10. C. [13513b-
ko, T. B. Manb1ieBa, /1. M. PoxxmecTBeHChKa,
K. O. Kygenko, kanp. xim. Hayk O. C. Pygen-
ko). OI' oTpuMaHO TpaUITHUM XiMiYHUM
MmetomoM (B. M. Orenko) [47], a 4acTKOBO
PO3KPUTI ByIJIelleBi HAHOTPYyOKM — OpWUri-
Ha/nbHUM (4w1eH-KopecnioHaeHT HAH Ykpainn
I. 4. Konbacos, kaup. xim. Hayk M. O. [laHi-
JI0B, KaHJ,. XiM. Hayk 1. A. Pycenpkmit) [48, 49].
JlaHi 1[OI0 OTPMMAHHA HAaHOMATepialiB Kap-
OoHisaljiero monicaxapuyiB cuCTEMaTN30BAHO
y [50].

o mepmux pobit B o6macTi KOMIIO3UTIB
i3 copOLiiiHMMM BIACTUBOCTSAIMM CITiJ] BifHe-
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ctu pob6otu B. M. bensikoBa, KaHA. XiM. Hayk
O. M. Hosikosoi Ta T. B. Manbuepoi. OcHOBY
KOMITO3UTY CTaHOBUB HEOKNCIEHMII BYyIJIe-
1eBUil Marepian (BOMOKHA, caxka, rpadir), mo
axoro 6yno seemeno I'NILI [51]. JocmimxeHo
COpOLifiHY MOBEIHKY KOMIIO3UTIB BiJHOCHO
ToKCcMuHMX KommoHeHTiB (Cu?t, Cr(VI)-Bmic-
HYX i0HiB, OOPHOI KMCTIOTY) 32 YMOB peareHT-
HOI Ta €/IEKTPOXiMiYHOI 3MiHM 3apAMY ITOBEPX-
Hi i, BIATIOBiIHO, 3CYBY copO1iitHOi piBHOBaru
(3a Bificy THOCTI €/IeKTPOXiMi4HOTO BIIMBY IIO-
BEPXH: BYTJIELI0, AKNII C/TyTYBaB €/IEKTPOIPO-
BiIHOIO MJKI/IA[IKOIO, 3apAIKeHa MO3UTUBHO,
a mpotuionu — O,” Ta OH’, 10 yTBOPIOIOTHCsA
B pesynbraTi xeMocop6uii kuchHio [52]). Ilo-
Ka3aHo, 110 3ap:ap nosepxHi ['/I1] smiH0€THCA
IIpM BapiloBaHHI 3apsAjy IOBEPXHI BYITIELIO,
SAKUI PEryII0€TbCA BMiCTOM KJCHIO y PO3UMHI.
CrocoBHO cop6uiii i0HiB, TO 3HaIIIEHO CUHEP-
retaHmit epexT (1540 %), AKUI MOSCHIOITD
B3a€EMHVM BIUIMBOM IOABIHUX €/IeKTPUIHUX
1IrapiB okcupay Ta Byrieno. Karogna nomapu-
3allig KOMIIO3UTY NPU3BOAMIA 0 30iIbIleH-
Hs cop6uii KarioHiB Ta mecopOuii aHiOHIB, a
aHOJ{HA — JIO0 3POCTaHHs COPOIiTHOI EMHOCTI
3a aHiOHaMIM Ta BUBiIbHeHHsA KarioHiB. Ta-
KM 4YHOM, KOMIIO3UT € MEePCIEeKTUBHUM /1A
e/IeKTPOCOPOIiiTHOTO OYNIIIEHHS BOJII.

Hapani g1a CTBOpeHHA KOMIIO3UTIB 3a-
CTOCOBYBa/IM HOBiTHi ByIJIelleBi HaHOMare-
piam. IIpm pocmimxenni OI' meromom era-
JIOHHOI KOHTAKTHOI IIOpOMETpil BUABJIEHO
BE/IMKI 3HaYe€HH:A IUIOLII MUTOMOI IOBEpXHI,
AKi gocaranTtb 1200 (B imeanbHO 3MOYy0YO-
My PO3UMHHMKY — OKTaHi) abo 2250 m*1" (y
Bopi) [53]. Ocranus BenmmumHa € OIM3BKOIO [0
TeopeTn4HoI s rpadeny (=2600 m>r [54]) i
BifimoBifae mitepaTypHuM maHuMm [55], omep-
>KaHUM caMe 3TaJJaHIM METOJIOM.

3HauyeHH:A, OTPUMaHiI MeTO[OM eTaJOHHOI
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KOHTAaKTHOI ITOpOMeTpil, € Ha MOPATOK Oi/b-
UMMM, HDK OILIiHEHi, HalpMK/aJ, METONOM
ajgcop6buii asory [55, 56]. Sk mpaswio, mis
nepeBaXHOI Oi/NbIIOCTI MaTepianiB IOBepx-
Hs, IO BM3HAYA€THbCS OKTAHOM, BINIIOBifae
3arajipHili, To6TO BK/IIOYAE AK rigpodinbHi,
TaK i ri;qpod)o6Hi OUITHKY. [HIIMMU cmoBamu,
115 BeIMYMHA € OO0 ITOPIBHSHO 3 Tifipo-
¢binbHOI TIOBepXHEI, BM3HAYEHOI 3 BUKO-
puctaHHaM Bogu [57]. Takum unHoMm, g OT
XapaKTepHOIO € CyneprifipodinpHicTh aHao-
TiYHO 10HOOOMIHHUM TOTIiMepaM, CIIpUYNHe-
Ha CI/IbHIM HaOpsAKaHHAM Y BOJji, B OCHOBHO-
MY 3aBJSKY Tifipatanii KapOOKCUIBHUX TPYIL
Taka BacTUBICTb € XapaKTepHOIO i [ KOM-
mo3utiB Ha ocHoBi I'/II1, mo mictare OI [53].

100 nm
—

a

[TpoTe 36inbLIeHHS MJIONi TMTOMOI IOBEPXHIi
KoMIo3uTy nopisHAHO 3 [/I1] € HesHauHUM
(2.6 %), mwo ysromxkyerbcesA 3i BMicToM OI (2%
BigHOCHO 6esBopHOrO Z1r0,).

Sk mokasaHo y [53], ByrieLeBuit Mopu-
¢ikaTop OKani30BaHO Ha IOBEPXHI YacTH-
HoK ['I11 (puc. 7). IIpore KOMIO3UT MiCTUTD
i arnomepoBani Ha"HoyacTuHKM OI, a Takox
yactuHku ['/I11, moBepxus axux He Bkputa Ol
OcCKinbKM ByI/IelleBe IOKPUTTA IIOCTAOTIOE
B3a€EMOJI0 MDK YaCTMHKaMM HEOpPraHi4yHOI
MaTpulli, TO HeOoOXiTHO perynoBaTy KibKiCTh
MopudikaTopa y KOMIO3NTI JyIs 3anobiraH-
HA TOTIpIIEHHA MeXaHiYHOI MIIIHOCTi IpaHy
[56]. Ixuiit posmip 3sMeHuIyeTbCA 31 36iMbIIEH-
HAM BMicTy MopuikaTopa [56, 58, 59].

6

Puc. 7. TEM-306pakenns yactunok ['JI1], Bkputux Byrienesum moaudikaropom. Hasegeno goro

HM3bKOI (2) Ta BUCOKOI PO3/i/IbHOI 3aTHOCTI.

Fig. 7. Low- (a) and high-resolution (b) images of the particles of hydrated zirconium dioxide coated

with carbon modifier.

Ockinpky ByI/IeneBuil KaTiOHOOOMiHHMI
MozuQiKaTop YacTKOBO €KpPaHY€e IIOBEPXHIO
[L, sxa mictuth amdorepni rpymn —OH,
TO aHIOHOOOMIHHI BJIaCTMBOCTI KOMIIO3UTY
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HOTipIIYIOTbCA  TOPIBHAHO 3 HeMopugiko-
BaHNMM HeOpraHiYHMM ioHiToM [53]. 3MeH-
meHHs eMHoCTi 3a ionamn HCrO,” craHOBuTB
67 %. BogHoyac €éMHICTh KOMIIO3UTY 3a KaTi-
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onamu Pb*" pmocsirae 0.86 mmonb-r, a IIIT —
0.51 mmonb-r'. ¥V Bumagky copb6buii ionis 1,1
3apAJHOTO ENMeKTPOTTY y CIaOKOKMCTIOMY
cepenoBUILi KaTiOHOOOMiHHA EMHICTb CTaHO-
Buth 1.2 mmonbr! (K¥), a anHioHooOMiHHA —
0.25 mmonb-r! (Cl) [60]. Hespakaroum Ha 1ie,
copbuis ioOHIB He CYINpPOBOMKYETHCA Pi3KOIO
3MmiHOI0 pH po3umHiB, TOMy KOMIIO3UTM Ha
OCHOBI TifIpaTOBaHMX OKCHJIiB OaraToBajeHT-
HUX MeTaliB € MPUBAOIMBUMM I i0HOOO-
MiHHOTO 3HECOJIeHHS PifiViH, SKi MiCTATH Oin-
KI, HaIIPUK/IAJl, MOJIOYHOI cupoBartku. lle 3y-
MOBJIEHO TUM, III0 Ha BiIMiHY Bifi i0HOOOMiH-
HJIX CMOJI COpO11isi iOHIB He CYIIPOBOMKYETHCS
piskumu nepenagamu pH, Aki npusBopATh go
KoarynAuii abo it HaBiTh AeHarypauii Oinkis.
KoMnosntn cop6ynTh Takox makrosy [53],
IPUCYTHICTD fAKOi y 6ITKOBOMY KOHIIEHTpATi
€ HebaxaHow. CopO1iito 3abe3nevyroTh rifpo-
¢$bo6Hi pinsuku OI.

l'igpodo6Hi pparmentu OI € Bifnosigans-
HVIMU 11 32 BUIa/IEHHA TOKCUYHNX OpraHivHUX
CIIONTYK i3 BOJHUX PO34YMHIB, HAIPUKIAJ, Qe-
Homy [53] Ta mectunupis (puc. 8) [56]. B oc-
TaHHbOMY BUIIQ/IKy HaIOi/TbIII BUCOKA EMHICTD
komnosuty I'/III-OI peanisyerbcs 3a enoOKCK-
KOHa30710M (71 Mr-1''), MOJIeKy/Ia KOTO BKJIIO-
vyae 2 0eH30/IbHMX Ki/lblis, Ta KapOOKCMHOM
(17 mrr', 1 Kinblie), Ipu LBOMY BAETHCA
3MEHIINTH IXHiil BMIicT y Bogi o piBHA [/IK.
lipme copOyrorbes aneroMinpup (8 mrr,
OJIHe TeTepOLMK/IiYHE Ki/Iblle) Ta TIOMeTOKCaM
(5 mMrr', 2 reTepoLUMKITIYHUX KibIlsi). AHa-
JIOTiYHI pe3yabTaTy OTPUMAHO i1 Ji/iA Heak-
TuBoBaHoro 6iosyria [61] (B. M. OreHxko,
O. B. [Tanpunx, 0. C. [13s13bK0). IHpopmaito
mopo rigpodinbHO-rifpodobHMX Ta COpOIIiii-
HUX BJIACTUBOCTEN KOMIIO3UTIB, 110 MIiCTATh
OI, cucremarusosano y [62] (10. C. [I3a3pKo,
KaHZ. XiM. Hayk M. O. Yab6an).

https://ucj.org.ua
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Puc. 8. Ilectmmupu, sAki copOyoTbcsi KOM-
nosutoM I'ITIT-OT [56].

Fig. 8. Pesticides sorbed by the composite of hy-
drated zirconium dioxide - graphene oxide [56].
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Puc. 9 3anexuictp cop6uiitHOi €MHOCTI 3a
U(VI) Big pH. Copbentu: I'®Il (1) [63], xom-
nosuT I['®PI-9acTKOBO pPO3KPUTI ByITIEleBi Ha-
HOoTpyOKM (2), TAT (3) [64] Ta 110r0 KOMIIO3UTY 3
K,Co[Fe(CN),] (4). IlynkTupHa ninis — eMHicTb 32
IIOBHOTO BU/TyYeHHs iOHiB.

Fig. 9. Dependence of U(VI) sorption on pH.
Sorbents: ZHP (1) [63], its composite with partially
unzipped carbon nanotubes (2), HTD (1) [64], its
composite with K Co[Fe(CN)_] (4). Dashed line is

the capacity of the full ion removal.
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JlonaBaHHA YaCTKOBO PO3KPUTHUX BYTJIEIle-
Bux HaHOTPYyOOK po I'II] ta T'®Ll mipgBuinye
ixHI0 copO1iliHy eMHicTb 3a ctoykamu U(VI)
[59, 63] (FO. C. IIzsspko, O. B. ITanbuuk,
I. 1. Konbacos, M. O. [launnos, 1. A. Pycens-
kuii). B inTepsani pH 5-8 cTymniHb BuTydeHHA
U(VI) cranoButp 90-100 % (puc. 9). IIpore
HaOi/IbII SICKpaBO BMpakeHUN eeKT Hajae
OKCUJTHOMY COpOEeHTy KpMUCTaliyHa CIOMTy-
ka K ,Co[Fe(CN),] [58, 64] (10. C. JI3aspKo,
O. B. Ilanpuyuk). Y 11pbOMy BUIIAJIKy €MHICTb
KoMno3nuty 36inburyerscst Ha 230 % (pH 4)
MOPIBHAHO 3 BUXIJHUM Ti[paTOBaHUM OKCH-
foM. MakcuMyM 3a/IeXXHOCTI COpOuiitHOI
eMHOCTi Bifg pH 3ymMoBnIeHO [BOMa KOHKY-
pyrounmu daxkropamu: nepexogom UO**—>
[UO,0H]*->UO,(OH), 3 onniei croponn Ta
HIOCV/IEHHSM KaTiOHOOOMIHHOI CIIPOMOXKHO-
cTi OKcupHOrO CopbeHTy — 3 iHmoi. Brms
OKcuHiTpaTy BicMyTy Ha Bubipkosicte I'/IL] o
ionie HCrO,” mocmimkeno y [65]: xoediiient
CeNIeKTUBHOCTI 36inpuIyeTbcsa y 15 pasiB no-
piBHAHO 3 HeMopudikoBaHUM oKcupoM (Pox-
mectBeHcbKa JI. M., [Isaspko H). C., Kenes-
HoBa JI. L., xany. xim. Hayk Pymenko O. C.).
Ileii KOMIO3UT BMKOPUCTaHO [l HaJaHHA
HEeOpraHiYHMM MeMOpaHaM aHiOHOOOMiHHMX
BracTuBocTelr [66]. Mopgudikysanus ['®I]
¢dochopMonibeHOBOI KIUCIIOTOK  IIPU3BO-
ANUTD 10 30inblIeHHs pyxmBocTi ioHiB Cs'y
TBeppiit dasi B 2.5 pasu [67] (Manbuesa T. B.,
kaH/. xiM. Hayk KorBunpknit O. I). Xoua em-
HicTb KoMmno3uty Ta I'QI] 3a mymu ionamm
€ O[IHAKOBOIO, IIPOTE CIIiBBiIHOILIEHHA €M-
Hocrein Cs*/Natcranosutp 3.8 (I'®II) Ta 2.8
(KOMITIO3UT), 1[0 MOSACHIOETHCS OMOKYBaHHAM
IIOp BMCOKOCETIEKTVBHOIO CK/IafI0BOIO.

Perenepariito HeopraHiYHMX KOMIIO3UTIB
MOLiIbBHO IIPOBOAUTHU JTY>KHUMM PO3UMHAMU
(mecop6ujisi ioHiB) i 3amobiraHHs ferpa-
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mauii okcupmiB [59, 63] a60 KUIIAYOI0 BOJOIO
(mecopOiiist MOIEKY/IAPHMX CIIONYK) [56].

TaxyuMm unHOM, MOAV(iKyBaHHA aMOpPHIX
iOHITIB [TO3BO/SE IABUIIUTU CENEKTUBHICTh
copbeHTiB y mupokomy intepsani pH. Ilepe-
Barolo KOMIIO3UTIB nepes; Moaudikaropamu €
KPYIHOAUCIIEPCHICTh. [TpoTe BUOipKOBiCTb O
IIEBHMX 10HIB JOCATAETbCA VI IIPU OEAHAHHI Y
KOMIIO3UTI TiIbKM KPUCTA/TIYHUX KOMIIOHEH-
TiB, IO 6y;[e POSIJIAHYTO Jai.

JITIVICEJIEKTVMBHI COPBEHTI. Y 38’513~
Ky 3 IIOCTi/IHO 3pOCTAO4YMM ITOIMTOM Ha JIi-
Till-i0HHI aKyMY/IATOPH, 3POCTAIOTh ITOTPeOU
CBITOBOTO PMHKY Y JiTi€Biit cupoBuHi (Kap-
OoHari, rifpokcuai Ta iHIIMX CONMyKax), sKi
IIPOTHO3YIOTh Ha piBHi 6.6 Mpg USD y 2028 p.
[68]. [TpoTe po3pobieHHs NiTiEBUX MOKIAJiB
(pomoBu1, MiHepamiB Ta COMOHUX BOIONM —
cajlapiB) IOB’S3aHO 3 EKOJIOTIYHMMU pU3NU-
KaMI: Bil9y>K€HHAM POJIOYMX 3€MEJb, 3aCO-
JIOBAHHAM JIKepe IPicHOI BoaM Ta IXHiM 3a-
OpyZHEHHAM cronykamu jirito. i cionmyku €
TOKCMYHVIMMY, OCKI/IbK Ha/IeXaTh 0 pe4OBUH
i3 cuIbHOKI NCUXOTpONHOK A€o [69]. Tomy
IO BMICTY JITiIO Y BOAi BUCYBaIOTh >XOPCTKi
BMMOTY — TPaAaHMYHO JJOIYCTMMa KOHI|€HTpa-
1ig craHoButb 0.03 mr-gm—3 [70].

Mopcbka BOfa, BOfa MiJ3EMHUX JpKepes
Ta IIAXTHI BOJAY POSINAJAITH AK ajbTepHa-
TUBHI JKepena JIiTiio, He3Ba)kaldy Ha JOro
Husbkuit Bmict (0.1-0.2 mr-gm™) [71, 72].
Y npoMy BuIIaZKy I BUTyYeHHA JITiIO Hall-
OiNbII TPUIHATHUM € COPOLINHWUIT MeTOx
i3 BUMKOPUCTAaHHAM JIiTiii-CEIEKTUBHUX COp-
OenTiB [73, 74]. 3 ekOHOMi4HOI TOYKM 30DY,
OOLIIIbHUM € BUKOPUCTaHHA JIiTiiI-MaHTaHO-
BUX, JMITII-TUTAHOBMX Ta JITiN-TUTAaH-MaHIa-
HOBIUX IIIiHeseN, AKi copOyIOTh IepeBaKHO
ionm Li* micna mepeBeneHHA y BORHEBY ¢op-
My. CeneKTMBHICTb 3yMOBJIeHa iHTepKasd-
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niero Li* 10 BOCbMUTPaHHOIO IIPOMDKKY MK
OKTaelpaMi, eeKTPOHENTpaNbHICTh 3abe3-
HeYyeThCs afcopOIli€el0 aHIOHIB Ha MOBEPXHIi
HaHOKpucramitiB [75] (puc. 10). Ha >xanp, i
LIMiHeal MOXKHA OTPUMATH JIMILE Y BUITIALL
Ipi6HOAVICIEPCHOTO TIOPOLIKY, IO YCK/IAfi-
HIOE iXH€E IIPAKTUYHE 3aCTOCYBAHHS.

e O

Puc. 10. InTepkanauisa ionis Li* go tMTaHoBoOi
mmiHesni 3a nepebiry copouii

Fig. 10. Intercalation of Li* ions to titanium
spinel during sorption,

B I3HX po3pobieHo MeTonyu OTpUMaHHSI
KPYITHOAVCIIEPCHUX COpOeHTiB i3 mimBuiie-
HoMW BUbipKoBicTIO o ioniB Li* (B. M. bemns-
koB, O. B. ITanpunk, JI. M. PoxgecTBeHCBKa,
M. O. Haban). OpuH i3 MeTopiB popMyBaHHSA
BeMKUX (7o 1 MM) MeXaHiYHO MiIJHUX rpa-
HYJI TIOJIITA€ B ApMYBaHHI BJMCOKOCENIEeKTUB-
HOI CKIafoBOi (JIiTii-MaHIaHOBOI IIITiHEs)
crionyyHuM (miokcupom TuTany) [76]. Inmmii
MeTop, iepenbavae 3acrocyBanss /1T Ta rig-
paTOBaHMX IOJBIHMUX OKCUJIB TUTAHY-MaH-
raHy fK BUXIgHMX cronyk [7781]. Y mpomy
BUMAZIKY (POPMYBaHHS CENTEKTUBHOI CKJIai0-
BOI (JiTifI-TMTAaHOBOI a0O JIiTiI-TUTaH-MaHTa-
HOBOI mmiHesni) Ta cnonydnoro (TiO, y popmi
pyTuiy abo aHaTasy) BifOyBa€eTbCA BOZHOYAC.
[Ininenb y rifpaToOBaHOMY OKCHUJiI YTBOPIO-
€TbCA Y Me30II0Pax-HaHOPEaKTOpax. 3ampo-
IIOHOBAaHO METOJ, CMHTe3y TUTaH-Maprasile-

https://ucj.org.ua

BUX OKCUIHUX COpPOEHTIB, OCHOBOK SKOTO
€ OKIMCHO-BITHOBHA B3a€EMOIisA MiX TiCl4 Ta
KMnO,. [Tosna emuicTb 3a ionamu Li* crano-
BUTD ~1.5 MMOJIb-T"' — Ile 3HAYHO BUIIIE TTOPiB-
HAHO 3 TifpaToBaHuMy oxcupamu [82]. Ilpnm
copb611ii 3 MOPCHKOi BOJI MOJIbHE CITiBBiZTHO-
menH: Li*, Na‘ta Ca®'y tBeppint ¢asi craHo-
BUTH 1:4:3.

3anmponoHoBaHO cHoci6 pereHeparii cop-
6entiB (posumnom HNO,), sxuit mossonse
MaKCUMMa/rbHO 3amoOirtm ixHiit pgerpajanii
[83]. PospobneHo meTop mepepobieHHs pere-
HEPYIOUOTO PO3UMHY, AKIII BK/II0YAE BUIAPIO-
BaHHs, 6ap6oTysanna NH, s HeitTpanisarii
KUCTOTH (B pe3y/bTaTi yTBOPIOIOTHCA HITpaTH
JTY>KHUX METaJIiB Ta aMOHiI0, BUIIapIOBaHHA Ta
OcCa/pKeHHs KapOOHATY JITiI0 raps4muM Hacu-
genum posunHoM K CO, (puc. 11). Buxig cra-
HoBMB 90%, ocap mictus 98% Li,CO,, To6TO
BifmoBigaB kBamidikamii 4. m. a. MaToyHmit
PO34YMH BUIIApIOBa/IN, 3 OTPMMAHMII OCaJ] Mic-
TVB HIiTpaTy i KapOOHATY Y MOIBHOMY CIIiBBifI-
HoIleHHi 5:1, cniBBigHomenHsa K ta Na ctaHo-
Byy10 3:1. Ielt mpomyKT MO>KHAa BUKOPUCTOBY-
BaTM SIK JOOPVBO 1A KUC/INX IPYHTIB.

OckinbKy NOINIMHAHHA Ta pereHepanis io-
HiB Li* BigOyBarTbcsi JOCUTH MOBIIBHO, JIO-
LIi/IBHUM € iHTerpyBaHHsA cOpO1ii 10 3BOpOT-
HOOCMOTMYHOTO 200 e/eKTPOfiani3HOTO OIl-
PiCHEHHS MOPCBKOI BOAY, 3 AKOI IONEePeHbO
BUJIQ/ICHO 1OHM >KOPCTKOCTI HaHOQIIbTpali-
€10 i3 3aCTOCYBAaHHAM aHTUCKAIAHTY, AKUI
He B3aemofiie 3 ionamm Li*, Hanmpukiaz, Io-
niaxkpunoBoi Kucnotu. Ilicnsa BunydeHHs ioHiB
Li* Bopmy MoOXHa aeMiHepanisyBaTu 3BOPOT-
HJM OCMOCOM.

[IopiBHAHO 3 HEOPraHIYHMMM KOMIIO3UTA-
MM, 3HaYHO Oi/Iblila MIBUAKICTb COpOLl mpu-
TaMaHHa OpraHO-HEOPraHiYHMM KOMIIO3M-
TaM, SAKi pO3ITIAHYTO JaJIi.
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Puc. 11. InTerpyBaHHs cOpOLiiiHOrO BUTYYeHHS JIITiI0 TO IPOLieCy MeMOpPaHHOTO 3HECOTIEHHS BOLIU
Fig. 11. Integration of sorption recovery of lithium to the membrane process ofwater desalination.

OPIAHO-HEOPIAHIYHI =~ COPBEHT.
[TpnitoM, Axuit Hagae copbeHTaM aHiOHO06-
MiHHOI CHIIPOMOXHOCTI, monsArae y momudi-
KyBaHHI IIOBEPXHi OpraHiYHMMM CIIOTYKaMMU.
B I3HX npoBeneHo 11K po6iT i3 goCifKeH-
HS COpOLIHMX B/IACTMBOCTEN CUITIKarenis
Ta AEPOCUJIIB Pi3HUX MapOK, MOAM(DIKOBAHNX
B-umxnonexkcrprunoM [84, 85] (B. M. bensikos,
K. O. Kasgo6iun, T. B. MansieBa, O. I. Kot-
BULBbKUI). LIMKIOgekcTpuHn — 1e IMKTivHi
OJIirOMepM  IJIOKO3M, B IXHbOMY CKIafi 3a-
mmky  D-(+)-mmokonipanosun o6'egHaHi y
Makpouukau a-D-1,4-rmiko3ugHumy 3B's3Ka-
MU, SIKi pa3oM i3 BOZHEBMMM 3B'S3KaMM MiX
—OH rpynamu crabinisytors Topoinny dpopmy
Morekyrn [86] (puc. 12). BHyTpilHsa noBepxHs
MOJIEKY/H € TifipooOHOI0, a 30BHILIHA — Tifi-
podinpHOIO 32 paxyHok —OH rpym.
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MakcumanbHa KiZIbKIiCTh LMKIOLEKCTPY-
HY, SKIIT MOXKe OyTU BBeIEHO, CTAHOBUTH JI0
0.2 Mmmonb-r [85]. Ha mpakTuiii gocAraoTh Be-
nn4uH y 2—10 pa3iB MEHIINX BiJj O4iKyBaHMX.
Konuenrpaniss copboBanux xarioHis Pb* e
€KBIBaJIECHTHOI KIZIbKOCTI IMKJIONAEKCTPUHY,
Cu**—y 2.8 pasu 6inbIuo0, a y BUIIAJKY XPO-
Mar- Ta apceHaT-aHioHiB — 6ib1I0I0 y 4—6 pa-
3iB Ta y 3 pasu BigmosigHO. MexaHi3M cop6-
Iil — YyTBOpPeHHs K/IAaTpaTiB i3 TOKCUYHUMMU
ionamu Ta mpormioHamu. TakuM 4MHOM, MO-
nnikyBaHHA OMK/IOAEKCTPUHOM CUJIIKATesTio
HaJla€ OCTAaHHbPOMY aHIOHOOOMIHHMX BIacTH-
BOCTel i posumproe iHTepBan pH cop6uii ka-
tioHiB. OcTaHHIN eeKT paHille HaMaramcsa
JOCATTY LISIXOM IIepeBeNEeHHs CUIIIKareIo B
ioH-3amimeny ¢popmy (Ca, Al) [88].
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Puc. 12. Monexyna unkiaofekcTpuny [85] (a) , yTBOpeHHs KaTpariB i3 HeOpraHiYHMMM CIIOTyKaMu
[87] (6). Omy6ikoBaHoO 3 Ho3Bony BupaBHuiTBa Elsevier.
Fig. 12. Cyclodextrin molecule [85] (a), formation of clathrates with inorganic compounds [87] (b).

Published according to the permission of Elsevier.

Heponikom opraHo-HeOpraHiyHUX COp-
6€eHTIB Ha OCHOBI CMJIIKAreo € iXHsA BiTHOCHO
HeBeJIMKa eMHicThb. L]boro Hepomiky nmo36as-
JIeHi TI0JTiMep-HeopraHiyHi KOMITO3UTH Ha OC-
HOBi ioHO06MiHHKX cMor1. B I3HX nposezneno
LUK pOOIT 31 CTBOpEHHS TaKMX KOMIIO3MUTIB,
IXHS MeTa — HiIBUIeHHS CeJIEKTMBHOCTI KO-
MEpLITHUX CMOJI [0 10HIB TOKCMYHUX MeETa-
niB (B. H. Benskos, 10. C. [I313bK0, KaHT,. XiM.
Hayk JI. M. IlonomaproBa, T. B. Manbiesa,
kaH#. xiM. Hayk €. O. Konomieup). 3 ixmof
CTOPOHM, TaKi KOMIIO3UTU € MOJEIbHUMMU
ob'ekTaMu: po3pobyeHi crocoby CuHTe3y
MO>KHA 3aCTOCYBATH i CTOCOBHO 10HOOOMiH-
HUX MeMOpaH, IpoTe, Ha BiIMiHY BiJi OCTaH-
HiX, O CMOJ MOXXHa 3aCTOCYBaTU i MeTOf
TEM, 110 3HaYHO IOJIETIIYE BMBUEHHS IXHIiX
Mopdonoriunnx ocobmmBocTeit. OKpiM 11bO-
ro, i0HOOOMIHHMM CMONaM Ta MeMOpaHaMm
IIpUTaMaHHA ifeHTYHa IIOPUCTa CTPYKTYPa,
mo ¢opMyeTbcs Ipy HabyXaHHI y BOAi abo
iHIIMX TONApHMX po3YMHHMKaX. [Hopma-
1[i10 3 IIbOTO IUTAHHA CUCTEMATU30BAHO B Or-
namax [89-91].

Tak, Xcy Ta Iipke Ha nifcTasi faHux, OTpu-
MaHJX METOJOM MaJIOKyTOBOTO PO3CilOBaHHA

https://ucj.org.ua

PEHTTEeHIBCbKUX IIPOMEHIB, IOBE/N, 1110 IOJi-
Mep Ta BOfja Y HaOpAKINX iOHOOOMIHHUX IO-
TiMepax SBJIAIOTbL cob600 okpeMi ¢asu [92].
HesBaxxarouym Ha KpUTHUKY Ta a/JbT€PHATMBHI
To4KM 30py [93], yaBnenns Xcy Ta 'ipke € Ha-
pasi HanOIIbII MPUITHATHUMM I iHTepIpe-
Talil (byHKuiOHaanMX BJIACTMIBOCTEN i0HITiB
Ta iI0HOOOMIHHMX MeMOpaH.

3rigno 3 mogenmo Xcy — Iipke, cTpykTyp-
Hi YTBOpPEHHs Y TiipaTOBaHUX iOHOOOMIHHMX
II0/IiMepax MOXKHA PO3JINTY Ha 2 TUIIN: Tefle-
Bi IIAHKM Ta MDDKTejieBi IPOMIXKKM, [ie po3Ta-
moBaHi rigpodoOHi ByITeBOJHEB] JTAHIIIOTH.
TeneBi AiNAHKM yTBOpPEHi HAaHOPO3MipHUMU
KJIacTepaMi, Ki GOpMYIOTbCA 32 PAXYHOK IM-
TI0/Ib-JJUIIONIBHOI B3a€MOfil YHKIIIOHATbHUX
rpyn. Knactepu moennani Mk co6or MeH-
MMM 3a po3MipoM KaHamamu. Kimacrepm Ta
KaHa/lM BIJHOCATBCS O TifipodinpHUX mOp,
Ie BinOyBaeTbcsa nepeHoc ioHis. TigpodobHi
RUIAHKY TOMTIMEPHMX JIAHLIOTIB (HOPMYIOTH
IIOpY, AKI BiTHOCATHCA [O MIKIeneBUX IpPo-
MiKKiB. [XHiit po3mip € 6ibmuM MOpPiBHAHO 3
knactepamu. OKpiM TOro, IOpUCTa CTPYKTypa
ioHOOOMiHHUX TONiIMepiB BKIIIOYAE AedeKTn
CTPYKTYpU MIKPOHHUX PO3MipiB.
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Bci Bkasani mopu, abo mpuHaiiMHi rigpo-
¢inbHi, imeHTNQIKYIOTH TOpPOMETPUYHNMMA
MeTofaMM, sIKi IepembadaroTh Tifparariio
noniMepiB (andepeHiianbHa CKaHAyBaIbHA
Ka/IopUMeTpisi, i30TepMivuHa afcopoOris — ae-
COpO11isi PO3UYMHHMUKIB, i3011ieCTUYHMIT METOI,
eTaJIOHHa KOHTaKTHa mopomertpisa) [90, 94].
[Ivpoxnit AiamasoH MOp y MONIMEPHUX iOHi-
TaX 3yMOBJIIOE PiISHOMAHITTA iIHKOPIIOPOBaHMX
HEeOpraHiYHMUX 9acTUHOK [95—102] (puc. 13).

KinbkicTp Heopraniunoro mopmudikaropa
Ta J10r0 MOp$OIOriyHi 0cO6IMBOCTI 3yMOBIIIO-
10Tb (YHKI[IOHA/JIbHI BIaCTMBOCTi KOMIIO3M-
tiB. Tabmuus inocTpye copOLiliHy OBeAiHKY

IoiMep-HeOpraHiYHMX KOMIIO3UTIB CTOCOB-
HO J€AKNX TOKCMYHNX i0OHiB, BUTy4eHHSA AKX
3 BOAM, 110 MiCTU/IA HAIMILIOK iOHIB >XOP-
CTKOCTi, BiffbyBasocs y AMHAMi4YHOMY peXMn-
Mi. B ycix Bunapkax mopudikarop I'OL] mpu-
3BOZINTD /10 301/IbILIEHHST EMHOCTI /10 IIPOCKOKY
Ta CTYIIEHA BWIYYEHHS TOKCMYHMX ioHiB. Ha
NPUKJIAJl apCceHaT- Ta XpOMaT-aHIOHIB BCTa-
HOBJIEHO 301/IbIIIEHHS €MHOCTI KOMIIO3UTIB,
10 MICTATb YaCTUHKU TiJpaTOBaHNUX OKCUJIB
0araToBaJIeHTHUX MeTalTiB IIOPiBHAHO 3 He-
MopupiKOBAaHOIO aHIOHOOOMIHHOI CMOJION
[103—109], npu 11pOoMy y 6araTbox BMUITAIKax
3a(pikcOBaHO CMHEPTeTNYHNI eeKT.
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Puc. 13. Mikpodororpadii I'DIL] y karioHooOMiHHOMY mO/TiMepi: HearperoBaHi HAHOYACTUHKM (a),
ixHi arperatu (6), armomepatu (B), feHapuTHI arperarn (T)
Fig. 13. Microphotographs of ZHP in cation exchange polymers: non-aggregated nanoparticles (a),

their aggregates (b), agglomerates (c), dendrite aggregates (d).
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IIpore ioHiTaM, IO MICTATH arperatu Ta
arioMepaTyi HAHOYACTMHOK Mopmdikaropa,
IpUTaMaHHA HM3bKa BiJTBOPIOBAHICTH CKJIA-
Iy Ta COpOLIHMX BIACTUBOCTE, a HalBU-
100 BiJTBOPIOBAHICTIO XapaKTepU3YIOThCsA
10HITH, SIKI MICTATH TiZIbKM HearperoBaHi Ha-
HovyacTuHKN [110]. Tomy sampomnoHoBaHO Ta
€KCIIEpMMEHTA/IbHO MiITBEPIKEHO TEOpEeTNY-
HUII IAXifl, AKUI [O3BOJIAE CIPAMOBAHO
perymoBaTy po3Mip YacTMHOK, iHKOpIIOpO-
BaHMX 10 aHioHooOMiHHOro [109, 111] a6o
KaTioHooOMiHHOrO [112] momimepiB. Pakro-
pamu, AKi BU3HAYalOTh PO3Mip YaCTUHOK, IO
OCa/DKYIOThCA Y NOpax IOMIMEPHOI OCHOBH,

€ MOJApHMIT 06’eM cronmyku Mopaudikaropa,
ii posumHHicTb, OOMiHHA €MHICTH IOTIMeEpa,
TeMIIEpaTypa, IOBEPXHEBUI HATAT PO3UYMHHU-
Ka, KOHIIEHTpallis Ta 00’€eM PO34YNHIB peareH-
TiB. 3aCTOCYBaHHA TAKOTO IiJXO[y HO3BOJIAE
OTpUMaTy HaitbibIml MOPQOIOTiYHO OffHO-
pigHi momiMep-HeOpraHiyHi KOMIIOSUTH CTa-
JIOTO CKJIaAy, 110 BUABIAKTH BiATBOPIOBaHI
¢dyHKUiOHAMBHI BIacTUBOCTL. MeTop cuHTe3y
BIIPOBAJKEHO [lep)KaBHUM MiIIPUEMCTBOM
«Cmomm» (Kam'stHcbke, Ykpaina). Bimomocri,
AKI CTOCYIOTbCA BMKOPMCTAHHA OpraHO-He-
OpraHiYHMX iOHITiB /I NOM'SKIIEHHS BOJY,
CUCTEeMaTU30BaHo B omrani [113].

Tabmuis
Buny4eHHA TOKCMYHMX KaTiOHIB i3 BOAM Y IMHAMIYHOMY PEXUMI
Table.
Removal of toxic cations from water under dynamic operation.
Marpursa Bwmict I'®L, | Tun ta posMip yacTuHOK |loH, BuxigHa €mHicTb 10 |CTyIleHb I>xepeno
Mmac. % KOHIIEHTpAILisl, [IIPOCKOKY, |BUIYYeHHS ,
MMOJIb-M™ MMOJIb-cM™  |%
CUIbHOKUCIOTHA, |15 Hearperosani, 20—50 HM, 3.93x107 65 [102]
rejesa, arperati, 70—-300 HM (3.4x10*) |(50)
2+, +
CEPEAHDOSIINTA 5 Hennpurhi armomeparn, [UO,™OH]", 0.2 2.36x10° |87
IeKinbKa MiKpOH (3.4x10%)  [(50)
37 Hearperosani, Cd*+, 0.035 5,16 x10° [>99 [97]
4-20 1w, (1.5x107)  |(19)
arperaru, aryloMeparu,
50 HM — [ieKi/IbKa MiKpOH
43 Arnomeparny, gekinbka |Cd*, 0.1 0.24 (0.16) (99 (90) [99]
MiKpOH
Ni*, 0.1 0.24 (0.16) |99 (95)
CnabKOKUCIO0THA, |8 Hearperosasi, Ni*, 0.1 2.1x1072 85 [101]
CepeNHbO3IINTA, 5-15 HM, arperaTy, (7.0 x10®) |(85)
MaKpOIIOpUCTa TeKiIbKa MiKpOH
CUIbHOKUCIIOTHA, |40 Hearperosani, Ni*, 0.3 1.58x102 >99 [98]
CMabKo31INTa, 7—14 HM, (2.7x103%)  {(93)
reneBa Arperarn, 30-50 HM,
Arnomeparn, gekinpka
MiKpOH

*V ny)KKax HaBe[leHO 3HAYeHH: I/Is1 HeMOfM(piKOBaHMX CMOTL.

https://ucj.org.ua
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[TopiBHSHO 3 10HOOOMIHHMMM CMOJIaMH,
OpraHO-HEOpPraHiyHi iOHITH Jleriie pereHepy-
1oTbesi. Hanpukiag, pecop6buis U(VI) i3 ka-
TiOHITiB Ta aHiOHITiB BimOyBaeTbcA MmBMALIE
i Haitb6inpm moBHO [114]. Crig oco6auBoO mif-
KPEeCIUTH, 1110 [JIA pereHepaliii 3aMicTh po3un-
HY CUJIbHOI KMC/IOTH [OLII/IBHO 3aCTOCOBYBATH
my>xxunit posana NaHCO,. Jlna necopbuii in-
IIUX KaTiOHIB 3acTOCOBYWTh posuun H SO,
IpOTe IJIs pereHepariii KOMIIO3UTIB MOTpPibeH
MEHIINIT 06'eM pereHepyouoro po3unHy, Hix
y BUIIQIKYy HeMOZM(iKOBAaHIX CMOL.

Kommnosutu Ha 0CHOBi IpUPOJHIX MaTe-
pianis

[TopiBHAHO 3 CMHTETUYHMMU COpOEHTaMu,
IpUPORHI MaTepianm € 61/IbII JOCTYITHUMH Ta
IEIEeBYIMY, a TO I B3arajai 0e3KOIITOBHMMIL.
[Ins HajaHHA TakuMM MarepiazaM HeoOXif-
HUX (PYHKITIOHaJIBHUX BIACTUMBOCTEN 3aCTO-
COBYIOTH crlelliasibHi MopudikaTopnu. 3 eKo-
HOMIYHOI TOYKM 30Dy, JOLIIbHOI € IPOCTa
I eKOJIOTiYHO 4YMCTa Npouenypa Mopngiky-
BaHHA 3 BUKOPUCTAHHAM JIeLIEBUX PeareHTiB.
B I3HX npoBopaTh po6oTu i3 po3pobieHHs
copbeHTiB 11 BupaneHHsa Hadtu i Hagro-
IpOAyKTiB i3 BogHMX nosepxoHsb (€. O. Komo-
Mienp, 0. C. JI343bK0), a TaKOXK «KOHTEVHe-
piB» ma gosyBanHA no6bpus (0. C. JI3s3bKo,
JI. M. PoxxpectBencpKa, K. O. Kygenxo).

Hadra i HadTOmpOmyKTM NOTPAIUIAIOTH
0 TIOBEPXHEBUX BOJ, BHAC/ITOK TEXHOT€HHMX
KaTacTpod, CIPUYNMHEHUX, 30KpeMa, BililCbKO-
BuMu pmissmu. s 3amoOiraHHsA HeraTMBHUX
€KOJIOTIYHMX HACiIKIB BYITIEBOJHI MalOTh
OyTV BMJa/NeHNMH 3 BOJHUX IIOBEPXOHb. 3a-
IIPOIIOHOBAHO MAarHiTHI COPOEHTM Ha OCHOBI
Hekap6oHi3oBaHMX 6iomonimepiB (pocnmnHHOIL
eTI0/103n 1 KepatuHy). [l BUTOTOBIEHHA
KOMITO3UTIB BUKOPKUCTOBYBa/Iu 6iomosimMepHi
Marpuli pisHoi Mopdororii Ha piBHI IydkiB
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BOJIOKOH. 3a/IeXKHO BiJl ITOXOJPKEHHS MaTpu-
Ii, Ty4K) BOJIOKOH € IpAMMMM (I[eTI0/I033,
OTPMMaHA 3 [NEPEBMHM Ta KYKYPYA3SAHMUX Ka-
YaHiB), coipazenofioHumMu (1eron03a 4aii-
HOTO JIUCTsA) a00 JTycKaTUMu (KepaTuH BOBHU
TBapyH). YaCTMHKM MarHeTUTy BBOAVIIU IO
6iomomiMepHNX MAaTpULb IiC/Is BUIA/NEHHSA 3
HIUX HELEII0IO3HNX 1 HEKePAaTMHOBMUX BKIIIO-
4yeHb. Hail6i/pI OJHOPITHNIT PO3IOAII Mar-
HITHUX YaCTMHOK, pO3Mip AKUX MEHLIUI 3a
1 MKM, BUABJIEHO Il MaTpulii, OTPMMAHOI 3
KadaHiB KyKypyasu. Lle KoMIosur, saxmit Mic-
TYUB HalIMeHIy Ki/IbKicTb 3aisa (0,24 mac. %):
came Iieil 3pasoK JIEMOHCTPY€E HailKpalyy
wiaBy4ictb. COpOEHT Ha OCHOBI LIeTI0I03M 3
MUCTA Yaro MicTuB 71% 3ajisa: YaCTMHKU TO-
Hy/IM Y BOfIi MaibKe MoOBHicTI0. Voro emHicTh
B HENO/PHMX piguHax craHoBmma (rr'):
1,6-8,6 (pocnuuna onis), 10,5-16,4 (nadra),
9,8—14,5 (xepocun). ITicns BupaneHHs 3 mo-
BEpXHi BOfu cupoi HaQTy IUTiBKY L€l pigyHm
BigyabHO He crocrepiramm. [Ina oduiieHoi
BOAM XiMiyHe CIIOKMBAaHHA KUCHIO CTaHO-
Bujsio ~0,2 MI‘OZ'I[M'3, Lle MeHIlle HOPMU A
nuTHOI Bogu. Kpim 1poro, copb6eHT MokHa
JIETKO BUJIAJIMTY 3 BOZIHOI IIOBEPXHI 3a JOIO-
MOTrOI0 MarHiTy. BcraHoBIIeHO, 1[0 copOeHTn
TaKOX MOXXHa BMKOPMUCTOBYBAaTU JJid BUJaA-
JIEHHSI 3 BOIM 10HIiB TOKCUMYHMX MeTajiB. Sk
BMABJIEHO, MAarHiTHI YaCTMHKM IOKpPalllyIOTh
copb6uito ionis Pb*, ane smeHuIyoTh Cop61ito
Cd**. TakuM 9MHOM, COPOEHTM 3 HEBENTUKNUM
BMIiCTOM HeOpraHiyHOro MoaudikaTopa MOX-
Ha BUKOPVCTOBYBATY /IS BUIA/IeHHA HaTH i
HaTONPOAYKTIB i3 BOJHUX NOBEpPXOHb. s
BUIY4YeHHs HEOPraHiYHUX iOHIB MOXHa BMU-
KOPUCTOBYBATI COpPOEHTH, SIKi TOHYTb Y BOJi.
[TepeBara copbeHTiB Ha OCHOBI biomomiMepiB
repeq, BifOMIUMI MaTepiajlaMy IIOJIATa€ y He-
CKJIAJIHOMY cnoco0i CuHTesy, AKMit mepenoa-
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Ya€ BUKOPMCTAaHHA JIelIeBO]I Ta JOCTYIIHOI CH-
posuHn. Kpim 11p0ro, copb6eHTI MOXKHA JIeTKO
BiIJOKpeMUTH BiJi BOAY 3a JOIIOMOI'OX0 MarHiT-
Horo noys. [Hbopmariro mono copbeHTiB Ha
OCHOBi HekapOOHi30BaHMX OiononimMepiB cuc-
TeMaTU30BaHO B orysmi [115].

Ina  cuHTe3y «KOHTEHEPiB»-[J03aTOPiB
OOpUB BUKOPUCTAHO TPUPOJHI I€OiTH
[116]. CuHTE€30BaHO KOMIIO3UTH, AKI MICTATH
HAHOYACTVHKMY TifpaToBaHOro okcupy depy-
my(IlI) — mopmdikaTop ekpaHye Me30HOpU
1eoniToBol MaTpuli. OTpMMaHO TaKOX MaTe-
pianmu, MopmdikoBaHi YacTMHKAMV MiKpOHHMX
po3MipiB, AKi poO3TallOBaHi y MaKpoIlopax.
Came 14 TaKMX KOMITO3UTIB 3HAI/IEHO [O3Y-
104nil epeKT I pO34YMHY, III0 MiCTUTDb MiKpO-
KOMIIOHEHTY, HeOoOXifjHi I pocTy pOCuH.
Cop0OeHT, IPOCOYEHNUIT UM PO3YMHOM, BHO-
CUIN [0 TPYHTY. 3HaJIEHO JIOTO MO3UTUBHUI
BIUIMB Ha PO3BUTOK KOPIHHA Ta IApPOCTKiB
Cucumis sativus (oripka ropoguboro). Ileo-
miti, MogudiKoBaHi HAHOYACTMHKAMMU, PEKO-
MEHJIOBAHO JIJIs1 BUWIy4eHH: ioHiB Pb** i3 Bogu.

BICHOBKII. Bci copbentn, siki po3pobie-
Hi B I3HX, Mo>xHa 3acTOCOBYBaTH y Ipo1jecax
PO3JiNIeHHA: 3aBIAKN KPYIIHOAVCIEPCHOCTI Ta
MEeXaHIuHil MIIJHOCTI IX MOXKHa BMKOPUCTO-
BYBAaTH SIK HAIIOBHIOBAYiB COPOLITHMX KOJIOH.
PanHi po6oTy Oymyu HampaseHi Ha po3po-
6eHHsA aMopHUX rizpodocdaris Ta mopsiii-
HJIX Tif[paTOBaHNUX OKCUJiB 6araToBa/eHTHUX
MeTaJliB, IPU3HAYEHNX I BUIYYE€HHH 3 BOOY
TOKCYHUX HEOpraHiuHMX ioHiB (apceHar-,
xpomar- Ta Oopar-aHioHiB, KkarioHiB Cu®,
Pb**, Cd*" Tomo). Hapasi ocHoBHY yBary 3o-
CepemKeHO Ha PO3poO/IeHHI KOMIIO3UIITHNX
MarepianiB. IloegHaHHA B KOMIIO3UTaxX pis3-
HUX CK/IQJJOBUX [JO3BOJIIE OTPUMATU COpOeH-
T 3 TOKpAllleHVMM BIacTUBOCTAMMU (Oinbir
IIBUJIKOIO COPOIIi€r0, MiBUIIEHOK EMHICTIO

https://ucj.org.ua

Ta CeJIEKTMBHICTIO, COPOLINIHO0 3[aTHICTIO Y
6inbir nMpoxomy iHTepBai pH, monermeHowo
pereHepoBaHicTio) ab6o nonipyHKIIIOHATbHI
Marepiann, ki cOpOYIOTh AK HeOpraHiyHi, Tak
i opraniuni cnonykn. IlepcriekTuBHI HanpAM-
KU JIOCTIiPKEHb — CTBOPEHHSA TE€XHOJIOTMN, AKi
BK/IIOYAIOTh He Ti/IbKM BUTYYE€HHS TOKCMIHUX
1 iIHHMX KOMIIOHEHTIB i3 pifVH IPUPOJHOTO,
TEXHOTEHHOTO Ta 0iOreHHOTO ITOXOKEeHHs, a
I pereHepanilo cOpOeHTy Ta IepepoOIeHH
KOHLIEHTpaTy I OTPMMaHHA KOMEpLiTHUX
HNPOAYKTIiB. IHINMIT HANIpAMOK ROCTi[KEHDb —
CTBOPEHHA KOMIIO3UTIB — IOTEHILIIVHUX MO-
mudikaropiB MeMOpaH.

=%, Po60Ty BKOHaHO B MeXax Jepk01o-
mKeTHOI TeMu «Po3pobreHHsa mMeMO-
paH, Moan(pikoBaHNX KOMIO3UTAMI Ha OC-
HOBi IoniMepiB i3 HeopraniyHNMU rigpodi-
Ti3yIOYMMU Ta aHTNOaKTepianbHUMY K06aB-
KaMU, JIA BIUTy4YeHHS TOKCMYHMX i IiHHMX
KOMIIOHEHTIB i3 BOGHUX PO34YMHiB», lep>KaB-
HIi peecTpaniiinmii Homep: 0122U001235.
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the development of sorption naterials of wide
functional purpose. All sorbents can be used
in separation processes: due to their coarse
dispersion and mechanical strength, they can
be used as fillers for sorption columns.The di-
rection of early works is the development of
amorphous hydrophosphates and double hyd-
rated oxides of multivalent metals, intended for
the removal of toxic inorganic ions from water
(arsenate-, chromate- and borate-anions, Cu**,
Pb*, Cd**cations etc.). Currently, attention
is focused on the development of composite
materials.The base of inorganic composites is
hydrophosphate and oxide sorbents, and the
modifiers are the advanced carbon materials,
lithium-titanium and lithium-titanium-man-
ganese spinels etc.Sorbents based on ion-ex-
change resins modified with inorganic ionites
have also been developed.The combination
of various components in composites makes
it possible to obtain sorbents with improved
properties (faster sorption, increased capacity
and selectivity, sorption capacity in a wider pH
range, easier regeneration) or multifunctional
materials that sorb both inorganic and orga-
nic compounds, for example, pesticides. Pro-
spective field of research is the development of
technologies that include not only the extrac-
tion of toxic and valuable components from
liquids of natural, technological and biogenic
origin, but also the regeneration of the sorbent
and processing of the concentrate to obtain
commercial products.Thus, the integration of
lithium sorption concentration into the pro-
cess of reverse osmosis water desalination has
been proposed. The processing of the solution
formed during the regeneration of the sorbent
includes the production of lithium carbonate
and a complex fertilizer for acidic soils. Com-
posites, the components of which are natural

160

materials, are also in the focus of attention.
Magnetic sorbents based on biopolymers, pro-
posed for extraction of oil and oil products
from water surfaces. Composites based on zeo-
lites are used as containers for liquid fertilizers
Another direction of research is the creation
of composites - potential membrane modifiers
for separation processes.

Keywords: sorbents, composites, hydro-
phosphates of multivalent metals, hydrated
doubleoxides, ion exchangeresins.
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The paper presents research results on the colorimetric behavior of impregnated fibrous
chemisorbents (IFCS) of basic gases with visual identification of the dynamic absorption
capacity “response” moment (IFCS-I) during the absorption of ammonia. Chemisorbents
were obtained by impregnation of fibrous carriers with polybasic hydroxyl acid aqueous
solutions with adding acid-base indicators (Ind). IFCS-I based on oxyethylenediphosphonic
(IFCS-OEDPA-I), citric (IFCS-CA-I), and malic (IFCS-MA-I) acids were used. Azolithine
(Az), lakmoid (LA), methyl orange (MO), methyl red (MR), Tropeolin OOO (TrOOO), Con-
go red (CoR), bromocresol green (BCG), broxylenol blue (BXB), bromophenol blue (BPB),
bromophenol red (BPR), thymol blue (TB), xylenol orange (XO), and phenol red (PR) were
used as acid-base indicators. The specificity of the changes in the colorimetric functions of
IFCS-I during the absorption of NH, by them was revealed. It was found that the color of the
initial IFCS-I samples significantly depended not only on the structure of Ind, but also on
the nature of the polybasic hydroxy acid being part of them. The colors of the samples based
only on OEDPA (Ind = CoR, BCG, BPB), CA (Ind = CoR, TrOOO, BCG, BPB, BPR, XO) and
some MA (TrOOO, BCG) are similar to the colors of aqueous solutions of Bronsted acids. The
difference in the colors of the other samples from the colors of strong acid aqueous solutions
with the same Ind is apparently due to specific interactions between hydroxy acid anions and
neutral dye forms. During “response” to NH, only some IFCS-I samples based on OEDPA
(Ind: MO, TrOOO, Az and BPR), CA (Ind: CoR, MR, MO, TrOOO, BXB, BPR, TB, PR) and
MA (Ind: LA, MR, MO, Az, BXB, XO, TB, PR) are discolored in contrast to the behavior of
SO, indicator chemisorbents.

Key words: colorimetry, fibrous chemisorbents, ammonia, acid-base indicators.
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INTRODUCTION. The service life of any
gas filter cartridge (GFC) that cleans polluted
air is limited and strongly depends on the ope-
rating conditions. Until recently [1], the reac-
tion of the olfactory organ to the appearance of
the smell of gas in the space within the mask
was widely used for the timely replacement of
filters. The above reaction depends on various
factors: the composition of the gas mixture,
concentration, individual susceptibility of the
user, state of health, working conditions, and
how quickly the concentration of gases in-
creases, whether the respirator user is familiar
with their smell [2, 3]. Different people have
a different threshold for perceiving the smell
of the same compound. If the gas concentra-
tion increases gradually (as the sorbent in the
filter is saturated), the sensitivity of the olfac-
tory organ may decrease. Getting used to the
smell during long work, colds, concentrating
on work - all this makes replacing the filter "by
smell" unreliable [4]. In the US, the employer
is required to replace the filters on schedule (by
calculating [4] or measuring the service life for
known working conditions).

A number of authors [1-7] suggest equip-
ping the GFC with an End of Service Life Indi-
cator (ESLI), which would warn the respirator
user about the need to replace the GFC; ESLIs
are passive and active.

For the production of GFC, with which light
respirators are equipped, the PCIEHP (Odesa)
developed impregnated fibrous chemisorbents
of basic gases with visual indication of the mo-
ment of dynamic absorption capacity "response”
(IFCS-I) [8, 9], obtained by impregnating fib-
rous carriers with aqueous solutions of polyba-
sic hydroxy acids, to which acid-base indicators
(Ind) were added. The dynamic absorption ca-
pacity "response” of such chemisorbents during
the absorption of the basic gas (ammonia) can
be visually determined by the change in the
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color of the GFC on the side facing the face du-
ring the breakthrough of the sorbate.

However, the use of the above-mentioned
passive ESLIs has a number of disadvantag-
es described in [6]. To date, there is no theo-
retical basis for the development of indicator
chemisorbents for basic gases, in particular
ammonia. Previously, we [6, 10, 11] used digi-
tal colorimetry in aqueous solutions and on
IFCS-I surfaces to quantitatively characterize
the behavior of indicator chemisorbents for
acid gases. Therefore, the purpose of this work
is to establish the features of the colorimetric
behavior of IFCS-I during "response” by NH,,
which will become a theoretical basis for the
development of active ESLIs. In view of this,
the paper presents data on the colorimetric
evaluation of IFCS-Is developed by us earlier
based on oxyethylenediphosphonic acid (IF-
CS-OEDPA-I) [8] and citric acid (IFCS-CA-I)
[9], as well as of a new IFCS-MA-I based on
malic acid (MA).

EXPERIMENT AND DISCUSSION OF
THE RESULTS. We used for research chemi-
cally pure OEDPA, CA ta MA (the charac-
teristics of which are given in table 1) without
pre-purification, as well as the following Inds,
the characteristics of which are given in table 2.
As a fibrous carrier (FC) we used non-woven
needle-punched filter cloth based on mylar
fiber with a thickness of 4.0 mm and a surface
density of 470 g/m?.

IFCS-I. 30 ml of an aqueous solution con-
taining 0.03 mol/l hydroxy acid was placed
in a volumetric flask (100 ml) (OEDPA, CA
or MA), 0.04 g of Ind was dissolved accor-
ding to recommendations [12] and brought to
the mark with distilled water. The FC was im-
pregnated with obtained solutions at the rate
of 8 ml of solution per FC with a diameter of
58 mm until complete absorption. The samples
were dried in air at a temperature of 20-25 °C.
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The research was conducted under dynamic
conditions using a special gas-dynamic insta-
llation described in [13]. The concentration of
NH, in the gas-air mixture (GAM) was deter-
mined using a Kolion 1B gas analyzer (with
calibration for ammonia). The IFCS-I tests
were carried out under the conditions of real
use of respirators: concentration of NH, in the
GAM - 300 mg/m* (15 MPC); relative humi-
dity of the GAM - 90+95%; GAM flow rate
2.0 cm/s. The breakthrough corresponded to
the moment of appearance of NH, in the puri-
fied GAM behind the material layer at the level
of 1-3 mg/m* (MPC = 20 mg/m°).

The color characteristics of IFCS-I samples
(initial samples and those that "response” to
NH,) were evaluated by the method of chem-
ical colorimetry, similarly to [6]. The follow-
ing colorimetric functions were used: R, G, B
characteristics; X, Y, Z (color coordinates in
the system CIEXYZ); L, A, B (color coordi-
nates in the equal-contrast system CIELAB),

H,CH,P O

4727747276

which determines their color. However, the
color of the samples based only on OEDPA
(Ind = CoR, BCG, BPB), CA (Ind = CoR,
TrOOO, BCG, BPB, BPR, XO) and some MAs
(TrOOO, BCQG) is similar to the color of aque-
ous solutions of Breonsted acids (tables 3, 4).
The difference in the color of the rest of the
samples from the color of aqueous solutions
of strong acids with the same Ind is obviously

%
NH, +nH,0  NH,-H,0 + (n-1)H,0,

NH,H,0 + H,C,H,P,0

4727747276

NH,-H,0 + (NH,)H,C,H,P,0

3727747276
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+HO H
HOC,H,(COOH), + H,0 2 HOC,H,(COOH),COO" + H,0%
HOOCCH,CH(OH)COOH + H,0 ? HOOCCH,CH(OH)COO~ + H,07,

C,H,P. O, +H,O0"

3727747276

color saturation (S), color tone (T), full color
difference (AE,), yellowness (G); the relative
whiteness of samples (W) and the intensity of
the yellow shade (Ky). As analytical signals of
the "response” of IFCS-I samples, effective ab-
sorption in red (A,), green (A ) and blue (A))
colors, as well as the values of total absorption
(A,), color ratio (C,) and vector the length in
RGB color space (A ), calculated according to
[6, 23], were used.

The color and colorimetric RGB charac-
teristics for initial IFCS-I samples and those
that "responded” to NH, are given in tables 3
and 4.

According to the obtained data (Tables 3,
4), the color of the original IFCS-I samples de-
pends significantly not only on the structure
of Ind, but also on the nature of the polybasic
hydroxy acid being part of them. The presence
of hydroxy acids (OEDPA, CA or MA) in the
original IFCS-I samples causes an acidic envi-
ronment on their surface:

(1)
(2)
(3)

caused by specific interactions between hyd-
roxy acid anions and neutral forms of dyes.

IFCS-OEDPA-I. Obviously, the chemisorp-
tion of ammonia by IFCS-OEDPA-I samples
occurs only in the presence of "free" water, as in
[24]. At the same time, as a result of acid-base
interaction, mono- and disubstituted ammoni-
um salts of OEDPA are formed:

(4)

— (NH)H,C,H,P,O, + HO, (5)
— (NH,),H,C H P O, + H,O. (6)
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The color of most of the "responded" IF-
CS-OEDPA-I samples (Ind = Az, MR, TROOO,
BCG, BXB, TB, XO and PR), as i IFCS-CA-I
(Ind = Az, MR, BXB, TB, XO and PR), is diffe-
rent from the same properties of aqueous alkali
solutions (tables 3, 4).

The change in the color of IFCS-OEDPA-I
samples with triphenylmethane dyes during
“response” to ammonia is caused by Bronsted
interactions of various forms of the above
Inds with the anions and ammonium cations
formed during this process. This is indicated
by correlations between the colorimetric func-
tions Ky, Z and AL (AL = L - L) with acid-
base characteristics of Ind:

K, = 171,67 - 23378.pH,;

R? =0,9828 (except BPB and XO), (7)

Z =-103,89 + 15,536-pH.;

R?=0,9360 (except BKG and XO), (8)
AL = 33,839 - 4,4516-pK ;
R? =0,9025 (except BPR and XO). (9)

For initial IFCS-OEDPA-I samples with azo
dyes, the colorimetric characteristics R, G,
and L simbatically change with the pH values
of the lower boundary (pH,) of the Ind color
transition:

R, =298,48 - 20,165-pH ;

R?=0,9615 (except CoR), (10)
G,= 157,71 - 8,252.pH ;
R? =0,8892 (except CoR), (11)
L, = 80,259 - 4,5119-pH ;
R?=0,9987 (except CoR). (12)
Table 3.

Color of IFCS-I samples.

Initial sample

| “Responded” sample

Acid OEDPA

CA

TrOOO
CoR
BCG

BXB

MA

OEDPA CA

BPB
BPR
TB
XO
PR
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This indicates the Bronsted interaction of
OEDPA with the above dyes.

Obviously, during the chemisorption of
NH, by IFCS-OEDPA-I samples based on azo
indicators, specific non-Bronsted (due to the
formation of hydrogen bonds) interactions
make a significant contribution to the change
in the color of their surface. This is indicated
by the absence of correlations between the co-
lorimetric functions of the "responded" samp-
les with the acid-base characteristics of the azo
indicators.

HOC,H,(COOH), + NH,-H,0 - HOC,H,(COOH),COONH, + H,0.

At the same time, both the value of the colo-
rimetric characteristic y and relative whiteness
(Wr) of the "responded" samples, as well as the
absolute change of the colorimetric function
A and color tone (T) during the "response” of
the specified samples to NH, (AA = A - A;
AT =T - T,) also correlate with Ind pK :

y.=0,1507 + 0,028 pK_

(4—OH);

R?*=0,9848 (except BPB), (15)
W, = 48,544 + 0,5453-pK, , .
R? =0,9525 (except BPB), (16)
AA = 80,452 - 9,3847-pK , .
R’=0,9289, (17)
AT = -3,1207 + 0,4639-pK,, 1,1
R? =0,8958 (except BCG). (18)

The colorimetric characteristics of initial
IFCS-CA-I samples with azo dyes correlate
with the pH values of the lower boundary
(pH,) of Ind color transition:

G, =- 15,538 + 24,477-pH ;

=
R?=10,9916 (except CoR), (19)

184

IFCS-CA-I. The coincidence of the color of
the initial IFCS-CA-I samples with triphenyl-
methane dyes described above is accompanied
by the following. The intensity of the yellow
shade simbatically change with Ind pK :

K, =4,2525 + 11,166-pK,, 3
R?=0,9694 (except BCG). (13)
Taking into account the data in [25, 26], the
chemisorption of ammonia by the specified
samples (it also occurs in the presence of "free"
water) stops at the stage of formation of am-
monium dihydrocitrate:

(14)

S, = -1721,6 + 759,01-pH ;
R*=0,9922, (20)

K, = 15,834 - 8,8852-pH;
R?=0,9999 (except CoR), (21)

TO =1,8334 - 0,1206-pH ;
R?*=0,9944 (except CoR). (22)

After the "responded" of the specified sam-
ples to NH,, their colorimetric characteris-
tics correlate with the pH values of the upper
boundary (pH,) of Ind color transition:

G, = 53,408 + 9,5405-pH,;

R?=0,9763 (except CoR), (23)
X =0,3699 + 0,0149-pH ;
R?=0,9812 (except CoR), (24)
Z =21,229 - 1,3188.pH,;
R?=0,7274, (25)
AS =3071,2 - 465,78-pH ;
R>=0,9113. (26)

An interrelation between the values of the
colorimetric function Z is also observed for in-
itial and "responded” IFCS-CA-I samples with
azo dyes:
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Z =3,7427 + 0,8592-Z ;

surface color of the samples IFCS-CA-I during

R® = 0,9947 (except BXB 1a BCG), (27) the chemisorption of ammonia by them.

This testifies to the significant contribution
of Bronsted interactions to the change in the

HOOCCH,CH(OH)COOH + NH,-H,0 - HOOCCH,CH(OH)COONH, + H,O.

The values of the colorimetric character-
istics x, y_and relative whiteness W_ of “re-
sponded” samples IFCS-MA-I with triphenyl-
methane dyes simbatically change with the pH
values of the Ind color transition boundaries:

x =-73,91+13,12-pH;

R?=0,8367 (except BKG, XO), (29)
y = -62,583 + 11,306-pH.;

R? =0,8784 (except BKG, XO), (30)
W =2,9346 + 6,6488-pH.;

R?=0,8551 (except BPR, BXB). (31)

In the case of azo indicators, the following
correlations are observed:

x, = 0,1274 + 0,0642-pH ;

R?=0,9225 (except MO), (32)
z,= 0,6031 - 0,0726-pH1;
R?=0,9528 (except MO), (33)
b =-54,407 + 12,481-pH ;
R?=0,9212 (except MO), (34)
KgO =-70,837 + 20,174-pH1;
R*=0,9601 (except MO), (35)
A, =-0,3895 + 0,0534-pH ;
R*=0,942 (except CR), (36)
AS = 3065,7 - 469,92va2;
R*=0,9067, (37)
AE =126,48 - 18,319-pH2;
R*= 0,9884 (except TROOO). (38)

In addition, the following correlations are
observed between the colorimetric characte-
ristics of IFCS-OEDPA-I and IFCS-CA-I sam-
ples:

https://ucj.org.ua

IFCS-MA-I. Ammonia chemisorption by
IFCS-MA-I samples is caused by the formation
of ammonium hydromalate:

(28)
Roppps = -26,404 + 1,0711-R 3
R’=0,9826, (39)
Xopppa = ~43135 + 1,051-X 5
R?=0,9047 (except MP and MO).  (40)

On the basis of colorimetric data process-
ing, it was established that during the “re-
sponse” to ammonia of IFCS-I samples with
triphenylmethane dyes based on hydroxycar-
boxylic acids (CA and MA), effective absorp-
tion in red (AR), green (AG) colors and vector
length in the RGB (Av) color space are related
as follows:

Aoy = 0,0265 +0,9738-A,
R*=0,9846 (except BPR); (41)
Ao = -0,0098 + 1,0975-A ., ;
R*=0,9667 (except XO); (42)
Ajpny = 26625 +0,8914A _,;
R*=0,9679 (except BPR). (43)

For IFCS-OEDPA-I and IFCS-MA-I sam-
ples with azo dyes, the following dependencies
are observed:

AE, . =-35819 + 2,1256AE . -
R*=0,9758; (44)
Ay = 90,85+ 4,4172:A,
R*=0,9650. (45)

CONCLUSIONS. During “response” to NH,,
only some IFCS-I samples (table 3, 4) based
on OEDPA (Ind: MO, TrOOO, Az and BPR),
CA (Ind: CoR, MR, MO, TrOOO, BPR, BXB,
TB, PR) and MA (Ind: LA, MR, MO, Az, BXB,
XO, TB, PR) are decolorized, in contrast to the
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behavior of SO, indicator chemisorbents
[6]. As an analytical signal of the “response”
IFCS-T samples to NH,, we chose the value
of total absorption, similarly to [6], the abso-
lute value of which for IFCS -OEDPA-I and
IFCS-CA-I decreases in the series of indicators:
XO <MO < TrOOO <BPR<PR<LA <TB<
CoR < BCG < MR < BPB< BXB;
MO < TrOOO < MR < CoR < PR < BPR < TB
<BXB <XO< Az < LA <BCG < BPB;

PR<LA <TB<TrOOO <BXB<MR< AZ<
XO < MO < BPR < BPB < BXG < CoR.

Thus, the specificity of the change in the
colorimetric functions of impregnated fibrous
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AMIAKY
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Y po6oTi HaBefieHO pe3y/IbTaTH JOCTiIKEHbD
0COOMMBOCTEN KOMOPMMETPUYHOI HOBERIHKY
iMITperHOBaHMX BOJIOKHMCTUX XEMOCOPOEHTIB
(IFCS) ocHoBHMX ra3iB i3 Bi3ya/nbHOIO imeH-
tudikarie MOMEHTY «CIPallbOBYBAHHA» [U-
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indicator chemisorbents during the absorption
of NH, by them was revealed. The change in the
color of IFCS-I samples is caused by both the
Bronsted mechanism and specific interactions
(due to the formation of hydrogen bonds).
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of the state budget topic "Theoretical
principles of the creation of highly ef-
fective sorption and filtering materials
and respirators based on them", state
registration number: 0122U000864.

HamivHOI mormmHanbHOi eMHOCTi (IFCS-I) mpu
HOI/IHAHHI aMiaKy. XeMOCOpOeHTH ofiep>KaHo
IIIXOM IIPOCOYYBaHHS BOJOKHUCTUX HO-
CiiB BOZHMMM pO3YMHaMU 0araToOCHOBHUX
TiIPOKCUKICIIOT, [0 CKIafy SKUX JIOfaBa-
M KUCTOTHO-OCHOBHI iHpgukatopu (Ind).
SIK 06’€KTM FOCTIIXKEHb BUKOPMUCTOBYBAIU
IFCS-1 Ha ocHOBi okcueTnneHandochoHoBOI
(IFCS-OEDPA-I), numonnoi (IFCS-CA-I) Ta
s6my4ynoi (IFCS-MA-I) xucrnor. Sk xucnor-
HO-OCHOBHI iHAMKaropu Oyl10 BUKOPUCTA-
HO HACTYIHi: agomitmin (Az), makmoin (LA),
MeTunoBuil opamwxesuit (MO), MeTumoBuit
gepsoHuit (MR), tponeonin OOO (TrO00),
koHro uepBoHmit (CoR), GpomkpesonoBmit
senennit (BCG), OpoxkcuaeHOMOBUil CuHIN
(BXB), 6pombenonosuii cuniit (BPB), 6pom-
dbenomnosuit yepsouuii (BPR), tumonosuii cu-
Hiit (TB), xcunenonosumit opawxesnit (XO) ta
¢denonosuit yepsonuit (PR). Busasneno cne-
ugiky 3MiHU KOTbOPOMETPUYHMX (PYHKIIil
[FCS-I mip yac mornmuHanus Humu NH. .
BcraHoB/IeHO 110 3abapBIeHHs BUXiTHUX
spaskiB IFCS-I cyTTeBO 3anmexutb He nuie
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Big OymoBu Ind, a 7 Big mpupomu 6araro-
OCHOBHOI TiIpOKCUKMC/IOTY, IO BXOIUTH JIO
ixHBOTO CKIaAy. 3abapBIeHH: 3pasKiB Ha OC-
nosi e OEDPA (Ind = CoR, BCG, BPB),
CA (Ind = CoR, TrOOO, BCG, BPB, BPR,
XO) ta geakux MA (TrOOO, BCG) nopi6bue
0 3a0apBjIeHHS BOJHMX PO3YMHIB OpeHcTe-
NIiBCBKMX KUCTOT. BigMiHHiCTD 3abapBieHHSA
pelTy 3paskiB Big 3a0apB/IeHHsI BOTHNUX PO3-
YMHIB CUJABHUX KUC/IOT 3 OJHUMU 1 TUMU XK
Ind, BoueBUAD, cpuumMHeHa crenudiTHUMI
B3a€EMOJIiAMYM MDK aHIOHaMU TiIpOKCUKUCIIOT
i HentrpanbHMMu Qopmammy 6GapBHumkiB. Ilig
Yac «CrpanboByBaHHsA» 10 NH, BibyBaerbcs
3HeOapBieHHs juile feskux 3paskiB IFCS-I
Ha ocHoBi OEDPA (Ind: MO, TrOOO, Az ta
BPR), CA (Ind: CoR, MR, MO, TrOOO, BXB,
BPR, TB, PR) ta MA (Ind: LA, MR, MO, Az,
BXB, XO, TB, PR), Ha BigminHy Bif moBemiHkn
inguKaTopHUX XeMocopbenTis SO,.

KmrouoBi cmoBa: KonbopoMeTpis, BONIOK-
HIICTI XeMOCOpOeHTY, amiak, KUCIOTHO-OC-
HOBHI IHVKaTOPM.
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3aBgsaku 3patHocTi LiFePO4 (LFP) sapsmxkarucs Benmumkumu crpymamm LFP-6atapei mmpo-
KO BMKOPMCTOBYIOTbCS B IOOYTOBIlI TeXHilli, eIeKTPOMOOIIAX, TOMYy IlepepoOKa BifllpalbOBaHMX
LFP-6atapeit crae rocTpoto morpe6owo. ITo-nepure, 10 iXHbOTO CKIafly BXOAATh TOKCUYHI KOMIIO-
HEHTH e/IeKTPOJIITY, SIKi He MOXYTb OyTU 3aXOpOHEHH] Ha 3Ba/IMIIax MOOYTOBYX BiXO/iB; mo-zpyTe,
BapTICTBb JIiTilo, AKMIT BXOAUTD [0 CKIaAy OaTapei, Ha MpOTA3i OCTAHHIX POKIB ITOCTIITHO 3pOCTAE, a
TOMY JIOTO IIOBEepHEHH:A B 00ir € BurifHuM i gouinbuuMm. [l [ocATHeHHA 1ii€l MeTn Beluka yBara
NpUJIIAETHCA TiIpOMeTanypriitHiit 06pobiti, sacHoBaHil Ha ximiunomy Bunydensi Li,CO, Ta FePO,
1ij] yac pereHepaiiii eieKTpogHOro Marepiany. TyT My HOBifOM/ISIEMO ITPO ITepepOoOKY BUKOPUCTAHNX
LFP-6atapeit MeTogamu MOKpoi XiMil. To/10BHIM 3aBAaHHAM po60TH OY/IO CIPOLIEHHS IPOLeCy pe-
renepanii LiFePO, mnisaxom BUIyroByBaHHA PO3YMHOM IUTPATHOI KMCIOTH 3aBJAKY BUK/TIOYEHHIO
cTajiii OKpeMOro BUMI/IEHHA LiZCO3 ta FePO 0 TOOTO 6€3 CeIeKTUBHOTO PO3[i/IeHHsI KOMITOHEHTIB
dinbrparis. [xepenom Bignpanbosanoro LiFePO, 6yna npomucnosa nitiit sanisopocharna Hara-
pes, 10 BMILUIA 3 JIaly BHAC/IOK BHYTPIIIHBOIO KOPOTKOIrO 3aMMKaHHA. BcTaHOBNEHO, 110 BU-
KOPUCTOBYIOUM IUTpaTHy Kucnoty y crissignomenni H,Cit:LiFePO,=0,5:1, MoxxHa epekTuBHO Ta
LIBMAKO BiINiIATH €IeKTPOSHMUII MaTepias Bifl aMoMiHieBOoro crpyMmosHiMada. ITogampmmit miponis
Ta TepMOOOPOOKA IMTPATHOTO PO3YMHY AO3BONAE OTPUMATH KOoMHo3uTHuil matepian LiFePO,/C
BUCOKOI YMCTOTK 6€3 CTOPOHHIX JJOMIIIIOK, 32 BUHATKOM aMOP(HOT0 BYITIEL0, SIKVIT yTBOPIOETHCS
npu mipomisi nurpatis 3amisa (II) i sritito Ta TepMivHOMY po3KIazi B'sDKy4oro MaTepiany B iHepTHiil
arMocdepi. [TnToMa €eMHICTb BifJHOB/IEHOTO 3aIIPOIIOHOBAHUM CIIOCOOOM KOMIIO3UTHOTO MaTtepiamy
LiFePO,/C (145 mA-ron/r) Mano Bifjpi3HETHCS Bijj EMHOCTeI KOMepLiliHuX aHasoriB. Ie, Ha Hamry
JlYMKY, CBil4MTh NP0 IEPCIEKTUBHICTb IPOIIOHOBAHOIO B Iiil poOOTi MeTOxy pereHepauii jiTiii-
3amiso docdary.

KirouoBi coBa: jiTiii-ioHHI akyMy/IATOpY, BifHOB/IEHHS, JTiTill-3ami30-pocdar, uuTpaTHa KIC-
JoTa.
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BCTYII: Ockinbku miTili-ioHHI aKyMys-
topu (JIIA) Ha cpboropHi € HesamiHHMMY Y Oa-
raTboX rajays3six TOCIHOJAPCTBA — Bifl CIIOXM-
BalLIbKOI €/IEKTPOHIKM [JO CCTEM €HEepProHaKo-
INMYEHHA Ta TPAHCIOPTY, TO BiflpalboBaHi
JITA motpebyioTh edekTUBHOI Ta Ge3meyHOol
yrwrisanii [1, 2]. Ilo-mepuie, BoHM MiCTATBH
TOKCMYHI KOMIIOHEHTH, AKI He MOXXHa 3axXO0-
POHIOBATY Ha 3Ba/INIIAX MTOOYTOBMX Bi/IXOMiB;
II0-7IpYyTe, — eIEKTPOAHI MaTepiany, sKi BUKO-
puctoByioTb y JIIA, cklafgaoTbca 3 OKCUAIB
MeTasliB, 110 MalOTh BUCOKY BapTiCTh, a TOMY
iXHe MoBepHeHHs B 00ir € BurigHum i gmo-
LiI/IbHUM.

Y pob6orTax, 1m0 CTOCYIOTbCA yTU/Ii3allil Bif-
npanpboBaHux JIIA, mna BupoOyTKy MeTanis
260 IXHIX OKCUJiB IIPOIIOHYIOTh [ABa MiAXOAM —
[ipOMEeTAIyPTiflHUI Ta TifpOMeTanypriliHuii
(nuB., Hamp., [1, 2]). Koxxunit 3 HMX Ma€ cBOI
Hefo/liky Ta nepeparu. Tak, mipomertanyp-
rifiHi mporecy MOTpeOyITh 3HAUYHUX 3aTpaT
eHeprii, a TifpoMeTanypriiiii BMMaraxoTb Be-
JIMKUX BUTpPAT BOLM.

Cepen KaTOGHUX MaTepianaiB KOMePLiTHUX
JITA 3HauHy yBary npuBepTae JITiil-3amiso-
docdar (LiFePO,, LFP) [3]. Tax, JITA 3 kaTo-
mamu, mo Mictatb LFP, spaTHi mBuaKo saps-
IDKATUCA BEIMKUM CTPYMOM i 3HaXO[ATbH BU-
KOpUCTaHHA B eneKTpoMobinax Chevrolet [4].
Menmia peakuiiiHa 3gaTHicth LFP nopiBHAHO
3 IHIIMMM KaTOJNHMMM MaTepiajamMy CIpU4u-
HA€ NIeBHI BIZMIHHOCTI y IiXOaX 4O pereHe-
pauii BignpanpoBanux JIIA 3 karomamu, 110
mictare LFP [5, 6].

Ile oco6mBO IOMITHO Ha IPUK/IAZ] Tifpo-
MeTa/lypriiHuX IIPOLECiB BUTYTOBYBaHHS Ka-
TOJHMX MaTepialiB KMcI0TaMu. 3a3BUyail 110
orepaliro IPOBOAATH 3a IOIIOMOI 00 CU/IBHUX
KUCnoT. IIpu 11b0My yTBOPIOIOTHCA TOKCUYHI
rasy, AKi CTAaHOBJIATD 3arpo3y IJIA TIOAVHA Ta
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HaBKOJIMIIHBOTO cepefoBuila. Bukopucran-
Hsl OpPTaHiYHUX KUCTIOT JO3BOMNUIO 6 1m030y-
TUCS LbOTO HEIOMIKY i Majio 6 mepeBaru 3aB-
ISAKU 3JIelIeBIeHHIO Ipoliecy, 0e3Ne4yHOCTi
OUX KUCJIOT JJISL IOBKI/I/IS TA IXHBOI 3TaTHOCTI
mo OGiomerpaparii. [lepumm mpukmagoMm 3a-
CTOCYBAaHHA OpraHi4HOI (IMTPATHOI) KUCIO-
TU /14 BUWIYTOBYBaHHA KaropgHux Mmac JIIA
Ha ocHoBi LiCoO, 6ynma po6ora [7], Hapgami
npali B I[bOMY HAaIpsAMKY HaOy1y 3Ha4HOT'O
nomnpenHs [1, 2]. o xx go LFP, To Takux
IOCTi/KeHb MpoBefeHo Hebarato. Tak, 11oro
BJMJIYTOBYBaHHS PO34MHOM IJUTPATHOI KICIIO-
TU 3 IOflABaHHAM II€POKCHU/IY BOJHIO BUBYEHO
B po6oTi [8], a TMMOHHUM COKOM — y pobo-
i [9]. B 060X myb6mikanisx BignmpanpoBaHWI
LiFePO, pogunHsnim y po34nHax, uio MicTuan
LUTPATHY KUC/IOTY, 3 AKUX ITOTIM OKpeMO B-
pimsu Li,CO, Ta FePO,, onepxani cori 3mi-
uIyBaau i 3 CyMillli OTpUMYBay pereHepoBa-
uwuit LiFePO,.

Metoro Hamoi po6otu Oyn0 CHIpOIIeHHS
npouecy perenepanii LiFePO, muisxom Bu-
JIYTOBYBaHHA PO3YMHOM LIMTPATHOI KMCIIOTYU
3aBJAKM BUIYYEHHIO CTaJil OKpeMOro BUJi-
nenns Li, CO, ta FePO,.

EKCIIEPMIMEHT I OBI'OBOPEHHA PE-
3YJIPTATIB: ]I>xepenoM BifNpalboOBaHOTO
LiFePO, B Hammx JOCTPKEHHAX BUCTYMaA
niti-3amniso-docdarna barapes HWE200A,
LF54174200 3.2V 200Ah (Kurait) [10]. bara-
pes BUIMILIA 3 1afly BHAC/IIZOK BHYTPIilIHbOTO
KOPOTKOTO 3aMMKaHHS, Hallpyra Ha KIeMax
akymynATopa ckmagana 0 B, To6to LFP 3na-
XOMBCA Y nepepospsamKeHoMy crani. Ilicia
MeXaHiYHOTO pO36MpaHHA KOPIIYCY aKyMy/Li-
TOpa 0y/I0 3HaIIIEHO, 110 e/IeKTpoau (KaTop, i
aHoJ]) y AeAKMX MICIAX IPOTOPINM i CrimaBm-
nucst Mk coboro (puc. 1).
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Puc. 1. 3oBHimHii Buran 6arapei HWE200A
Fig. 1. External view of the HWE200A battery.

ITics 3HATTA KOpIycy 6aTapel KaTof, aHOf,
1 cemapaTop MeXaHiYHO BiJOKpeM/IIOBaIUCA
onuH Bim oguoro. Karop, skuit aBisB co60r0
e/IeKTPOAHY Macy Ha ocHOBi LiFePO, Hame-
CeHy 3 000X CTOpiH Ha a/lOMiHiEBY (OB,
Hapi3a/M Ha PiBHI YaCTUHU TUIOIIE ~25 cMm?
Ta 3aHYPIOBa/IN y PO3YMH IUTPATHOI KUC/TOTU
(H,Cit). Insa npurotyBanHsa 2 M posumHy Bu-

https://ucj.org.ua

KOPMCTOBYBA/I MOHOTIJpaT LIMTPATHOI KIC-
NOTH MapKu “4”. Y CK/ISIHY €EMHICTb [JOfaBanm
~12 r HapisaHMX NIMATKIB €JIEKTPOMIB Ta 3a/IM-
Ba/MM po3unMHOM KucnoTu. CHiBBifHOIIEHHA
H.Cit o LiFePO, ckmagano 0,5:1. Enekrpo-
IOV BUTPUMYBA/IN Y po3unHi npotsaroM 30 xB
Ipy InepemimyBaHHi 3a Temneparypu 50 °C.
Ypoposx 1bOro 4acy poO34YMH LMTPATHOI
KUCTIOTY 3a0apB/IIOBABCs Y 3€/IeHNUIT KOTip, 1110
CBIIYUTb PO YTBOPEHHs NUTpaTiB 3aisa (II)
[13], srigHO peaxiii:
3LiFePO, + 3H Cit = Fe,(Cit), + Li,Cit + 3H,PO,.
(1)
Y mporjeci po3umHeHHsS BiOyBa€eTbcs Bi-
OOKPEMJIEHHA €IeKTPOAHOI Macu Bif amromi-
HieBOI Qonbry, siKa MeXaHIYHO BUJAJIAETHCS
3 posuuHy nurparis. Ilicia nporo posumH i3
3a/IMIIKaMIM KaTOJHOI MacU CTaBWIM Ha BU-
napIoBaHHA y cyunwibHy mady. Temmeparypa
BUIIapOBYBaHHA cKnafana 60-70 °C. ITicna Bu-
IIapOBYBaHHsA BOAM OTPMMaHy Macy IE€peTu-
panu B CTYIILI Ta MifaBaay Mpoisy B aTMOC-
¢epi aprony 3a remneparypu 400 °C npoTsarom
4 ropguH. IIIBUAKICTD HArpiBy Ta OXONOJKEHHA
IIYKM CK/IaZana 5 rpafi/xs. Y mpoleci mpomisy
BifbyBasmocs ocTaToyHe BYUJJa/IeHHS BOJIOTU Ta
PO3K/IalaHHA UMTPATiB JIiTiI0 Ta 3a1i3a. BrpaTta
Macu Ipy mipomisi cknagana 58%. OcraTodne
dopmysannsa crpykrypu LiFePO, Bif6ysasno-
cs 3a remneparypu 700 °C B armocdepi aprony
npotAroM 24 rogya. OTpUMaHNiI KOMIIO3UT-
Huit Matepian LiFePO,/C micisa oxonomxenHs
HOZIPiOHIOBA/IM B CTYIILi Ta IPOCiIOBaIM Yepe3
CUTO 3 pO3MipOM KOMipKu 40 MKM.
®azoBuit cknaz, MOopdosorito Ta po3Mipu
JacTuHOK komnosuty LiFePO,/C ananisy-
Ba//l METOJlaM)l peHTreHiBCbKol mudpakuii
(«TPOH-4-07», «JIOMO», P®, Co-Ka-Bu-
IPOMiHIOBAHHA) Ta CKaHYI4YOi e/IeKTPOHHOI
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MIKPOCKOIIII Ta €HepProfyCIIepCiiiHOl peHTre-
HiBcpKol cnektpockomii (EDS) (JSM-6700F,
JEOL, dnounis).

KaTogamit Marepian pnd eneKTpoximid-
HIUX BOCHIKEHD 13 BiTHOBIIEHOIO KOMIIO3UTY
ckmayiaBcs Ha 90% - i3 LiFePO,/C, na 5% - 3
alleTHIEHOBOI caxki Ta Ha 5% - i3 momi(BiHi-
nigenandropuny). IlpuroryBaHHsA KaTOZHOI
cycreHsii BigbyBamocsi LIIIXOM IepeMiry-

BaHHA Ha 3MimyBaui IKA RW 20 ynpopgosx
50 xB. OTpuMaHy CyCIEH3i0 HaHOCWIM Ha
amoMiHieBy Qonbry. YcepemHeHy XapakTe-
PUCTUKY OTPMMAHMX €/1eKTPOJIiB HaBEIEHO Y
Ta6n1. 1. IlopucricTp enexTpona BU3Havanu 3a
BiJHOIIEHHAM KpUCTanorpadivyHoi IyCcTUHU
LiFePO, no BUMipiOBaHOI IyCTUHM €IEKTPOJ-
HOTO Marepiary.

Tabmuis 1

Ycepenneni mapamMmeTpu e1eKTpofiB

Table 1.

Averaged electrode parameters.

Maca enekrpopa, r | Maca LiFePO,/C, r

ToBiMHA eeKTpOna, MKM

IopucricTb enekTpopa, %

0,0177£0,0001 0,01215+0,0001

55+0,5 50,8+0,5

EnextpoximivyHi JOCTIIKEHHA NPOBOAVIN
B efleMeHTax rabapury 2016. Cxraganus erne-
MeHTIB BinbyBanocs B cyxomy 6okci. Sk mpo-
TUENIEKTPOJ, BUKOPUCTOBYBa/NIM MeTATidHUI
MiTiif, eleKTponmiToM ciayryBaB 1M posumn
LiPF6 y cymimi etmnenkapboHary Ta eTmi-
MeTnnKap6onaty (1:1) (Aldrich), a cemaparo-
pom — Celgard 2500. TanpBanocTaTIYHi HOCTI-
IPKEHHS IPOBOAIM/IN 32 JOIIOMOTOI0 Ira/IbBaHO-
crary G 410-4 Mtech (Ykpaina).

Iudpaxrorpama LiFePO,/C mobpe sinmo-
Bimae poBigHukKoBUM maHuM JCPDS Ne 81-
1173 (puc. 2, a). Y 3pa3kax HeMa€ ABHUX TOMi-
LIOK 1 MiKiB BUXiTHOI CMPOBMHM, 1110 CBiJYUTh
PO Ha/lIeXKHY YMCTOTYy OTPMMAHOIO Marepia-

my. OCKibKM IOMIIIKM BYITIEL[}0 € HE3HAYHU-
MU i 3HAXO#ATbCA Y aMOP(HOMY CTaHi, BOHU
He BiOOpaXKylOTbcsl Ha peHTreHorpami. Bin-
IIOBITHO 10 pO3paxyHKiB 3a ¢opmynomw Ille-
pepa, po3Mip KpUCTaliB MaTepiany CTAaHOBUTD
65 HM. IlapameTpm eneMeHTapHOI KOMipKM
Ta il 06’eM HaBefleHO B Tabmumi 2. OTpumani
3HaueHHs foOpe 30iraloThbcs 3 HaBeJeHNMH B
po6ori [3].

AK cBim4aTh faHi CKaHYIOYOI €IeKTPOHHOI
Mikpockomii (puc. 2, 6), 3pa3ok sAB/Is€ cO60I0
arJioMepoBaHi 4YacTMHKM 3aBOinbikm 170-
650 um. Ile o3HavaE, M0 KOYKHA 3 HUX CKJTafa-
eTbcA 3 3—10 KpuCTaIiTiB.

Tabmuigs 2
ITapamerpu kpucranesoi rparku LiFePO,
Table 2.
Parameters of the crystal lattice of LiFePO,.
spasar o ) " chy | OFenronipun
LiFePO, 10.3103 6.4195 4.5689 302.4012
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Puc. 2. udpaxrorpama (a) Ta mikpodororpadis (6) sinHosnenoro LiFePO,/C
Fig. 2. XRD pattern (a) and microphotograph (b) of the recovered LiFePO4/C.

Pesynbrarty KinbKiCHOTO €IEMEHTHOIO aHa-
nigy spaska LiFePO,/C sa merogom EDS na-
BefleHO Ha puc. 3. CHiBBigHOLIEHHA aTOMHMX
BificoTkiB 3asi3a, pocdopy i KncHIO Bifmosi-
nae yrBopennto cnonyku LiFePO, (Ka-Bumpo-
MiHIOBaHHA JIiTil0, Z = 3, Ma€ HA[ITO HU3BKY
€HEPrilo A NEeTeKTYyBaHHA, TOMY METO[IOM
EDS He Bu3Haya€eThbcsa). AHasIi3 MacoBoOI 4acT-
KJ €JIEMEHTIB [I0Ka3y€ CYMapHUI BMICT ByIJIe-
LI€BUX IIPOJYKTIB, YTBOPEHUX ITiC/IA IipOIi3y i
TepMOOOPOOIEHHS BiTHOB/IEHOTO KOMIIO3UTY
LiFePO,/C na piBHi 9.3%. OTprmane 3HaYeH-
Hs 30ira€Tbcs 31 BMiCTOM BYITIeI|eBUX IIPOAYK-
TiB, BU3HaYeHUM npu posunHenHi LiFePO, y
KOHLIEHTPOBAHIIl a30THIN KNUCIOTi 3 IOMAJIb-
muM QiIbTPyBaHHAM HEPO3UYMHHUX IIPOAYK-
TiB, SIKi CKIIaJAI0THCA 3 «0aIacTHOTO» BYITIELIO
(SIKWI1, CBOEIO Y4eprolo, yTBOPEHMII 3 IPOAYK-
TiB Iiposi3y nuTpaTis itito, 3aisa (II) Ta mo-
JTIMEpHOTO B’SDKYYOro MaTepiany B iHepTHii
aTMocdepi, a TAaKOX al[eTUIEHOBOI Caxi, sKa
BXOZIWJIA IO CK/Ialy KaTOJHOTO MaTepiay, 1o
MiJaBaBCs BiTHOBIEHHIO).

https://ucj.org.ua

3a/IeXXHOCTi IMTOMOI EMHOCTI BiJi TYyCTUHHA
CTPYMy HaBefleHO Ha puc. 4. Bigomo, mo nu-
ToMa emHicTh LiFePO, cknmamae 170 mA-ron/r
[3]. ¥ Hamomy Bumnaaky 3a crpymy 0.1 C BoHa
cArae 3HaYeHb 145 MA-rop/r. Ilpu 36imbien-
Hi TYCTUHU 3apAJ/pO3PARHOIO CTPyMy IUTO-
Ma €MHICTb 3pasKa 3HIDKYETbCA 1 3a CTPyMy
2 C cra"goButh 95 MA-Topn/r. CrabinbHicTb
LVK/IYBaHHSA BiIHOBJIEHOTO KOMIIO3UTY i Ky-
JIOHIBCBKY e(eKTVBHICTh IpeCTaBIeHO Ha
puc. 5. Ha 1-My LMK/ IXTOMA €MHICTb KOM-
nosutHoro Mmarepiany LiFePO,/C mopiBHioe
139 MA'Top/T i3 KY/IOHIBCbKOIO e(heKTUBHICTIO
95.4%. 3a IOfaNbIIOrO UMKIYBAaHHA KY/TOHIB-
cbka edeKTMBHICTh 30i/bIIyeThCS 1 CTaHO-
BUTb 99.0£0.1%. Crtig 3a3HaYMUTH, IO IUTOMA
€MHICTb BiJHOBJIEHOTO 3aIIPOIIOHOBAHMM CIIO-
cobom kxommosutHoro marepiamy LiFePO,/C
(145 MA'roxn/r) Masno Bigpi3HAETHCA BiJj EMHO-
cTell KoMepuiitHux aHanoris [11, 12]). Ile, Ha
Hally IYMKY, CBiJ4UTb NP0 NEePCHEKTUBHICTh
3aIIPOIIOHOBAHOTO B IIiif po60Ti MeTORY pere-
Hepauii ntiTift-3anizo-gpocdary.
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Enement | Ka, keB | MacoBa yacTtKa, % | IToxnbka, % | AromHa yacTKa, %
C 0,277 9,29 0,25 17,86
O 0,525 37,58 0,24 54,21
P 2,013 18,06 0,19 13,45
Fe 6,398 35,06 0,86 14,49
3aranmom 100,00 100,00

Puc. 3. PeHTreHiBCbKMII CIIEKTP Ta JIaHi aHa/Ii3y €/IEMEHTHOTO CK/IaJly
spaska LiFePO,/C metomom EDS
Fig. 3. X-ray spectrum and EDS elemental analysis data of the LiFePO,/C sample.

Puc. 4. 3anexHiCTb IUTOMOI €MHOCTI
BigHOBNeHOro kKommnosuty LiFePO,/C sin
TYCTVMHU CTPYMY
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Fig. 4. Dependence of specific capacity of
the recovered LiFePO,/C composite on cur-
rent density.
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BVCHOBKJI: IlpoBeneHO BiJHOB/IEHHS
karozHoro mMarepiany LiFePO,/C i3 komepuriit-
HOTO JpKepesia CTPYMy 3a JOIIOMOTOI0 pPO3uu-
HY IMTPATHOI KMC/IOTU 6e3 OZaTKOBOIO PO3-
Ii/IeHHA KOMIIOHEHTiB. BcTaHOBNIEHO, 0 BU-
KOPUCTOBYIOUM LIUTPATHY KUC/IOTY Y CIiBBifI-
nomenni H Cit:LiFePO,=0,5:1, moxna edex-
TUBHO Ta IIBUJIKO BiffliATH €l1eKTPOSHUI
Marepiajz Bij a/lOMiHIEBOTO CTPyMO3HiMauya.
[Mopanpmmmit miponmia Ta TepMOOOPO6IEeHHS
LUTPaTHOTO PO3YMHY [O3BONIAE OTPUMATH
komnosuthHuit matepian LiFePO,/C Bucokoi
4ICTOTU 6€3 CTOPOHHIX JOMIILIOK, 32 BUHAT-
KOM aMOP(QHOTO BYIJIEII0, AKVI YTBOPIOETHCS
npy mipomisi nurpatis 3amisa (II) i mitito Ta
TePMiYHOMY pO3K/IaJJaHHI B sDKY4Oro MaTepi-

https://ucj.org.ua

any B iHepTHiN atMocdepi. [IuToma emHicTb
BiJIHOBJICHOTO 3aIPOIIOHOBAHVM CHOCOOOM
komrnosutHoro marepiany LiFePO,/C mocsrae
3HaueHHs (145 MA-rop/r) Ta Mano BifpisHs-
€TbCs BiJj EMHOCTI KOMepLilftHUX aHanoris. Le,
Ha Hally JYMKY, CBiJl4ATb IIPO IEPCIEKTUB-
HIiCTb 3aIIpPOIIOHOBAHOTO B Iill po60Ti MeTORY
pereHepauii miriii-3aniso-docdary.

E Po6ory BukoHaHo 3a ¢iHaHCOBOL

Eof nigrpumkun HAH VYkpainm B mMexax
nepx6romKkeTHOT Temu: «Po3pobmeHHs
METOAY BiJHOB/IEHH: aKTMBHMX Mare-
pianiB micna perpapmamii miTif-ioHHMX
aKyMynATOpiB». [lep>kaBHUII peecTpa-
niftHmin Homep — 0123U101087.
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Due to the ability of LiFePO4 (LFP) to be
charged with large currents, LFP batteries
are widely used in household appliances and
electric vehicles, so the recycling of spent LFP
batteries becomes an urgent need. First, they
contain toxic components of electrolyte that
cannot be buried in landfills; secondly, the
cost of lithium which contains in the electrode
material continuously increases, and therefore
its return to circulation is profitable and expe-
dient. To achieve this goal, much attention is
paid to hydrometallurgical processing based
on the chemical extraction of Li,CO, and
FePO, during the regeneration of the electrode
material. Here we report on the wet chemistry
recycling of used LFP batteries. The main task
of the work was to simplify the LiFePO, regene-
ration process by leaching with a solution of

196

citric acid due to the elimination of the stage
of isolation of Li,CO, and FePO,, i.e. without
selective separation of the filtrate components.
The source of spent LiFePO4 was an industrial
lithium iron phosphate battery failed due to an
internal short circuit. It was found that using
citric acid in the ratio H,Cit:LiFePO4=0.5:1,
it is possible to efliciently and quickly sepa-
rate the electrode material from the aluminum
current collector. Further pyrolysis and heat
treatment of the citrate solution makes it pos-
sible to obtain a high-purity LiFePO4/C com-
posite material without extraneous impurities,
except for amorphous carbon, which is formed
during the pyrolysis of iron (II) and lithium
citrates and the thermal decomposition of the
binding material in an inert atmosphere. The
specific capacity of the LiFePO4/C composite
material recovered by the proposed method
(145 mA-h/g) insignificantly differs from that
of commercial analogues. This, in our opinion,
indicates good prospects of the lithium-iron
phosphate regeneration method proposed in
this paper.

Key words: lithium-ion batteries, recovery,
lithium iron phosphate, citric acid.
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