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New ytterbium (III) compounds with p-diketones (2,7-dimethyl-octene-1-dione-3,5 and
2,6-dimethyl-heptene-1-dione-3,5) and their derivatives with phenanthroline have been syn-
thesized. The composition and chemical structure of the obtained complexes have been de-
termined by several Physico-chemical investigations. It has been shown, that the Yb (III) ion
coordinates three ligand molecules and the coordination sphere of the complexes is supple-
mented by two molecules of water or a molecule of phenanthroline. It has been shown that
the CN of the ytterbium ion is 8, the coordination polyhedron is a square antiprism, and the
complex is characterized by no cubic symmetry. All synthesized compounds exhibit intense
IR luminescence. The significant increase in the relative emission intensity of mixed ligand

complexes is due to the additional antenna effect of the phenanthroline molecule.

Keywords: p-diketonates, complexes, ytterbium, phenanthroline, luminescent pro-

perties.

INTRODUCTION. The regular demand for
new materials with useful applied characteris-
tics primarily gives rise to the rapid develop-
ment of science in the study of compounds with
valuable functional properties. This trend did
not bypass the development of chemistry and
technology of lanthanides (Ln). Until recently,
their field of their application was limited to the
manufacture of pigments for glass and ceramic
coatings, but today it is difficult to imagine a

field of technology that would not use lantha-
nide compounds (including luminescent and
laser materials, elements of catalytic systems,
compoundsused in medical practice, etc.) [1,2].
The permanent expansion of the uses of such
compounds is primarily because more than
half of them can not be fully replaced by
other elements, and Eu, Dy, Tm, and Yb are
unique in their properties. However, the use
of lanthanides in pure form is limited by some
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disadvantages [3], so the development of re-
search on the chemistry of coordination com-
pounds of rare earth elements (REE) comes to
the fore. Probably, the most promising feature
of lanthanide complexes is their ability to lumi-
nescence, as the presence of narrow emission
bands characteristic of each ion can provide
not only the purity of the emission color but
also quite high values of REE luminescence
intensity in complexes with many organic li-
gands. Among them, there are P-diketones,
because such chelate complexes are characte-
rized by a set of valuable properties important
for practical use [4].

The least attention in modern research is
devoted to lanthanide complexes that emit
in the near IR region of the spectrum (Nd
(III), Er (III), Yb (III)). Note that among the
known complexes with the above metals, the
Yb (III) ion has a higher quantum efficiency
and a longer lifetime of luminescence with a
wavelength of about 1000 nm [5,6], which is
important for use in biological objects, because
they are transparent in this range. Therefore,
the study of Yb (III) complexes is of practical
interest.

It is known, that the coordination number in
lanthanide complexes is usually more than six,
and in some cases can reach 12, so it is almost
impossible to obtain coordinatively saturat-
ed complexes with branched B-diketones [7].
In this case, the coordination sphere of the lan-
thanide ion is supplemented by solvent mol-
ecules, which may adversely affect the final
characteristics of the obtained compound. For
example, it is known that the presence of wa-
ter molecules in the first coordination sphere
of the complex leads to the loss of a signifi-
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cant part of the energy for the excitation of
high-frequency oscillations of -OH groups and
the subsequent nonradiative relaxation. One of
the ways to overcome this problem is to obtain
mixed ligand complexes with neutral donor
molecules with the simultaneous displacement
of solvent molecules. The best known of these
is 1,10-phenanthroline (Phen) because it has
high absorption capacity and efficient energy
transfer to the central ion. This approach al-
lows one not only to minimize the influence of
luminescence quenching molecules but also to
purposefully change the final characteristics of
the compound, such as solubility and thermal
stability.

Despite the rather extensive experimental
material accumulated for the synthesis and
study of B-diketonate complexes of lantha-
nides, including those emitting in the IR re-
gion, many aspects remain undiscovered and
need further study to establish correlations
between the structure of organic ligands and
properties.

Thus, taking into account the prospects
of this area of research, the synthesis of Yb
(III) coordination compounds with 2,7-di-
methyl-octene-1-dione-3,5, and 2,6-dime-
thyl-heptene-1-dione-3,5 and mixed ligand
phenanthroline complexes based on them was
carried out in the work. The spectral, thermal
and luminescent characteristics of the obtained
compounds were studied.

EXPERIMENT AND DISCUSSION OF RE-
SULTS. Sodium salts of B-diketones 2,7-di-
methyl-octene-1-dione-3,5 and  2,6-dime-
thyl-heptene-1-dione-3,5 were synthesized by
Kleisen condensation according to the method
described in [8] (Table 1).
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Table 1. - Structural formulas and name of B-diketonate ligands.

formula Name abbreviation
2,6-dimethyl-heptene-1-dione-3,5 Hdmhpd
@) OH
2,7-dimethyl-octene-1-dione-3,5 Hdmod
@) OH

The purity of the synthesized unsatura-
ted B-diketones was determined by elemental
analysis and the '"H NMR method [9].

The synthesis of complexes of Yb (III) with
dmhpd, dmod was performed by the interac-
tion of aqueous solutions of ytterbium chlo-
ride (YbCL:6H,0, AR grade) with an aqueous-
ethanolic solution of a sodium salt of the
corresponding ligand at a molar ratio of 1: 3.5
(pH 8-8.5) at room temperature.

Yb* + 3NaL - YbL, + 3Na*
L = dmhpd, dmod

The resulting precipitates of the complexes
were separated from the mother liquor by cen-
trifugation, washed five times with deionized
water, and dried in a vacuum desiccator over
anhydrous CaCl,. The synthesized complexes
based on both B-diketones are amorphous pale
yellow powders.

The synthesis of mixed ligand complexes
(MLCs), in which phenanthroline was used as
the second ligand, was performed in alcohol
solutions at a ratio of LnL3: Phen = 1: 1. The
solutions were left for 3-5 h to establish equi-
librium and to carry out the reaction of com-
plexation. The precipitated complexes were fil-
tered off and washed with ethanol.

https://ucj.org.ua

YbL,-2H,O + Phen — YbL,-Phen + 2H O

L= dmhpd, dmod

The synthesized compounds were charac-
terized by IR spectroscopy, diffuse reflectance
spectroscopy, thermogravimetry and lumines-
cence analysis.

The hydrate composition of the complexes
and their thermal characteristics were deter-
mined by the DTA method. The thermograms
were recorded on a derivatograph Q-1500°D
of the system F. Paulik, J. Paulik, L. Erdey in the
temperature range of 20-500°C with a heating
rate of 5°C/min. in a platinum crucible in the
presence of a carrier (anhydrous ALO,).

The IR spectra were recorded on a Specord
M80 spectrometer in the range of 400-4000
cm™ in KBr pellets.

The diffuse reflection spectra in the range of
300-1100 nm were recorded on a UV-VIS-IR
Shimadzu UV-3600 spectrophotometer.

The excitation and luminescence spectra
of the solid complexes were recorded on a
spectrofluorimeter Fluorolog FL 3-22, Hori-
ba Jobin Yvon (Xe-lamp 450 W) using a light
filter. InGaAs (DSS-IGA020L, Electro-Optical
Systems, Inc, USA) photoresistance at liquid
nitrogen temperature was used as a radiation
receiver for the IR region.
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Information on the composition and me-
thod of coordination of the synthesized pB-dike-
tonate complexes was obtained based on the
analysis of results by IR spectroscopy and ther-
mogravimetry. Based on the literature [10],
the classification of the characteristic bands of
oscillations in the IR spectrum of the studied
samples was carried out (Table 2). The comp-
lexation is evidenced by the absence of intense
oscillation bands at 1700-1750 cm™, which cor-
respond to v(C=0) of free f-diketone, and the
appearance of characteristic oscillation bands
in the region of higher energies in the range of
1520-1600 cm™, which correspond to the os-
cillations of the one and a half bonds v_(CC),
v (CO), which indicates the bidentate-cyclic co-
ordination of ligands to the metal ion.

Also in the range of 400-600 cm™ there is a
set of bands that corresponds to a combination
of valence oscillations of the Yb-O bond and
deformation oscillations of the chelate ring,
and in the case of phenanthroline complexes a
band corresponding to the valence oscillation
of Yb-N additionally appears. Their presence

also confirms the formation of both monoli-
gand and mixed ligand complexes.

In the region of 890-720 cm™ there is a set
of bands, among which in the spectra of mixed
ligand complexes oscillation frequencies at
775 and 778 cm™ can be distinguished, which
correspond to the band of deformation oscilla-
tions of CH bonds of the phenanthroline frag-
ment (free phenanthroline - 779 cm™). The v
oscillation band of the C - N group, which is
observed for pure phenanthroline at 1560 cm™,
overlaps with the intense bands v_(CC),
v (CO), so it is not possible to identify them.

For the hydrated complexes of ytterbium
with dimethylheptenedione and dimethy-
loctendione in the range of 3200-3600 cm,
a wide oscillation band of OH groups is ob-
served, which is due to the presence of wa-
ter molecules in the complexes. In the case
of phenanthroline complexes, the absence of
this band proves that such complexes are an-
hydrous, and, consequently, the phenanthrolin
molecule is coordinated to the Yb (III) ion.

Table 2 — Assignment of oscillation frequencies in the IR spectra of the synthesized comp-

lexes (cm™)

Compound Vs(jfggzl; v(Ln-N) | v_(CC) | v.(CO) | v (C=0) | v (C=C)
Nadmhd - 1565 - 1724 1655
Nadmod - 1558 - 1715 1645
Yb(dmhpd),.2H O 420, 431, 498, 518 1537 1581 - 1671
Yb(dmhpd)3'Phen 418, 435, 481, 524 471 1545 1596 - 1670
Yb(dmod),-2H,0 425, 445, 489, 514 1541 1586 - 1669
Yb(dmod),-Phen 424, 450, 495, 520 469 1549 1591 - 1671
68 ISSN 2708-129X. Ykp. XiM. XypH., 2021
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The hydrate composition and the heat resist-
ance of the synthesized compounds were de-
termined by a thermogravimetric analysis. The
first endoeffect on thermograms appears in the
range of 97-145°C for Yb(dmhpd),-2H,O and
115-158°C for Yb(dmod),-2H O, which cor-
responds to the dehydration of complexes, in
particular to the loss of two coordinated water
molecules, the weight loss is 5.5 and 5.0 wt%
for Yb(dmhpd), and Yb(dmod),, respectively,
which is consistent with the theoretically cal-
culated value. Slight exoeffect at 258°C for Yb
(dmhpd),-2H,0, 260°C for Yb(dmhpd),-Phen,
288°C and 269°C for Yb(dmod),.2H,O and
Yb(dmod),-Phen, respectively, probably corre-
sponds to the melting point of the complexes. In
the same interval, the polymerization of unsatu-
rated B-diketonate complexes can occur without
an initiator, consequently, we observe the super-

position of several processes on each other.

Further increase in temperature is accom-
panied by a sharp increase in the rate of weight
loss and exoeffects in the range of 320-455°C,
which corresponds to the decomposition of the
organic part of the complexes. It should be not-
ed that depending on the nature of the complex-
es (mono- and heteroligand) there may be dif-
ferent mechanisms of decomposition, which is
due to the presence of donor molecules of phe-
nanthroline in the molecules of heteroligand
complexes. For the correct recording of thermo-
grams in the range of 200-500°C it is necessary
to research without access to air to reduce the
probability of formation of oligomeric forms of
metal complexes. Obviously, the complexes de-
compose to ytterbium oxide (III), the shape of
the curve indicates the sublimation of the com-
plexes during the study.

Table 3 — Thermal analysis of ytterbium complexes

Phen The process of dehydration t e uction C

compound Am, % t, °C/ thermo Am, % W0 | ¢ t
calc. | found effect calc. | found ’ e "
Yb(dmhpd)3-2H20 - - 145/endo 5,4 5,5 2 312 475
Yb(dmhpd),-Phen 22,1 25,8 89/endo adsorbed - 355 477
Yb(dmod),-2H,O - - 152/endo 5,1 5,0 2 328 462
Yb(dmod),-Phen 21,1 24,1 91/endo adsorbed - 334 455

Thus, according to the results of thermal
analysis and IR spectroscopy, it was found that
the first coordination sphere of diketonate com-
plexes Yb (III) includes two water molecules,
which are completely replaced by a phenan-
throline molecule in the case of mixed ligand
compounds, and that the composition corre-

https://ucj.org.ua

sponds to the formulas Yb(B-dik),-2H,O and
Yb(B-dik),-Phen (B-dik = dmhpd, dmod).

It is known that for the organic molecules
which contain unsaturated groups absorp-
tion in the near ultraviolet (200-400 nm) and
visible (400-800 nm) regions is associat-
ed with m - m * or n — m * transitions [11].
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Therefore, the analysis of the intensity of the
bands and changes in their position in the
electronic spectra in this range can be useful for
the structure determination of the molecule.

In the diffuse reflection spectra (Fig. 1a)
of the synthesized B-diketonates of ytterbi-
um in the region of 200-350 nm, an extended
band is observed (with maxima at 285 nm for
Yb(dmhpd),-2H,O and 288 nm for Yb(dmod),
-2H 0), which can be assigned to the electronic
n—T * transitions from the basic (S) to the ex-
cited state (S,) of ligand molecules. In the case
of phenanthroline derivatives of the obtained
complexes, there is abroadening, splitting into
two components and hypsochromic shift of
this band (Amax = 222,265 nm and A_ = 225,
269 nm for the complexes with dmhpd and
dmod, respectively), which indicates the coor-
dination of the molecule of phenanthroline to
the lanthanide ion and, consequently, the super-
position of T—7* transition bands and the band
of charge transfer from the ligand to the metal.

As is known, in the electronic spectra for all
Ln** ions are characterized by the presence of
strictly defined characteristic bands that corre-
spond to the f-f transitions of lanthanide ions
from the ground state. It is known that the Yb’*
ion has only one multiplet term E, which cor-
responds to 4f-electrons [12].

1 — Yb(dmhpd) 2H,O (1)
——Yb(dmhpd)Phen (2)
—— Yi(dmod), 2HhO (3)
—— Yb(dmod),Phen (4)

Due to the spin-orbit interaction, the compo-
nents of this term ’F, A and °F,  are distant from
each other, which is manifested by the charac-
teristic Yb** transitions in the near IR region of
the spectrum in the range of 975-985 nm, in the
so-called «therapeutic window of tissue trans-
parency». For Yb(III) complexes, we observe
only one broadened split into 2 components
transition with a maximum at ~ 980 nm. The
rather wide shoulder in the region of the main
transition, which is in the range of 920-930
nm is due to the only allowed transition for Yb
(IIT), the significant emission capacity of the yt-
terbium ion in this coordination environment
and, possibly, non-radiative processes. A__for
the transition *F,, —*F_ of ytterbium ion in
the studied samples is 971 nm (Yb(dmhpd),
-2H,0), 972 nm (Yb(dmod),-2H,0), 974 nm
(Yb(dmhpd),-Phen) and 972 nm (Yb(dmod).-
Phen) (Fig. 1, b). Whereas the maxima corre-
sponding to the n— * transitions undergo a
significant shift (2700-3000cm™) upon the in-
sertion of an additional ligand, which is due to
changes in the energy state of the coordination
compounds owing to the coordination of the
additional molecule of phenanthroline, the line
shape and maximum position of the single su-
persensitive transition *F, , —?F_  not only do

not shift, but also do not change the shape and

T T
200 300 400

J,nm

a
Figure 1 -
mod),-Phen.
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intensity, which indicates a similar structure of
the coordination polyhedron in all synthesized
coordination compounds of ytterbium.

Thus, the analysis of the diffuse reflection
spectra allows us to conclude, that the struc-
ture of the coordination node does not under-
go significant changes upon the formation of
both mono- and mixed ligand complexes, the
coordination number of the Yb’* ion for all
synthesized complexes is 8, and the shape of
the coordination polyhedron corresponds to
a square antiprism, as in previously presented
studies [13]. The much lower band intensity
for the dimethyloctenedione-based monoli-
gand complex can be explained by the fact that
the central ion is shielded with the increasing

length of the substituent in the B-diketonate
fragment. We observed a similar situation in
the case of bulk phenolic substituents. Unfor-
tunately, it is impossible to determine the cor-
relations of this effect with IR spectra as to the
length of bonds and the influence of substitu-
ents on them due to the presence in the range
of 400-700 cm™ of some oscillations charac-
teristic not only of the M-O bond but also of
metal cycle oscillation.

Since the replacement of two molecules of
water (a) by a molecule of phenanthroline (b)
in the coordination sphere of complexes prac-
tically does not lead to changes in the geom-
etry of molecule. The structure of complexes
can be schematically represented as follows.

R=-CH(CH,), (dmokd), -CH(CH,) (dmhpd), -C H, (mphpd)

As noted above, OH oscillations significantly
reduce the luminescence intensity for the ele-
ments of several lanthanides. However, it should
also be noted that for the Nd (III), Er (III), and
Yb (III) ions a significant contribution to the
probability of non-radiative transition is made
by the oscillations of CH groups, so it is impor-
tant to synthesize compounds that could pro-
vide the «rigidity of the frame» of the obtained
complexes and thus minimize their negative
impact. In [14, 15] it is noted that the elements
of the end of the lanthanide series (including
the Yb (III) ion) are characterized by the forma-

https://ucj.org.ua

tion of mixed ligand complexes with the most
rigid coordination sphere, which, in turn, rules
out the possibility of formation of several types
of molecules and has a positive effect on their
final characteristics. From this point of view, the
synthesis of MLCs with branched ligands is also
an extremely promising direction in coordina-
tion chemistry.

For lanthanide ions emitting in the IR re-
gion of the spectrum, there are to date insuf-
ficient data on the optimal value of the energy
gap between the triplet levels of ligands and
the emitting levels of Ln (III) ions. Accord-
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ing to Dexter’s theory [16], this difference is
an extremely important factor for the mani-
festation of effective emission, and both too
large and too small gap between the energies
of the ligand and the metal can lead to a de-
crease in radiation intensity. It is known, that
the resonance level of the ion Yb (III) is quite
low (2F5/2-10330 cm-1), besides, there are no
energy levels near it to which the excitation
energy could be transmitted, so the determin-
ing factor, in this case, is the energy value of
the triplet level of the ligand. To calculate the
values of the triplet levels of dimethylhepten-
edione and dimethyloctenedione, gadolinium
complexes were synthesized and their fluores-
cence and phosphorescence spectra (at 77 K)
were recorded. This allowed us calculating ET
dmhpd (21000 cm-1) and ET dmod 19350 cm-
1). The energy values of the triplet levels are
higher than the energy of the emitting level of
the Yb(III) ion, which indicates the potential
for intramolecular energy transfer to the metal
ion and the ability to show effective 4f-lumi-
nescence by such complexes.

Based on these data, a study of the lumines-
cent properties of all synthesized monoligand
and mixed ligand complexes of ytterbium with
phenanthroline was performed. It is appropri-
ate to compare the luminescent properties of the

lex.

Yh(dmokd),

60000

20000

m
300 350 400

0 om

synthesized complexes with aliphatic substitu-
ents (dmhpd, dmod) and aromatic (mphpd)
[17, 18] in the molecule of B-diketone. The
emission excitation spectra of the powders
(Fig. 2, a) of the synthesized complexes con-
sist of one band split into two components with
maxima A, =322-323 nm and A, = 365~
367 nm, respectively. At the same time, the ex-
citation spectrum of Yb(mphpd), consists of a
wide diffuse band with a maximum at 340 nm.
Therefore, emission spectra were recorded at
different excitation wavelengths. When excited
with the maximum of these bands, an intense
4f-luminescence is observed in all cases.

The emission spectra of all ytterbium comp-
lexes contain one broadened band that corre-
sponds to the transition from the excited lev-
el of the Yb (III) ion °F, , — °F_ (Fig. 2, b).
As can be seen from the figure, this band for
Yb(dmhpd), is the most broadened and split
into 3 maxima. For Yb(dmod),, the emission
curve is also quite wide, which allows it to be
decomposed into 3 components, but the main
maximum of the band is of much higher in-
tensity. However, the relative luminescence
intensity of Yb(mphpd), is 6 times lower than
that of Yb(dmhpd), and 13 times lower than
for Yb(dmod),. The difference in the shape and
relative intensity of the bands is due to the dif-

L. arb.un. ¥, b
60000
50000
400001
30000 Yb(dmhpd)3
20000
10000 Yo(umbphpd);
0

T T T
950 1000 1050

Anm

Figure 2 — Emission spectra of Yb(IH)3 with other ligands, T=293K, A, =323 nm.
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ferent nature of the substituents in the 3-diket-
onate fragment. The reason for the broadened
lines is a decrease in the symmetry of the co-
ordination polyhedron, the exchange interac-
tions, and the peculiarity of the luminescence
of ytterbium compounds. The coordination
number remains unchanged, as evidenced by
the increase in the relative intensity of lumines-
cence. The lower luminescence intensity of the
complex with aromatic substituent (mphpd)
is due to the steric factor, in particular to the
shielding of the emitting centers by bulky mol-
ecules. Comparing compounds with aliphatic
substituents, we observe that with the increas-
ing length of substituent per methylene group
the emission intensity increases by a factor
of 2, the maximum band shifts by 2 nm, but
the shape and line width are the same, which
may indicate the similar symmetry and coor-
dination polyhedra of these complexes. Pre-
sumably, the presence of an additional -CH,-
group, due to the redistribution of electron
density, weakens the bond of the Yb(III) ion to
the ligand and, as a consequence, contributes
to more efficient energy transfer from the li-
gand to the metal; in addition, of all calculated

energies of triplet levels, B, . islowest.
I arbun.
100000 Yb(dmhpd),Phen
800004
600004

40000

Vo(arphpcd),Phen
200004

Anm

950 1000 1050

Figure 3 - Emission spectra of complexes of

The expected results in terms of increas-
ing emission intensity in mixed ligand com-
plexes came true. Comparison of the relative
luminescence intensity of phenanthroline
complexes (Fig. 3) showed that adding a do-
nor molecule Phen stimulates an increase in
emission intensity by a factor of 3.5 for the
compounds with aliphatic substituent (dmh-
pd) and in 8 with aromatic substituent (mph-
pd), and that the position of the band shifts by
6 nm. This is due to the steric effect, the possi-
bility of stacking interaction of aromatic sys-
tems (phenanthroline and phenolic substit-
uent in the ligand molecule), and the higher
symmetry of methacroylacetophenoate com-
plexes. Also, for mixed ligand complexes, we
observe a narrowing of the line by a factor of
2, which may indicate a decrease in nonradi-
ative transitions and suggests an increase in
the symmetry of the complexes (Fig. 4). The
presence of two maxima in the emission ex-
citation spectrum prompted us to record the
emission spectra at different excitation wave-
lengths. It was established that for all mixed
ligand complexes the optimal excitation
wavelength is 360 nm, at the same time for
monocomplexes it is 320 nm.

I arbun. —— Yb(dmhpd), 2, =323nm(1)
Fz=F,, |— Yb(dmhpd),Phen 2. =340nm(2)

1000004 — Yb(dmhpd), . =365nm(3)
—— Yb(dmhpd),Phen ., =360nm(4)

950 1000 1050 Anm

Figure 4 - Emission spectra of complexes

Yb(III), with phenantroline, T=293K, A = 360 nm. Yb(dmhpd),-2H,0 and Yb(dmhpd),-Phen, T=293K
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at different wavelengths of exitation.
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CONCLUSIONS. For the first time, mono-
and mixed-ligand complexes of ytterbium
(III) based on dimethylheptene and dimethyl-
octenedione were synthesized in this work. The
composition and structure of the synthesized
complexes has been determined. It has been
shown that the ligand molecules are coordi-
nated to the central ion in a bidentate-chelate
fashion. The C.N. of the central ion of ytterbi-
um is 8. In the case of monoligand complexes,
the coordination sphere is supplemented by two
molecules of water. It has been shown that all
synthesized coordination compounds exhibit
intense emission in the near IR region of the
spectrum. The addition of the second ligand to
the molecules causes an increase in the relative
emission intensity, which is due to the replace-
ment of water molecules in the near coordi-
nation environment of the central ion, which
caused the quenching processes. A comparative
analysis of the properties of the synthesized
complexes with aliphatic substituents and com-
plexes based on methacroylacetophenone has
been performed. The highest emission intensity
of the synthesized complexes based on dmod
is due to the linear structure of the substituent
and, accordingly, to the lack of its shielding ef-
fect, which occurs in the case of methacroylace-
tophenone and to the lower triplet level energy
of the ligand, which reduces the energy gap be-
tween E,  and E ., which, in turn, reduces
the amount of non-radiative loss. Thus, all syn-
thesized compounds can be used as precursors
of luminescent materials.

E The research was performed within
= the framework of departmental topics
318 E "Creation of new multifunction-
al nanomaterials based on coordina-
tion compounds of 3d-metals and lan-

thanides with O, N-donor ligands"
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Yh(lll) 3 HOBUMW B-AUKETOHAMU
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Y po6o0Ti cuHTe30BaHO HOBi CIIOYKM iTep-
6ito(III) 3 P-mmuxeroHamm (2,7-AUMETHUI-OK-
TeH-1-gioHoM-3,5 i 2,6-AuMeTU/I-renTeH-1-mi-
OHOM-3,5) Ta IXHi 3MillIaHO/IiraHHi MOXiIHi 3
dbenanTponminom. 3a gonoMorow HuU3KM isu-
KO-XIMIYHUX [JOCIIPKEHb OTPUMMAaHMUX KOMII-
JIEKCIB BCTAHOBJIEHO IXHill CK/IaJ Ta XiMi4yHY
oynoBy. B IYU-cekTpax CMHTE30BaHUX KOOp-
AVHALITHUX CIIOJYK CIOCTepiraroTh Haobip
CMYT, AKUJ BKa3ye Ha 6i£[eHTaTHO-]_U/IK}Ii‘{HY
KOOPJAVHAIiI0 IiraHAiB 10 iony Metany. CMyru
B inTepBasi 400-600 cM™ BigIOBiZarOTh KOM-
OiHawii Ba/leTHNX KONMMBaHb 3B A3Ky Yb-O Ta
nedopmaliiHuX KOMMBaHb XeIaTHOTO KiNlb-
I, a Yy BUNAAKY (EHAHTPOTIHOBMX KOMII-
JIEKCIB JJOIATKOBO IPOAB/IAETbCA CMYTa, IO
BifiIOBifja€ BajIeHTHOMY KONMMBaHHIO Yb-N.
JHOCmi)KeHHA TepMiYHOI CTIIKOCTi 3pas3KiB
HNO3BONIVWIN BCTAHOBUTY, WO KOOPAMHALIIHA
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cdepa MOHOJIITAaH/THMX KOMIUIEKCIB JIOTIOBHIO-
€TbCS IBOMA MOJIEKYIaMJ BOZIM, SIKi TIOBHICTIO
BUTICHAIOTBCA MOJIEKY/IOK (EeHAHTPONIHY Y
3Minra”onirangHux aHajgorax. ®opma, nono-
JK€HHsA Ta 3MIIIEHHA CIIEKTPAJbHUX CMYT B
ECJIB cBigunTh Mpo NpOXOJKEHHA MPOLECiB
KOMIIZIEKCOYyTBOPEHHA Ta OfIEp>KaHHA KOMII-
nekciB Heky6iuHOI cumetpii 3 k. 4. Yb (III) 8.
BxomxeHHsA MonmekymM (eHaHTpPONIiHYy [0
CKJaly KOMIUIEKCIB CyTTEBO He BIUIMBAE Ha
OymoBYy KOOpAVHALIIHOTO By3/a. Jlocmimken-
HS METOJOM JIIOMiHECLIEHTHOTO aHasli3y IOKa-
3a/M, 150 BCi OfjeprKaHi CIIONIyKU IIPOABIIAITH
inTeHCcuBHY mmoMiHecueHnilo B IY-o6macti
CIIEKTPY, NPUYOMY CIiJj 3a3HAYUTH, IO Ha-
ABHICTD JopatkoBoi -CH - rpynu y Bunanxy
KoMIUIeKCiB i3 dmod crpusie mifBuIeHH!O
BiJHOCHOI iHT€HCUBHOCTI eMicii. CuHTEe3 3Mi-
IIAHOJIITaHJHNX KOMIUIEKCIB TaKOX 30i/1bIIye
eeKTUBHICTP BMUIIPOMIHIOBaHHS BHACTiJOK
HiBeI0BaHHA HeraTuBHOro BBy O-H-xo-
JIMBaHb MOJIEKY/T BOJM, TOMY BCi IIpeICTaB/IeH]
CIIOTTYKM MO>KHA 3aIIpOIIOHYBATU AK IPEKyp-
COpM JIIOMiHECLIEHTHUX MaTepiaJliB.

KnrouoBi cnoBa: -uKeTOHATH, KOMIIIEK-

cu, itep6iit, QeHaHTpOMiH, MTOMiHeCIeHTHI
BJIACTUBOCTI.

https://ucj.org.ua
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®A30BI PIBHOBAI' B CUCTEMI NaCl-CaCl,-Ca0

A. O. Omenvuyx, 1. M. Ckpunmyn, /1. B. Ipuuaii, P. M. Casuyx,

O. B. Bocenko, M. ®. 3axapuenko

MerozmoM audepeHIiiaTbHO-TEPMIYHOTO Ta PEHTreHO(]a30BOro aHali3y JOCIiKeHO da-
30Bi piBHOBaru notpifinoi cuctemn CaCl,-NaCl-CaO B o6racTi, 36aradeHiit X10p1mIOM Kajib-
IIiI0 Ta HaTpilo; BUBHAUYEHO PiBHOB)XHY KOHI[EHTPAIil0 OKCUAY KajbIlilo Ta cknaf ¢as, saKi
IIpU LIbOMY iCHYIOTb Y PIBHOBOXHOMY CTaHi 32 Pi3HUX TeMIlepaTyp. BcTaHOBIEHO TOBEPXHI
MKBiffycy Ta comimycy, BusHadeHo obmacti ckmaziis norpiitnoi cucremn CaCl,-NaCl-CaO,
PEKOMEHJIOBAHUX M1 e/IeKTPOXiMiYHOTO BifIHOB/IEHHS OKCUJIiB TYTOIUIaBKMX MeTaiB (Tu-
TaHY, IMPKOHII0), I110 JO3BOJIAIOTH 3/1i/ICHIOBAT €/IEKTPOIIi3 B iHTepBali TeMIepaTyp Bif 550
mo 1000 °C. EBTeKTHUKa 1€l MOTpiiiHOI cucTeMu Mae Temneparypy miasneHHA 480 °C i Big-
nosifiae cknagy (mom.%): CaCl (45,8)-NaCl(47,0)-CaO(7,2).

KirouoBi croBa: xjopuay HaTpiro Ta Kajiio, OKCKp Kanblito, pa3osi piBHOBaru, aude-

peHILIia/IbHO-TEPMIiYHMIT aHaIi3.

BCTYII. PosniaBu Ha OCHOBi XJI0pUAy Ta
OKCHJY KaJbllilo pekoMeHAoBaHO [1, 2] mo
BUKOPUCTAHHA IIpU €NeKTPOXiMIiYHOMY Bifi-
HOBJIEHHI OKcupmiB MetaniB MetogoMm FFC
Cambridge process [3]. CyTb itoro nonsrae B
TOMY;, IO I} €10 €/IeEKTPUYHOTO CTPYMY BHAC-
JITOK HUSKY €IeKTPOXIMIYHUX TIEPETBOPEHD Y
poO3sIUIaBi, IO MIiCTATb CIOMYKM KasIblilo, Ha
KaTOZli BiIHOB/IIOIOTbCA OKCUAM TYTOIIABKMX
MeTaJliB, a Ha aHOAI pO3PAIKAIOTbCA aHIo-
HU KNCHIO [4]. BigHoBneHHA BinOyBaeTbcs sk
KaJ/IbLIiEM, IO YTBOPIOETHCA 3a €NEKTPONi3y
Ha KaTofi, TaK i eJIeKTpUYHUM CTpyMOM. Pos-
pALYy aHIOHIB KUCHIO Ha aHOMI CIPUAE OKCUT,
KaJIbliilo, 1110 3a0e3Ieuye HeliTpaIbHMil 6amaHc
JIOHIB y posmaBreHoOMYy enekTporniti Cepep
BilOMMX Ha CcbOrofgHi 0OAaraTOKOMITIOHEHTHIX
raJIOT€HiIHO-OKCUIHMX CUCTEM JIUIIIE CYCTEMU
Ha OCHOBI XJIOpUly KaJbllil0 3[JaTHi yTBOpIO-
BaTy TOMOI€HHi pO3IUIaBM 31 3HAYHMM BMic-
TOM OKCHJTy Kajbliio. Taki posmniaBu yTBoproe

6inapna cucrema CaO-CaCl, mo pmossonse
3[IVICHIOBAaTY  €/IEKTPOXiMiYHEe BiJJHOBJIEHHSA
OKCUJIB TYIOIUIaBKMX METaliB y TeMIeparyp-
HoMYy iHTepBai 800+-1000 °C i3 BeMKuM BMic-
ToM (70 20 MO/1.%) OKCHAY KasIbIlito [5-7]. Y miit
CUCTEeMi YyTBOPIOETbCS €BTEKTUKA, 1[0 MICTUTD
6,5 mon. % CaO, mae Temmeparypy IIaBjeH-
Ha 750 °C, Ta nepurektuka (18.5 mom. % CaO,
t =835°C), yropena cniomykoro CaO-4CaCl,.
Bezenna o ckmany cucteMu CaO—CaCl2 XJ10-
PUAIB JTYy>KHUX METAJIB [O3BOJIAE 3MEHIINTHI
TEeMIIEPATypPy KpUCTaji3alil YyTBOPEHUX KOM-
nosnuin [8-9]. 3okpema Oymo BussneHo [8],
mo B motpiitHiii cucremi NaCl-CaCl-CaO
YTBOPIOETbCA €BTEKTHKA, 1[0 MICTUTD, MOJL.%:
CaCl,(48,0)-NaCl(47,0)-Ca0(5,0) Ta mae Tem-
neparypy miasneHHsa 500 °C, a Hait6inpuiof
PIBHOB2)KHOI KOHILEHTpalLil OKCHUJY KaJbIIilo
(11,9 Mom.%)3a 1i€l >k TeMIepaTypy JOCATAIOTh
y posmasi, mort. %: CaCl,(42,0)-LiCl(58,0) [9].
Indopmariio mpo 6i1bII peTenbHi JOCTiIKeHHS
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®I3NYHA XIMIS

®A30BI PIBHOBATY B CUCTEMI NaCl-CaCl,-Ca0

¢$a3oBMX piBHOBAr y 3a3HAYEHUX CUCTEMax He
BUABNEeHO. He pocmifpkeHo [fiarpaMm cTaHy
norpiitanx CaCl- MCI-CaO Tta noppilinux
MCI-CaO cucrem (M = Li, Na, K), oomexe-
HoOIo € iHdopMauia mpo ixHil audepeHianb-
HO-TepMiuHui aHanis [10]. 3 ormAny Ha Te, 110
B IIpolecax eleKTPOXiMIYHOIO BiJfHOBJIEHHSA
OepyTb y4acTb AK KaTiOHU Ka/IbIIi0 (He BUK/IIO-
YEHO, L0 11 TY>KHUX MeTaliB, 60, HAIIpUKIaf,
HaIIpYI'¥ PO3K/Iajy XJIOPUAIB Ka/bllilo Ta Ha-
Tpifo my>ke 6/M3bKi 3a BemumHOo0 [11]), Tak i
aHIOHM KMCHIO, JOC/TIPKEHHA IONITEPMIYHUX
po3pisiB MOJIOHMX CUCTeM € aKTya/JbHUM He
NMILe HAyKOBMM, ajie Y MPUK/IAJHUM 3aBJaH-
HAM, OCKI/IbKM [O3BOJIAIOTH KOHTPOJIIOBATU
PEXMM €eKTPOJIi3y 3aJIeXKHO Bifi TeMIlepaTypu
Ta CK/Ialy e/IEKTPOIITHOL CyMillli.

Y 1pomMy IOBiIOM/IEHHI HaBEJEHO pe3YIlb-
tatn JudepeHIiaTbHO-TEPMiYHNX FOCTiHKEeHb
MOJIITEPMIYHMX PO3Pi3iB TOTPIIHOI CHUCTe-
MU NaCl—CaClZ—CaO, 36arayeHol XJIOpPULOM
KaJIbIIiIO0.

EKCIIEPVIMEHT 1 OBI'OBOPEHHA PE-
3VJIBTATIB. [Jna poCiifi>keHb BUKOPUCTO-
BYBaJ/I/I PETEJIbHO BUCYIIEHI PeaKTUBM KBa-
miikanii «uma» Ta «x4u». XIOpUI Kalbliilo
3HEBOJKYBa/IM 3a METOAVKOIO, HABE[IEHOI B
poboti [12], xymopup HaTpilo HepervIaBsIn
B KOPYHJJOBUX TUIJIAX B aTMOCQepi aproHy 3a
900 °C, OKCMA, Ka/IblIif0 CYIMIN B MyenbHil
neyi 3a 500 °C go nocTiliHoI Macy, IOTIiM IIpo-
aprosanu 3a 900 °C ynpojoBX rofyHu.

Oudepennianpuuit  TepMiuHMiT  aHAI3
(ITA) mocmimxyBaHMX 3pasKiB BUKOHYBaIn
B aTMocdepi aproHy B IUIATMHOBMX TUIJIAX
Ha gepmBartorpadi «Q-1500» i3 KomITfoTep-
HOI0 peecTpaliero repmorpam. HIBuakicTp Ha-
rpiBaHHA JOCHIKYBaHUX 3pas3KiB CKIafana
5-10 rpap/xB. fIK eTanmoH BUKOPMCTOBYBa/IN
poXKapeHmit oKcuy, anoMiHiro. O6pobneHHs
OTPUMAHMX KPMBYIX HarpiBaHH:A (OXOJIOMKeH-
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HS) JOCIKYBaHMX 3pasKiB BMKOHYBaIM 3a
JOIIOMOTOI0 MakeTy nporpam Origin.

Cxmap Ta TeMneparypy IUIaBeHHS (Kpuc-
Taji3alii) 3paskiB HOHBapiaHTHUX CKJIaJiB
cucremn NaCl-CaCl -CaO Busnavanm 3a me-
topoM Tammana [12] Ta Ha OCHOBI pO3paxyHKiB
A H. [Toxmbka Bu3HAYEHHS TEIIOTH II/IaB/IEH-
HA He nepesuinyBana 2-5 %. Sk eranon pnga
PO3paxyHKiB IMTOMOI €HTa/bllil IUIaB/IeHHA
A_H BUKOPUCTOBYBa/IM CypMy MapKU «X. €.».

Pentrenodasosuit ananis (PPA) Buko-
HyBam Ha pgudpaxromerpi «IPOH-3M» i3
CuKa-BUIIPOMiHIOBaHHAM METOLOM IOPOLIKY
i3 KOMIT FOTEpHOIO PEECTPALIi€I0 PEHTTEHOTPaM.

g pocmizpKeHb BMKOPUCTOBYBAIM 3a3-
Iajerigp 3HeBOJHEHI peakTuBM KBasidikarii
«X9» Ta «4fia». XJIOpUJ, KA/bLiI0 3HEBOAHIOBA-
JIV 32 METONMKOIO, HaBeIeHoo B [13].

Bigman pocnimxyBanux spaskis g [ITA,
P®A nposopnnm B IIaTMHOBUX TUI/IAX B iH-
tepBani Temneparyp 500-900 °C mpotarom
2—6 TOOVH.

HocnimkeHo AT po3pisiB, po3MileHHs
AKUX Ha IUIOIVHI KOHIEHTPALifHOIO TpPU-
KyTHuka mnotpiitnoi cucremmu NaCl-CaCl -
CaO HaBezeHo Ha puc. 1.

cacl, (B)
01004,

94
/W (VAN

.
SAVAVAY

NaCl (A)o\ ‘\10 20 30 40 50 60 70 80 90 100 CaO (C)

a, a

0 "2

Puc. 1. IlonoxxeHHs JOCTiIpKEHUX pO3pi3iB Ha
KOHLEHTPALIIHOMY TPUKYTHUKY IIOTPiiiHOI CuC-
temu NaCl-CaCl -CaO

ISSN 2708-129X. Vkp. Xim. XypH., 2021



A. 0. Omenbuyk, I. M. CkpuntyH, J1. B. Fpuuai, P. M. CaBuyk, 0. B. boceHko, M. @. 3axap4eHko

YXX Ne 2 / Tom 87

TpianrynaniiiHa mwiomyHa NaCl—SBC OITUTh
TPUBMMIPHY Jiarpamy IIOTPiiTHOrO CTaHy Ha JIBi
gactuan. Comigycom ycix ckmajiiB MOTpiitHOI
CUCTEMU, 1[0 3HAXOAATHCS BUIIIE i€l IVIOMMHN
€ i3orepma (480 °C), sKa BifilIOBiae €BTEKTNY-
HOMY CKJIajly IOTPiilHOI CUCTeMH €, , .. Y 3a3Ha-
YEHOMY BUITAJIKy €BTEKTMKA MA€ TaKi KOOpAu-
Haru: CaCl,(45,8)-NaCl(47,0)-CaO(7,2), Tem-
neparypa mrasneHHs 480 °C. Cy6conigycHy
4acTuHy Tpianrynauiitna mommuna NaCl-S,

Tabmus 1

mimnth Ha pABi TpudasHi o6macti. Bue
Hei (37iBa) y piBHOBa3i 3HaxopmATbcA Qasn
NaCl-CaCl -CaO-4 CaCl,, a Hmx4e (cripaBa Ha
TpuKyTHMKY) — NaCl-CaO-Ca0-4CaCl,
OckinpKu B /iTepaTypi pisHATHCA BiJOMO-
CTi OO0 KOOPAMHAT HOHBAPiaHTHUX TOYOK
BUXIJHMX OiHApHMX CUCTeM, TO 3a aHaJi3y
Ta NOOY/IOBM IONITEPMIYHMX PO3Pi3iB BUKO-
PUCTOBYBa/IM BJIACHI €KCIIEpMMEHTAJIbHI aHi

(Tabm. 1).

XapaKTepuCTUKM HOHBapiaHTHUX cKnafiiB notpilinoi cuctemu NaCl-CaCl,-CaO

Bwmict xommoneHTiB, Mon1. %

Cucrema Xapaxrep Toukn | t ,°C JlirepaTypa
NaCl CaCl, CaO

NaCl-CaCl, 52,0 48,0 - enresma 507 [14]
—»— 48,0 52,0 - e 500 (7]
— = 48,6 51,4 - e 494 (7]
—»— 47,5 52,5 - e 500
o 62,7 37,3 - HCP]/ITEKTI/IKa >94 [16]
—or- 80,0 20,0 - CHOZYKa -
— = 49,1 50,9 - e 500
—«»— 61,3 38,7 - P 594 [16]
—»= 80,0 20,0 - s -
—»— 48,5 51,5 - e 500 BIacHi gaui [17]

CaCl,-CaO - 93,5 6,5 e 750 (5]
- - 81,5 18,5 p 835

CaCl-CaO - 94,0 6,0 e 750
— = - 77,5 22,5 P 800 (6]
—«»— - 80,0 20,0 s -

https://ucj.org.ua
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—»— - 93,8 6,2
—«»— - 82,1 18,1
— = - 80,0 20,0
—r— 94,0 6,0
—»— 82,0 18,0
NaCl-CaCl,-CaO 47,0 48,0 5,0
—»— 47,0 45,8 7,2

[TponosxeHHs Tabmui 1

e 741
p 830 (7]
s _
e 750 BJIacHi maHi [17]
p 800
500 (8]
e 480 BJIacHi maui [17]

Honimepmivunuti pospis NaCl-p, . npen-
CTaBJIEHO Ha puc. 2. [leit po3pi3 me>XXuTh Bullle
TpianrynAnifinoi civnoi maomuan NaCl-S, ,
TOMY JI0TO comifiycoM € isorepma 3a 480 °C,
10 BIANIOBIJa€ TeMIlepaTypi KpucTasisa-
1l eBTeKTUKM MOTPiNHOI cuctemn (Tabm. 1).
Hikue comigycy sHaxogutbes TpudasHa 06-
nactb NaCl-CaCl -Ca0-4CaCl,

t,°C
800

LG
800

L+Ca0-4CaCl,

7007 700

6007 600

L+NaCl

L+CaCl,+

L+NaCl+CaCl, +Ca0-4CaCl
2

500 p (/204 1500
NaC+CaCl,+Ca0-4CaCl,
0 20 40 60 80 100
NacCl Psc

Puc. 2. Tonitepmiunnmit pospiz NaCl-
Tpiitaoi cucremn NaCl-CaCl -CaO

B I10-

Isorepma 500 °C xapakrepmsye CyMicHY
KPUCTaIi3allilo XJIOpUJIB HATPi0 Ta KaJIblLIilo
i BigmoBimae TemmepaTypi eBTeKTMKM OiHap-
Hoi cucremn NaCl-CaCl), pospinsae gBodas-
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Hy 007acTb ITEpBMHHOI KpMcTasmisarii xjo-
puny Hatpio Ta TpugasHy 061acTh MOHOBA-
pianThHux pisHOBar L-NaCl-CaCl.. Jliksimyc
IIbOTO PO3pPidy YTBOPEHO JiHIAMU IEpeTH-
Hy CiYHOI IUIOMHM 3 IIONAMM II€PBUHHOIL
KpUCTalisanil XJIOpuAy HATpil0 Ta CIONYKU
Ca0-4CaCl, 3 iHKOHIDyeHTHUM XapaKTepOM
wiaBneHHA. JIBodasHa 061acTh NEepPBUHHOL
kpucramisanii L+CaCl-4CaCl, sigoxpemre-
Ha Bijg oOmacti MOHOBapiaHTHMX piBHOBar
L+CaCl,+Ca0-4CaCl, ninieto, mo yTBOpeHa
BHAC/IiJJOK ITIEPETUHY CiYHOI IVIOLVHMA 3 ITOJIEM
cymicHoi kpucranisanii CaCl, Ta CaO-4CaCl,.
Cxmagu notpiiinoi cyminn NaCl-CaCl, -
CaO, mo0 3HaxofATbCsA B OesnocepenHii
O/IM3bKOCTI [I0 LIbOTO TIE€PETVHY, [JO3BOIAIOTH
3[II/ICHIOBATM €JIEKTPOXiMiYHE BiJHOBIIEHHA
OKCUJIiB TYTOIUIaBKMX MeTasiB (TUTaHy, LM-
PKOHiI0) B TeMIlepaTypHOMY iHTepBai Bif
600 °C Ta 3a BMiCTy OKCHJTy Ka/IbIIil0 B PO3IL/Ia-
Bi, AKUN 3a6e3neqye JI0T0 TOMOTE€HHU CTaH Ta
yCyBa€ YMOBY BUHMKHEHHA KOHLIEHTPaLilfHO1
NojApusalil Ipy BifABeNEHHI HaJIMIIKOBUX
aHIOHIB KMCHIO 3 IPMKATOJHOI 30HM.
Honimepmiunuti pospis a ~CaCl, ipencras-
neHo Ha puc. 3. Lleit po3pis npoxoguth yepes
CTOPOHY KOHIEHTPALiIHOTO TPUKYTHMKA
ABC (Puc. 1), mo Bigmosifae 6iHapHil cuc-
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temi NaCl-CaO i mictutsp 0,72 mMon. % CaO,
Ta J10ro BepluHy B, AKa Bifinosifae inpuBigy-
a/JIbHOMY XJIOpU/y Ka/Ibllif0. 32 30BHILIIHIM BU-
IJIA/IOM BiH Jiy>Ke TOAiOHMII 0 iiarpaMi CTaHy
6inapnoi cucremn NaCl-CaCl,. Bigminnictio
IIbOTO pO3pi3y Bif OiHapHOI Aiarpamu cTany
€ Te, 10 COJiZyCOM J10TO Oi7bIIOL YaCTUHU €
isorepma 480 °C, Aka BifnoBifgae TeMneparypi
II/IaBJIEHHA TOTPilIHOI €BTEKTUKIA.

t’c t°C
800 1800
700} . {700

2
_(_)
S el
600tS ’ L+NaCl {600
T L+NaCl+Ca04CaCl
500 i . Yy 1500
L | NaCl+CaCl,+Ca0-4CaCl,
400 : : : : 400
0 20 40 60 80 100
a, caCl,

Puc. 3. Iomitepmiunmit pospis g -CaCl, no-
Tpifinoi cucremn NaCl-CaCl -CaO

Cy6cornifiycHa 4YacTMHa 3a3HAYEHOTO pO3-
pi3y cKIafaeTbcs 3 BOX TpudasHuMx obmac-
teit  NaCl-CaCl,-Ca0O-4CaCl, Ta NaCl-CaO-
Ca0-4CaCl,, pospinenux BepTUKA/IIO, IO
BIJTBOPIOE JIiHIIO IEPETUHY CIYHOI IIOLVHMA

a,-CaCl 3Tpianrynanirinoo niomuHorwo NaCl-

S, 130Tepma 500 °C Bignosifae Temieparypi
KpucTasisanii eBTeKTMKM OiHapHOI cycTeMM
NaCl-CaCl, i posninse Tpudasny o6mactb Mo-
HoBapianTHMX piBHOBar L+ NaCl+Ca0-4CaCl,
Ta 1BO¢asHy 00/1acTh NMEepBUHHOI KpMCTasIi3a-
il X7I0puAy Kanpuiro. JIiHiAMM JIKBiZyCy 1jbo-
IO PO3Ppisy € JIiHil IepeTUHY CIYHOI IIJIOUIVHN 3
IIOJIAAMM IIEPBMHHOI KpUCTali3alil, BiilIOBiHO,
XJIOPUATY Ka/IbLIiI0 Ta XJIOpUY HATpilo.

https://ucj.org.ua

Honimepmiunuii pospis a —a, (Puc. 4). Vioro
IPOEKIi}0 Ha IUIOWVHI KOHILIEHTPAILiiiHOTO
TpukyTHMKa (Puc. 1) npepcTaBieHo IpsAMOIO,
IapajenbHo0 CTOpoHi AB.

t’c t°’c
800 | 800
700 | 3 {700
¢
)
3
+
600 | ® 1600
e
L[ +Ca0-4CaCl, S
=
500 | A L+I\alsaCI+iaCI2 " | 500
NaCl+CaCl,+Ca0-4CaCl, ¢
0 20 40 60 80 100
mon.% NaCl a

1 2

Puc. 4. Ilonitepmiunuii po3pis @,= @, NOTPitHOT
cucremn NaCl-CaCl,-CaO

Sk i y momepegHboMy BMIIAZIKY, CyOcCOTi-
IyCHa YacTMHA ILbOTO PO3Pi3y CKIAZAETHCA
3 naBox Tpubasuux obmacreit NaCl-CaCl -
Ca0-4CaCl, Ta NaCl-CaO-Ca0-4CaCl,, pos-
IiZeHNX BEepPTUKA/UTIO, IO BiITBOPIOE JiHIIO
TNepeTUHY CiYHOi IIONMHM @ —ad, 3 TpiaHTy-
naniitnoro mnomuHow NaCl-S, . Isorepma,
mo Bignosifae temneparypi 480 °C, xapak-
TEePU3yE €BTEKTUYHI IEePeTBOPEHHA IOTPiil-
Hoi cucremn NaCl-CaCl-CaO. Isorepma 3a
500 °C BifnoBifja€ eBTeKTUYHNM IIEPETBOPEH-
Ham 6inaproi cuctemu NaCl-CaCl, i poszinse
TpudasHy 06/1acTh MOHOBApiaHTHMX piBHOBAr
(L+NaCl+CaCl,) Ta gBodasny obmacTb fisa-
pianTHux piBHoBar (L+ NaCl).

JIikBiflyC 1IbOTO pO3pi3y YTBOPIOIOTH JIiHiI
IIEPETUHY CiYHOI IVIOLMHY 3 II0/IEM IIe€PBUH-
HOI KpucTamizanii xjopuay Kanblito (3miBa)
Ta 3 I0J/IeM IEPBMHHOI KpUCTasisallii X1opu-
ny Hatpito (cmpasa). CyOmikBigycHa 4acTu-
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Ha po3pisy (371iBa) ckmagaeTbcs 3 ABOdasHOI
obnmacTi IepBMHHOI KpucTamisalil Xaopu-
Iy Kaibliifo Ta TpudasHoi obmacTi cymicHOI
KpUCTaisalil XI0pUAy Ka/iblilo Ta CIONYyKN
Ca0-4CaCl, 3 iHKOHTPYEeHTHMM XapaKTepOM
wiaBneHHs. i obmacti posmineHo niHie mMo-
HOBapiaHTHUX PiBHOBAI, 1110 YTBOPEHA IIepe-
TUHOM Ci4HOI 3 I10/IEM CyMICHOI KpyCTai3aril
CaCl, ta Ca0-4CaCl,, a takox NaCl-CaCl,.
Honimepmiunuii po3pis e, ,—e, HaBEIEHO HA

AB—BC
puc. 5.
toC toc
D
700 1700
L+NaCl+CaCl,
600 1600
L+CaCl,
L+Ca0-4CaCl,
500 1500
- NaCH+CaCl,+Ca0-4CaCl,
50 60 70 80 90
€5 morn.%CaCl, €sc

Puc. 5. Ilonitepmiunmit pospis e, —e,. TO-
tpiitHoi cuctemu NaCl-CaCl -CaO

Cormnigycom nporo pospisy € isorepma 480 °C,
1110 BiJIIOBiJja€ €BTEKTMYHII peaKlil MOTPiitHOL
cucremn L=NaCl+CaCl + Ca0-4CaCl,, a mik-
BiflyC yTBOpEHMII TeMIlepaTypaMy MepBUHHOI
KpUCTaTisalil XJI0puay Ka/lbliil0 3 piBHOBaX-
HIX CKIajiB 1poro nepetnHy. CyOmikBigycHa
0071aCTh CKIaJIA€ThCS 3 IBOX TPUPa3HNX YaCTUH
(L+CaCl, +Ca0-4CaCl,) Ta (L+NaCl+CaCl,) Ta
onniei gBodasnoi (L+CaCl,). Cxmaau norpii-
HOI CHCTEMM LIbOTO IIEPETUMHY [O3BOJIAIOTH
3[IVICHIOBATY €/IEKTPOXiMiYHEe BiJJHOBJIEHHA
OKCHUJIiB TYTOIUIaBKMX MeTasliB (LIMPKOHiIO,
TUTaHy) 3a TeMIeparyp, Buimx 3a 750 °C 6e3
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Oyzb-SIKMX 3acTepeXXeHb BiTHOCHO BMICTY CITO-
JIYK KaJIbLIiIO.
Honimepmiuruti pospise, ~e, . (Puc.6). et
po3pi3 HOCTi)KeHO B iHTepBajli KOHIEHTpa-
Uit okcupy Kampuito [0+13,0 mom.%]. Coni-
IYC JOCIIJKEHOTO KOHIEHTPALIiIHOIO iHTep-
Ba/ly LIbOIO pO3pi3y BifIIOBifjae TeMIiepaTypi
480 °C, mo xapakTepusye eBTeKTUYHY peak-
nito L=NaCl+CaCl,+ Ca0-4CaCl,. JlixBimyc
NIpE/ICTAB/IEHO KPUMBMMM, fAKi BifINIOBiJalOTh
MiHIAM IE€peTUHY CiYHOI IUIOMIVHY 3 MOIAMU
CYMICHOI KpUCTamisanil XJI0pujiB HATpil0 Ta
KanbIiiio (371iBa) Ta cnomyku CaO-4CaCl, 3 in-
KOHTPYE€HTHIM XapaKTepOM II/IaBJICHHS.

t°C toCc

600 1600

550 1550

L+NaCl+CaCl,
L+Ca0-4CaCl, {500

NaCl+CaCl,+Ca0-4CaCl,

450 I P .1
0 2 4 8 6 10 12 14
AB mon.% Ca0

Puc. 6. Ilomitepmiunmii pospis e, ,~CaO no-
Tpiitroi cuctemn NaCl-CaCl -CaO

Cxmagu notpiitnoi cucremn NaCl-CaCl, -
CaO, 6mmspki [0 CKIafiiB IIbOTO PO3pi3y,
HNO3BOJIAIOTb  3[I/ICHIOBAaTU  €IeKTPOXiMidHe
BilHOB/IEHHA OKCUMIB TYIOIIABKMX MeTa-
MiB (LMpPKOHiIO, TUTaHY) 3a TeMIIepaTyp Bif
550 °C mpu 3HaYHOMY BMICTi B pO3ILIaBe-
Hill enexTponiTHiN cymimi (mo 12,0 mMom.%)
3a IIOCTIIHOTO CIIiBBiffHOIIIEHHS KOHIIEHTpa-
0in (Monm.%) XMOpuIiB HATpil0 Ta Kaibliilo
[NaCl]:[CaCl2] = 1,06.
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BVMCHOBKJ. Ilpu mocriiHOMYy CHiBBif-
HomenHi komnoHenTis [NaCl]:[CaClL] =
1,06 (Mo1.) y posIUIaBax IOTPiltHOI cucTeMu
CaCl,-NaCl-CaO pisHOBa>KHMIT BMIiCT OKCH-
Iy KanpLiko carae 12,0 Moi.%, Ipu 1bOMy TEM-
repaTypa iXxHbOI KpMUCTali3allil He IIepeBUIye
550 °C. Ile no3BonsA€ peKOMEHAYBATH CyMilli
3a3HAYEHOIO CKIafy A el1eKTPOXIMiYHOro
Bi[[HOBJIEHHA OKCUJIB TYTOIUIABKMX MeTaJliB
(TMTaHy, LMPKOHi0) B IIVPOKOMY iHTepBai
temnepatyp (Big 550 go 1000 °C) 3a Bucoko-
O BMICTY fK X/IOpUAiB Ka/Ibllilo Ta HaTpifo (He
HIbk4e 3a 40 M0m.%), Tak i OKCUAy Kasbliifo
(mo 12,0 Mmom1.%).

EBTexkTMKa 1jiei MOTPifiHOI cucTeMU Mae
TeMIieparypy 1tasneHHs 480 °C i Bifnmosifae
ckmany (mom.%): CaCl,(45,8)-NaCl(47,0)-
Ca0(7,2).

> _P0060Ty BUKOHAaHO B paMKaX IPOEKTy

=5 Ne 0116U002889 1inpoBoi mporpamu
HayKoBuX gocnifykenb HAH Ykpainn
«MiHepanbHO-cHpOBIHHA 6a3a Ykpa-
iHN K OCHOBA 6e3IeKM iep>KaBi».

https://ucj.org.ua
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PHASE EQUILIBRIA IN THE NaCl-CaCl,-Ca0

SYSTEM

A. O. Omelchuk, 1. N. Skryptun, L.V. Gritsai,
R. N. Savchuk, O. V. Bosenko,
N. F. Zakharchenko

Vernadskii Institute of General & Inorganic
Chemistry, National Academy of Sciences of
Ukraine, Academician Palladin Avenue 32-34,
Kyiv 03142, Ukraine

e-mail: omelchuk@ionc.kiev.ua

The phase equilibria of the ternary sys-
tem CaCl, - NaCl - CaO in the area which
enriched of calcium and sodium chloride
were investigated by the methods of differen-
tial-thermal analysis and powder X-ray phase
analysis. In the systems were determined the
equilibrium concentration of calcium oxide
and the composition of the phases, which at
the same time exist in an equilibrium state at
different temperatures. The surfaces of liquidus
and solidus were established, the compositions
of the sections of the ternary system CaCl -
NaCl-CaO were defined, which recommend-
ed for electrochemical reduction of refractory
metal oxides (titanium, zirconium and other),
which allow electrolysis in the temperature
range from 550 to 1000 °C.

Five polythermal sections of the NaCl -
CaCl, - CaO ternary system were studied.
For each polythermal section the regions of
existence of the liquid and solid phases were
established. For each polythermal section state
diagrams were constructed. Used X-Ray phase
analyses it was established the compositions of
liquid and solid phases for each polythermal

sections.
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The phases of which the system consists
were determined. At a constant ratio of com-
ponents [NaCl]:[CaCl ] = 1.06 (mol.) in the
melts of the ternary system CaCl, - NaCl -
CaO, the equilibrium content of calcium oxi-
de reaches 12.0 mol.%, while their crystalli-
zation temperature does not exceed 550 °C.
This allows us to recommend mixtures of this
composition for electrochemical reduction of
refractory metal oxides in a wide range of tem-
peratures (from 550 to 1000 °C) with a high
content of both calcium and sodium chlorides
(not less than 40 mol.%) and oxide. calcium
(up to 12.0 mol.%).

The eutectic of this ternary system has a
melting point of 480 ° C and corresponds to
he composition (mol.%): CaCl, (45.8) — NaCl
(47.0) - CaO (7.2).

Key words: sodium and potassium chlo-
rides, calcium oxide, phase equilibria, differen-
tial thermal analysis.
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THE FORMATION OF AN ELECTRICAL DOUBLE LAYER IN ACID

AND NEUTRAL WATER SOLUTIONS ON THE 3-5 d™ METALS
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The rate-limiting steps of the electrolysis of water solution, taking into account hydrogen
evolution overpotential were considered. A functional relationship between the electrical re-
sistivity of 3-5 d™ metals and their quantization energy of atomic electrons, as well as the
coordination of metal atoms and hydrogen compounds, has been revealed. The rule of select-
ing effective metals for cathodes has been validated. Based on these rules, a reduction-relay
mechanism of the hydrogen migration process in the electrical double layer in the electro-
chemical reduction of TiO* ions to Ti** and Fe** to Fe?* in sulfuric acid process solutions
for the production of pigment titanium dioxide was proposed. The method of the multistage
electrochemical reduction of Fe’*and [TiO** * nH,O] in process solutions for the production

of titanium dioxide was design based on this study.

Key words: double electric layer, hydrogen evolution, cathode, electron transfer, reduc-

tion-relay mechanism.

INRTRODUCNION When improving the
sulfate technology for the production of pig-
ment titanium dioxide with the replacement
of the chemical reduction of Fe** ions to Fe**
and Ti* to Ti** with scrap iron and powdered
aluminum by the electrochemical method, se-
rious problems arose as to the processes oc-
curring at different cathodes in the electrical
double layer (EDL) [1-5]. This especially con-
cerns the electrochemical processes of Fe**
and [TiO**nH,O] ion reduction in sulfu-
ric acid process solutions with pH = 2.5-3.0.
In this particular case, the use of the theoreti-
cal fundamentals of electrochemistry in prac-

tice turned out to be very difficult, especially
when using the theory of EDL structure [3].
This primarily concerns the Volmer discharge
and Heyrovsky electrochemical desorption
stages, which are based on introducing the hy-
droxonium ion (H*-OH,) into near-cathode
electrochemical processes, and based on these
concepts, the contradictory slow discharge (SD)
theory has been developed. In this theory; it is
considered that a significant part of the ener-
gy is spent on the rupture of the bond between
H* and HO [4, 6-8]. In the book “Double
Layer Theory” [9], published in 2015, no an-
swers as to the use of the EDL theory in applied
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electrochemistry have been unfortunately
found. Moreover, neither the recombination
theory of hydrogen evolution overpotential (n,,)
nor the SD theory is universal. For the metals
with high hydrogen adsorption energy, a lower
n,, is observed; therefore, it is recommended to
use the recombination theory, and for the metals
with lower adsorption, where n,, takes on higher
values, the SD theory is recommended, the use
of which sometimes gives rise to very contradic-
tory results. There are also questions as to the
description of the hydrogen recombination step
(Tafel reaction) 2H_, >H,, i.e. hydrogen moliza-
tion at the cathode. The complete analysis with
using the mathematical analysis of the EDL
taking into account the Debye screening length
considering heat energy at 298.15 °K, and tak-
ing into account the following factors (the role
of the hydroxonium ion in the Helmholtz cath-
ode layer, the dependence between of n H and
the electrical resistivity of nd m metals, the im-
pact of the complexing ability of nd m metals to
hydrogen, impact of the cathode materials and
their chemical composition, detection the mech-
anism of electron transfer from the cathode to
the solution the above questions should make it
possible to reveal the conditions of the intensi-
fication of electrochemical reduction processes
of compounds in acid and neutral solutions.

EXPERIMENT AND DISCUSSION OF THE
RESULTS. The experimental investigations:
measuring and recording instruments: KEL 1M,
Shch300.1, Shch1413 conductometers, a digital
camera (Kodak Easu Share C 142), a Ts1241
thermostat. Reagents and materials: chemical-
ly pure sulfuric acid, bidistilled water, smooth
platinum of 99.99 purity, NBR-0 niobium,
S-0 lead.

Theoretical and experimental investigations
have been carried out to make corrections in the
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electrolysis theories and concepts of the EDL
developed earlier. This primarily concerns the
role of the hydroxonium ion and its effect on in-
crease in 1. Here, attention should be paid to
the dissociation of the complex ion H,O":

[H--- OH,] — H"+H,0

In the eq. (1) the logarithm of the constant
pKa = -1.7011; it follows that the equilibrium
is shifted to the right, and that it displays the
properties of a medium acid, which decom-
poses spontaneously into ions. Besides, the re-
search carried out by Conway, Borkis and Lin-
ton (1956) to determine the stability of H,O",
which was, in terms of time, 0.024 x 10" s,
should be taken into consideration [6]. Sub-
sequent research to determine the lifetime of
H,O" was carried out by the scientist Meiboom
in 1961 by the NMR method at 298.15 ° K,
which was 1.7 x 10"? s. In the opinion of the
above scientists, such a low stability of the
species H,O* does not allow it to move inde-
pendently in water (the mobility of H,O is
3.62 x 10° cm?V'is!) as a structural unit, and
the very high mobility of H* is due solely to
proton exchange. In this particular case, in the
presence of polarization of water molecules, the
proton is transferred along a chain of hydrogen
bonds by the Grotthuss relay mechanism. The
presence of the independent species H,O* in
water is also ruled out because of the formation
of hydrogen bonds of neighboring molecules to
it [10, 12], i.e. the formation of [H*...(OH,) ],
where n > 2. When a potential is applied in elec-
trolysis, the H* ions will be the first to reach the
cathode surface because at the equal positive
charges of H" and H,O", the positive charge of
thelatter species will be smaller because of itsloss
by electrostatic interaction between water and
proton dipoles. Besides, the mass of H* = 1 yu
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should be taken into account, and the mass of
H,O" is 19 times larger. It follows that H,O" is
a more inert species. Research has been carried
out to determine the functional dependence of
hydrogen evolution overpotential (n,) on the
electrical resistivity of nd™ metals [13]. Based
on electron energy quantization and the theory
of the chemistry of coordination compounds
[13, 14], a well-defined functional dependence
of n, for 3d™, 4d™ and 5d™ transition metals
on the electron occupancy of d™ orbitals is re-
vealed. This dependence for 3d™ elements is
shown in Figs 1 and 2.

"\ Sc
0,006 I
8 0,004}
§ i
Q. 0,002 F
0,000 | 0 Cu
1 1 1 1 1
0 2 4 6 8 10

mumber of electrons

Fig 1. Dependence of electrical resistivity (p) on
the electron occupancy of 3d™ orbitals.

1.5 F

overpotential, V
5
1

=
th
T

number of electrons

Fig 2. Dependence of hydrogen evolution over-
potential on the electron occupancy of 3d™4s"
orbitals.
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When comparing the plots in Figs 1 and 2,
within filling the orbitals with 1 to 10 elec-
trons, an analogous (symbatic) behavior of the
curves is observed, which corroborates this de-
pendence. For the p electrons of large-period
atoms, an antibatic behavior of the curves is
observed; therefore, it is recommended to use
the electronegativity (EN) of elements relative
to EN,, = 2.1. A decrease in 1, is observed only
if EN, <2.1.

For the d elements, the theory of the che-
mistry of coordination compounds should
be taken into account, on the basis of which
it becomes possible to explain the causes of
the decrease in n,. First of all, the nd™ me-
tals must be divided into two groups: I, metals
with filled orbitals, where m = 1-8 electrons;
II, metals with nd™ sublevels filled with up
to 10 electrons. Group I includes metals with
specific adsorption (chemisorption), which is
characterized by a high hydrogen adsorption
energy (solid solutions) and manifests itself by
a decrease in n, in electrolysis, and group II
includes metals with low hydrogen adsorption
energy, which results from electrostatic forces.
Therefore, these metals possess a higher n, va-
lue. The manifestation of specific adsorption is
observed in the case of the presence of unoccu-
pied orbitals or unpaired electrons on the orbi-
tals of nd™ metals. This results in the formation
of shared pairs between the metal and hydrogen
compounds according to the scheme:

on cathode {

interaction of nd™ _ metals

e +[ut =[tn° (1)
e+ [ e[l ()
{M + M — M [N (3)

M[ ]+ [TH~ <:>[MHT(4)

and hydrogen compounds
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The products of reactions (1) and (2) appear
because of the formation of an electric field
intensity by an electron, which reaches tens of
millions of volts per centimeter at a distance of
1.0 nm. This results in the appearance of atom-
ic hydrogen, followed by its deformation po-
larization and the formation of a hydride ion.

The cause of decrease in n, of group I met-
als is explained by the theory of coordination
compounds . Consider this decrease for the
»>89Fe metal as an example:

re [FLFRFEFT) 0 == e FLRROAIATED) |

As aresult of interaction between Fe and H,
in view of (3) and (4), the electronic configura-
tion of the iron atom, 3d° (term °D,), changes
into 3d® (term °F, ); thus, Fe takes on the config-
uration of nickel, which has minimum p values
(Fig 1) and the same n, value (Fig 2). It is pro-
posed to consider, as an example, a brass alloy
(w, %: Cu, 60; Zn, 40): electronic configura-
tion of atoms (ECA) (Cu, 3d'%4s'; Zn, 3d'%4s?);
P (1007 Q2* cm=6.81;theactivity of metals for
coordination to hydrogen is low (group II). Ex-
ample with polymetallic steel (12Kh18N10T):
ECA (Cr, 3d°4s'; Ni, 3d%4s?); [ 10°*Q*cm =
70-75; they interact actively with hydrogen
(I). From the above information it follows that
P, ..., is 10 times lower than p of 12Kh18N10T.
However, when determining n,, the Tafel
constant for brass at 50 °C a = -1.02, the ex-
change current j, = 6.8 x 10® A/cm? and for
12Kh18N10T, a = 0.87, j, = 6.5 x 10® A/cm?
therefore, it is better to use steels containing
nd™ metals with m < 10 and Pd with double
dip of electrons.

Thus, the chief thing is that the formation
of a H™ coordination bond to the metals Fe,
Cr, Ni contained in the cathode surface took
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place, which affected greatly the electron
transfer from the cathode to the EDL satu-
rated with unreduced hydrogen compounds.
The following compounds are meant in the
first place: H*, H,* (D_ = 2.80 eV), H,* (D_ =
3.04eV), H' (D_=1.10 eV), where D_is the
dissociation energy. The reason of the variety
of the compounds of H' is its relatively high
electronegativity (EN = 2.10; for compari-
son, EN = 3.98), which provides filling its
inert gas (He) type electron shell. Among
100 elements of the periodic table with estab-
lished EN, EN ,,, predominates in 77 of them;
most of them reveal the formation of various
hydride compounds.

When there is a potential at the cathode
in the presence of electrostatic and specific
adsorption, the following processes can oc-
cur simultaneously in the Helmholtz layer:
[e] *H*=H%(2)H +H">H,5(3) [e] *H'>H;3
(H +H >H;(5)H +H > H ;(6) H,+ H* > H.%;
(7)H > H +H% (8) H > H,* + H% (9) H +
H’ > H_, where [e]_is the cathode. The series
of hydrogen transformations has been made
up on the basis of an extensive review of publi-
cations and experimental data. The presence of
species directly at the cathode surface with the
manifestation of pronounced specific adsorp-
tion in electrochemical processes is determin-
ing in 1, decrease and the reduction of Fe**,
[TiO** * nH,O].

The hydrogen species H', H,;, H°, H*, H *
are involved to a greater extent in these pro-
cesses; this manifests itself especially when
the electron is transferred from the cathode
via the hydride ion along a reduction-relay
chain by means of a molecular hydrogen ion
(H,°-H,"). In view of quantum mechanics, the
transfer of a single electron in the molecular
ion (H°-H,*) occurs owing to electron oscil-
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lation between two nuclei. This state is more
fully described by the resonance integral
H, = H,_ = [¢.Ho, dt = [o,Ho dr, which is
a ground for creating a theory of the reduc-
tion-relay mechanism of H* reduction and
electron transfer to the acceptor. To confirm
these judgments, the systems H,SO,-H,O (I*)
and H,SO,-TiOSO,-H,O(II*) with the same
pH = 0.87 (Fig 3) have been investigated. Nb
metal [14, 15] and 12Kh18N10T steel were
used as the cathodes, and a 12Kh18N10T mesh
coated with a MnO multilayer coating

2(therm)
was used as the anodes (Fig 3).

31

29

iu
Lh

Voltage, V
l‘::
T T T T T T T T
f

Temperature, Ue

Fig 3. Dependence of voltage on the solution
temperature in the systems:
(12Kh18N10T) -(MnO,) -H,SO - H,0 (")
(12Kh18N10T) -(MnO,) ,-TiOSO,-H,SO,-H,0
(1)

As a result of investigating the systems I*
and II* (Fig 3), a functional dependence of
voltage on temperature (25-60 ° C) has been
established; a noticeable decrease in voltage in
the systems is clearly visible. In the system II*,
however, this decrease is more noticeable be-
cause of electron transfer by the reduction-re-
lay mechanism via the ions H', H,*, etc, to the
acceptor cation [TiO*" * nH,O]. In the electro-
lysis in the system I*, the rate-limiting step

https://ucj.org.ua

of the H* reduction process is the molization
H® + H® = H,, which is hindered by the pres-
ence in the Helmholtz layer of molecular spe-
cies H,*, H", etc, which affect the cathode po-
tential. However, this state is favorable for elec-
tron transfer to the acceptor.

The process of electrochemical reduction
of [TiO** * nH O] in the Gouy layer is con-
firmed by a thermal effect, measured directly
on the Nb cathode. During hydrogen reduc-
tion in the systems I*-Nb and IT*-Nb, the sen-
sors recorded small heat energy changes of
At = 0.188 °C (I*-Nb) and 0.334 °C (I1*-Nb),
which is unexpected since during hydrogen
recombination and molization, an energy of
18.1 eV is released. In view of this, a calcu-
lation taking into account the change At, the
heat capacity of the niobium cathode (15 um
foil), the heat capacity and heat conductivity
of adsorbed hydrogen on the cathode and a
determination of the size of the fixed Helm-
holtz layer have been performed. When pro-
cessing the experimental data on hydrogen
reduction in the system I*-Nb, it turned out
that the experimental heat energy (Q_ ) was
9.5 x 10'° eV, and the theoretical heat ener-
gy (Q,..,) Wwith allowance for release at the
cathode must be 5.4 x 10*' eV, i.e. 5.6 x 10*
times as high. Thus, the ion reduction pro-
cess occurs outside the cathode, i.e. at some
distance from it. To determine the size of the
Helmbholtz layer, quantum-mechanical calcu-
lations have been made to establish the de-
pendence of the Debye screening length of
electrode potential on the concentration of
solutions (Fig 4). The number of hydrogen
species on the cathode surface has been de-
termined taking into account the heat energy
of 0.013 eV at 298.15 °K.
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0 0.5 1 1.5 x, nm

Fig 4. Electric potential distribution in the catho-
de region for H' ion concentration values (w, % =
0.1-10) in sulfuric acid solutions at 298.15 °K.

In view of Fig 4, the electrochemical re-
duction of Fe** and [TiO*" * nH,O] in process
solutions for the production of titanium di-
oxide should be performed in the presence of
5.0-10.0 % sulfuric acid in multistage electro-
lyzers (Fig 5), for at these concentrations, the
thinnest fixed Helmholtz layer with a thickness
of 2-3 hydrogen species is formed. The basic
diagram of a multistage electrolyzer is shown
in Fig 5.

This electrolyzer provides an accelerat-
ed electron transfer from the cathode to the
electron acceptors, with the reduction ener-
gy (Q,,,) increasing to 1.6 x 10" eV (system
B*-Nb). Hence the electrochemical reduction
process is carried out with maximum values
of convective diffusion in the Gouy layer. The
group I nd™ metals must be used for the catho-
de materials, but still more effective results are
achieved when using their alloys because be-
sides the existence of specific adsorption, the
property of the hydrogen evolution synergism
manifests itself.
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L
=
LN

Fig 5. Basic diagram of a multistage electro-
lyzer: (1) electrolyzer body, (2) mesh cathode,
(3) anode, (4) membrane, (5) direction of elec-
trolyte movement, (6) electrolyte drain cock,
(7) electrolyzer cover, (8, 9) gas outlet tube of
the anode and cathode, (10) electrolyte level,
(11) cock.

Conclusions

A method for identifying promising met-
als and their alloys for cathodes based on the
electrical resistivity of nd™ metals and the
theory of the chemistry of coordination com-
pounds has been proposed. The factors af-
fecting the hydrogen evolution overpotential
in the EDL have been determined based on
quantum-mechanical calculations. A model
of the reduction-relay mechanism of electron
transfer from the cathode to the Helmholtz
EDL, followed by electron migration into the
Gouy slip layer and to the electron acceptors
(Ee’*, [TiO** * nH O], H*, etc), has been pro-
posed. Thermal effects on the cathode have
been studied, which support the mechanism
of electron transfer under hydrogen reduc-
tion and the reduction of ions in the Helm-
holtz layer (H*) and in the Gouy layer (H,
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[TiO** * nH,0]), Fe’*, etc. The method of the
multistage electrochemical reduction of Fe3+
and [TiO* * nH O] in process solutions for
the production of titanium dioxide was de-
signed based on this study.
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cation and Science of Ukraine ac-
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«Improvement of chemical-technological
processes; study of physicochemical pro-
perties of coordination compounds, natu-
ral zeolites, bentonites, plant enzymes,
glycosides, polysaccharides and obtaining
nanocomposite materials based on them
«(DR Ne 0111U000644).
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PosrianyTo crapii e1eKTponisy po34mHiB y
BOJHMX PO3YMHHIKAX, 1[0 BIUIMBAIOTh Ha 00-
MEXEHHA IBUIKOCTI €/IEKTPOXiMIYHOI peaKIil
3 ypaxyBaHHAM IOTEHIia/ly IepeHanpyru BI-
IiZeHHsA BopHIO. BusBieHo ¢yHKIioHaIbHUI
B33a€MO3B 130K MIX €/IeKTPUYHIM OIIOPOM Me-
TajiB 3-5 M Ta eHeprielo KBaHTYBaHHA IXHiX
aTOMHMX €7IEKTPOHIB, a TAKOXXK KOOPAMHALIIEI0
aTOMIB MeTasliB Ta CIONYK BOIHIO. BcTanoBIE-
HO IIpaBI/IO BUOOPY epeKTUBHMX MeTasliB [JId
KaTofiiB. Buxopsum 3 mporo mpaswia, 6yio
3aIIPOIIOHOBAHO  peJle-peAyKIiHUI  MeXa-
Hi3M IIpOIieCy Mirpariil BOJHIO B IIO[IBiIHOMY
€JIEKTPMYHOMY WIapi IpU €IeKTPOXIMiYHOMY
BigHoBnenHi ionis TiO," no Ti** i Fe’* mo Fe**
y TEXHOJIOTIYHUX PO34YMHAX CipYaHOI KMUCIOTU
I OTPMMAHHA IIIMEHTY JIOKCUAY TUTAHY.
Ha ocHoBi 1jporo gociimxeHHs 0yn1o po3poo-
JIEHO MeTOoJ 06araToCcTyIeHEeBOTO eeKTpo-
ximiynoro BigHosnenHsa Fe’* i [TiO, ** nH O]
y TEXHOJIOTIYHMX PO3YMHAX /I OTPMMAaHHA
IiOKCHIY TUTaHY.

KnrodoBi cmoBa: nopiBiiiHMII eneKTpud-
HUII ap, BUAIIEHHs BOJHIO, 3-5 d™-MeTanuy,
KaToJ], IEePEHECEHHA €EeKTPOHY, PeNyKIIiii-
Ho-ecTadeTHUI MeXaHi3M.
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AgEDTA complexonate was synthesized, the manner of coordination of the Argentum
(I) ion to the functional groups of complexone was determined. It was found that the solid
complex precipitates from the solution in the form of a fine powder. It is shown that the size
and shape of nanoparticles of Argentum complexonate depend on the solvent-precipitator.
A stable dispersed system based on the synthesized complexonate was obtained. The shape
and position of the surface plasmon resonance bands confirm the presence of spherical nan-
oparticles with a size of 15-30 nm in both dispersed systems. Investigations of the biological
activity of the powder of AGEDTA has shown that it has a high bactericidal effect against

gram-positive bacteria.

Keywords: nanosystem, Argentum, EDTA, complexonate, bactericidal effect.

INTRODUCTION. The unquenchable in-
terest in nanomaterials and nanosystems is
due to their unique properties and the possi-
bility of targeted synthesis of such materials,
in particular nanoparticles with required size
and predicted properties [1]. Increasing the
resistance of pathogenic microorganisms to
antibiotics and fungicides is the main problem
of medicine. It is well known that silver com-
pounds are active against 16 major species of
microorganisms without damaging the benefi-
cial microflora, which increases the interest of
scientists in their study [2, 3].

For many years in a row, the study of the
physicochemical and pharmacological proper-
ties of precious metals, in particular gold and
silver, has been topical. Whereas the use of gold
compounds is limited due to the ambiguity of its
properties, in particular toxicity [4-7], the anti-
microbial properties of silver are not in doubt.
To use nanoparticles in pharmaceutics, it is im-
portant to consider the composition of the start-
ing system to avoid additional toxic effects.

There are many publications on the synthe-
sis of silver nanoparticles, the study of their
physical, chemical, and biological properties.
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These characteristics depend on many factors,
such as the choice of the method of produc-
tion, stabilizer and reducing agent, the size and
morphological shape of the obtained particles
[8-10]. Despite the wide range of research re-
sults presented, obtaining stable silver-based
nanomaterials remains a challenge for re-
searchers.

Depending on the size, silver nanoparticles
can be used as catalysts, bactericidal coatings
for medical devices and water filters, drug de-
livery media, electronic components, and bi-
osensors, like preservatives and active ingre-
dients in cosmetics, light filters in optics, and
as antibacterial and therapeutic agents in me-
dicine [11-15].

The silver nanoparticles can enter the hu-
man organism in a variety of ways, such as
through the skin, orally, by inhalation, and
injection, with different effects. Although the
toxicity of silver nanoparticles is also contro-
versial, the long-term use of AgNPs in various
industries proves its safety [16-18].

The researchers’ attention to the green syn-
thesis of AgNP is due to the effectiveness and
environmental friendliness of this method.
The reducing biological agent, which also acts
as a stabilizer, is the main requirement of this
synthesis. By selecting the plant extract, it is
possible to obtain nanoparticles of the desired
size. However, the disadvantages of this me-
thod are that biological reagents can contain
many secondary compounds and metabolites,
temperature restrictions inherent in enzymes.
The consequence of thise is a low synthesis
yield [19, 20].

Evaporation-condensation and laser abla-
tion techniques are popular among the physical
methods. Both methods allow obtaining nano-
particles of uniform size and high purity, be-
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cause they do not require the use of additional
solvents, which can also emit toxic substances.
However, such a synthesis requires cumber-
some equipment and high energy costs. The
agglomeration of the obtained AgNPs is also
observed due to the absence of stabilizers in
these methods [21, 22].

The most developed and diverse are chemi-
cal methods of obtaining silver nanoparticles,
among which electrochemical synthesis pre-
dominates, which allows one to control the size
of nanoparticles by regulating the parameters
of electrolysis; sonodecomposition using ultra-
sonic waves; synthesis in aqueous foams as a
matrix; radiolysis; microwave synthesis, which
allows one to obtain stable systems at the high
concentration of AgNPs at the same tempera-
ture and exposure, and others that allow one
to obtain nanoparticles with a size in the range
of 5-90 nm. A common approach to synthe-
sis is the reduction of silver from its salts using
a variety of organic solvents. Thus, particles
are obtained, which are usually dispersed in
an aqueous medium and require stabilization
with surfactants [23, 24].

However, some methods do not require the
use of an additional stabilizer. These are the
Turkevich method or the citrate method, the
reduction of ionic silver with glucose, as well
as with the help of complexones. The use of
simple techniques that do not require addi-
tional complex equipment is the best way to
solve the problem of synthesis of nanoparticles
of required size both from a practical and an
economic point of view [25-28].

Complexones are polydentate ligands, or-
ganic chelating compounds consisting of ami-
no acid elements. These compounds are widely
used in medicine because they are a transport-
ing agent. Important among the complexones
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are nitriloacetic acid (NTA), ethylenediamine-
tetraacetic acid (EDTA), and its structural iso-
mer ethylenediaminedisuccinic acid (EDDS).

The chelating agent increases the bioavaila-
bility of the metal, promotes its accumulation,
and increases biological activity. The main task
of this work is the synthesis of silver complex-
onates, their conversion to the disperse state,
and the synthesis of colloidal solutions by the
reduction of silver with complexones. This syn-
thesis does not require an additional stabilizer,
because the complexones have a diphilic struc-
ture, ie are surfactants. The complexes of d-me-
tals based on complexones are characterized
by a good solubility in water, high stability, and
easy digestibility. The advantage of complex-
ones is that they are excreted from the organ-
ism in an unchanged state, which significant-
ly depends on the stability of the complexone
[29-31]. Besides, it was shown [32-35] that the
use of EDTA as a reducing agent in chemical
condensation allows one not only to stabilize
the system but also to control the particle size
depending on the solution pH. Thus, it is of
interest to determine correlations between the
properties of Argentum (I) complexonate and
disperse systems obtained by the reduction of
Argentum nitrate with Na, EDTA solution.

EXPERIMENT AND DISCUSSION
THE RESULTS

The synthesis was performed in aqueous
solutions at a concentration of the starting
components of 5 - 102 M and a ratio of the
starting components of 1:2 and 2:1, metal salt
(AgNO,) and complexone (Na,EDTA), respec-
tively, pH=7-8. The choice of concentration is
due to the reduction processes that occur at
high concentrations, and pH of solutions. The
complexes were precipitated from the solution
with acetone or alcohol, filtered oft and dried
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in a vacuum desiccator over calcium chloride
(in a dark place). A white Na,[AgEDTA] pre-
cipitate separated from the solution during
precipitation and turned pink after filtration.
The dry precipitate has a dark brown color due
to the reduction of surface ions of silver.

The synthesis of disperse systems was per-
formed in aqueous solutions at a ratio of start-
ing components of 1:2, 1:3, 1:5, 2:1, 2:5 for
AgNO, : Naedta, respectively. Diluted solu-
tions with a concentration of starting the com-
ponents of 5:10%, 5-107, 2.5-10*, 1-10° M were
chosen for the study because the necessary
condition for obtaining highly disperse heter-
ogeneous systems is to carry out reactions in
dilute solutions, and an excess of one of the re-
agents. In the course of the study it was found
that the optimal concentration of solutions is
5-10% M. A solution of Argentum nitrate was
gradually added to Na,EDTA solutions under
heating and with a magnetic stirrer, the pH
was adjusted with a 0.1M NaOH solution and
maintained at 8-8,5. The solutions were stirred
at 60°C for 60 minutes.

An IR spectrum was recarded to deter-
mine the manner of coordination of Argen-
tum to EDTA. The IR spectra were recorded
on a Specord M80 spectrometer in a range of
400-4000 cm™ in tablets with KBr.

The absorption spectra of solutions were re-
corded on a Specord M40 spectrophotometer
in a range of 300-600 nm.

Distribution diagrams of the obtained na-
nosystems were investigated by the method
of dynamic light scattering on «ZetaSizerMal-
vernnr.

The powder micrographs were taken on a
Hitachi H-800 scanning electron microscope.

The antibacterial effect of the complex was
determined on a powder sample of AGEDTA.
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The test was performed by the disk-diffusion
method on a solid culture medium (agar).
Strains of Bacillus subtilis UKM B-5006"
(gram-negative spore-forming bacterium) and
Escherichia coli UKM B-906 (gram-negative
rod-shaped bacterium) were used as experi-
mental cultures. The inoculants were obtained
the day before the test on a liquid culture me-
dium, meat-peptone broth (BCH), followed by
dilution with a sterile physiological solutions.
The density of the inoculant was adjusted to 0.5
on the McFarland scale. The Petri dishes with
agar were inoculated with cultures and filter
paper disks moistened with distilled water and
an AgEDTA powder sample were spread over
the inoculated surface. The culture medium
was incubated at 37°C for three days. The size
of the zones of inhibition of bacterial growth
was measured with a caliper in mm.

Analysis of the IR spectra indicates that the
undissociated carboxyl group is not involved
in the complexation process. In the spectra of
the complex there is a shoulder at 1660 cm™,
which corresponds to the valence vibrations of
uncoordinated (COOH) groups.

In the complexonate spectra, the bands
v¥(COO") and v{(COO") in the region of 1310-
1400 cm™ and 1500-1600 cm™ are significant-
ly shifted to the low frequencies relative to the
free ligand, which indicates the formation of
bonds of metal ions to dissociated carboxyl
groups. The splitting of the band vCOO- in-
dicates the non-equivalence of carboxyl group
binding and different covalent and donor-ac-
ceptor bonding mechanisms [36]. The diffe-
rence in the position of the bands v(COO")
and v*(COO") (Av~200 cm') indicates their
monodentate coordination to the metal ion.

Table 1 Assignment of frequencies in the IR spectrum of metal complexonates

v(M—N) v(M-O) v (CC) v (CN) v SCOO- 6(CHZ) v aSCOO— VCOOH VH20
480, 445, 540, 565, 920, 1400, 1582, 3410,
AGEDTA 34 582,610 875 20 1320 w1640, 190w 3288
920,
Na,EDTA - - oo 1095 1436 1460 1640 1670 3408

5-10°M aqueous solutions of complex-
onates were prepared for investigation of them
by the absorption spectroscopy method. Upon
dissolution, the complexonates form dark
orange solutions. The color of the solution is
due to the complexing central ion and the dis-
persion of the obtained systems. The presence
of a surface plasmon resonance (SPR) band in
the electron absortion spectra, which is a col-
lective oscillation of metal particles smaller
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than the wavelength of electromagnetic radi-
ation, indicates the presence of nanoparticles.
From the shape and position of this band, we
can conclude about the dispersion, shape, and
size distribution of nanoparticles. In Fig. 1,
the maximum of the SPR band at ~ 410 nm
indicates a high dispersion of the system. The
particle size is in the range of 10-20 nm. The
position of the band indicates the sphericity of
the particles.
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Figure 1 SPR bands of AgEDTA 1-3 hours,
2-21 day.

T
28000

It is known that disperse systems are cha-
racterized by both habituation and aging. To
analyze the aggregative stability of the systems,
they were studied for a long time. After 3 weeks,
the color of the solution became more saturated,
however, as can be seen from Fig.1. (curve 2),
the maximum of the band shifted by 5 nm to
the long-wavelength region, which indicates
the recrystallization of small particles with their
subsequent adsorption on larger particles. For
the most part, when a critical concentration of

A
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micelle formation is reached, smaller spherical
particles are formed, which are thermodynami-
cally more stable and less prone to coagulation.
If the reduction processes continue in the sys-
tem, the concentration of particles will increase,
which, in turn, will promote coagulation and
cause the particles to enlarge, possibly with the
formation of ellipses or nanofibers [35, 37, 38].

The shape of the band has changed, and
it has become narrower, which indicates the
prevailing radius of particles of the same size
and the habituation of the disperse system.
The increase in intensity indicates an increase
in the number of nanoparticles in the system,
that is, about the «maturation» of the colloi-
dal solution. For the solutions prepared with
EDTA, the particle size was large, but the band
was much narrower, which indicates a small-
er distribution of nanoparticles by radius. For
cooling solutions of silver (I) disperse systems
obtained by reduction with EDTA, the elec-
tronic absorption spectra are shown in Fig. 2.
The shape and position of the surface plasmon
resonance (SPR) band substantially depend on
the concentration and time [38].

10 nm

39 420 450

a

480 Aim

Figure 2 SPR band for 0.005M solutions of the system (AgNO3): Na2EDTA after 7, 10 and 14 days (a)
micrograph of the system after 14 days, scale mark 100 nm
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With an increase in the complexone con-
centration in the system, the particle size and
polydispersity of the system increase, therefore,
to obtain stable dispersions, the concentration
of the initial components should not exceed
5-107 M. This is due to the high reducing abi-
lity of EDTA. The studies carried out showed
that the systems remained stable for a long
time, and with time the SPR band became
narrower, and the maximum became clearer
(Fig. 2).

Within 2 months from the moment of syn-
thesis, the shape and position of the SPR band
and the color of the solution did not change.
The position of the maximum and the width
of the SPR band of the complexonate solution
and the colloidal solution were different, which
indicates a different shape and size of nano-
particles. This may be due to different micelle
formulas and different charge of the colloidal
particle.
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Schematically, the formation of silver nano-
particles can be written as follows, based on
the high reducing properties of EDTA [39-41]:

Ag+ hv AgO
For the same reasons, a problem arises
when writing the micelle formula. Based on
the classical approach, if silver is reduced to

form metal nanoparticles, the micelle formula
has the following form:

{mAg nAg'(n-x)NO, }*x NO," .

In the case of a complexonate solution, we
can assume the reduction of surface molecules,
where a complex ion acts as a stabilizer, and
then a micelle can be depicted as follows:

{mAg nAgedta®3(n-x)Na+}**3x Na*

An analysis of the distribution diagrams
(Fig. 3) shows the nanodispersity of the system
with the predominant radius of particles of the
same size.

D5 FEE T ERER L TEERRE

Volume (Percent)

1 10 100
Size (d.nm)

Figure 3 Diagrams to the distribution of particles behind the AGEDTA after 1 day (a), after 21 day (b).

We can state the uniform distribution of
the dispersed phase in the dispersion medium.
As can be seen from the diagram, at first small
particles prevail in the system; after 21 days,
the particle size in the system increases, which
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is due to the recrystallization of small particles,
but the system is stable.

The particles absorbing in the range of
410-440 nm have a characteristic spherical
shape, which is confirmed by micrographs.
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As can be seen from the micrograph of the
pre-dried solution (Fig. 4), even when the
sample dries, the nanoparticles do not ag-
glomerate, but retain their original size and

Intensity (Percent)

1 10 100
Size (d.nm)

spherical symmetry. Small spherical particles
are attached to a fibrous surface, which can be
ethylenediaminetetraacetate (Fig. 5). This in-
dicates the stabilizing effect of EDTA.

b c

Figure 4 Distribution diagram and micrograph for systems (AgNO3): Na,EDTA, c = 0.005M, scale

mark 100 nm (b) 500 nm (c).

It is known that the method of physical con-
densation, namely the replacement of the sol-
vent, allows the targeted control of the particle
size. Therefore, it was of interest to precipitate
complexonates with various solvents.

Figure 5 SEM micrographs of the test solutions,
scale mark 100 nm (a) and 200 nm (b)

Already in the process of salting out, it was
noticeable that the powder particles will have
different shapes. So, when salting out from ace-
tone, the particles simply settled to the bottom,

https://ucj.org.ua

like «classic» sediment or spherical particles,
which precipitate under the action of gravity
due to the violation of aggregative and sedi-
mentation stability. The process of precipita-
tion occurred fairly quickly. In the case of alco-
hol as a precipitant, the salting-out process was
similar to a «blizzard» and was significantly
extended in time.

Using the method of electron microscopy; it
was shown that, depending on the solvent with
which the complexes were precipitated, nan-
oparticles can have different shapes and sizes.
Figure 6a shows micrographs of an AGEDTA
powder obtained by precipitation from ace-
tone, and in Fig. 6b, by precipitation from etha-
nol. When precipitated with acetone, the nano-
powder particles have a spherical shape with
layered surface morphology. The particle size
is in the range of 20-33 nm, which correlates
fairly well with previous studies. Salting out
the silver complexonate with alcohol makes
it possible to obtain elongated particles. The
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micrographs of this powder are significantly
different, since the particles are in the form of
nanowires, and the surface morphology is fi-
brous, like the particles. The difference in the
photomicrographs of the samples makes it
possible to envisage different properties of the
obtained complexonates.

Figure 6 Photomicrographs of AGEDTA pow-
der sample obtained by alcohol salting (a) acetone
salting (b).

The antibacterial activity was studied using
the example of a system containing spherical
nanoparticles of AGEDTA, which was deter-
mined from the size of the formed inhibition
zone concerning two types of pathogenic bac-
teria: Bacillus subtilis and Escherichia coli. Af-
ter 72 hours of cultivation in an incubator at
37°C, zones appear in the form of bright stains
and transparent concentric circles around the
disks with powder (Fig. 7). This indicates the
effectiveness of the sample, in particular, in-
hibition of bacterial growth. In the culture
medium of E. coli, a moderately pronounced
zone of growth inhibition is observed, 0.5-3
mm in size (Fig. 7a). In the culture of B. sub-
tiles, Fig. 7b, non-concentric zones, 2-10 mm
in size, are very well pronounced.
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Figure 7. Inhibition zone size, against two types
of pathogens: (a) E. coli UKM B-906, (b) B. subtilis
UKM B-5006T.

CONCLUSIONS

AgEDTA complexonate, a nanodisperse sys-
tem based on it, and a nanosilver solution have
been obtained by the reduction of Argentum (I)
nitrate with a Na EDTA solution were obtained.
The particle size of the precipitated complex-
onate powder was in the range of 20-70 nm de-
pending on the solvent used in the precipitation
process. It has been found that the size and shape
of the particles depend on the nature of the sol-
vent precipitator. Studies of colloidal solutions
have shown that reduction using EDTA allows
one to obtain nanodisperse systems with a par-
ticle size of the dispersed phase of 10-30 nm.
Such systems are quite stable and do not re-
quire additional stabilization. We can assume
that due to the low stability constant of silver (I)
complexonate in both cases there are metal na-
noparticles in the system. Metal nanoparticles
are stabilized by the complex ion AgEDTA*
in the case of complexonate, and in the case
of colloidal solutions, the stabilizer is a solu-
tion of Na2edta. The particle size of AGEDTA
powder is 20-50 nm when precipitated with ac-
etone, and the diameter of the alcohol-precip-
itated nanowires is 25-65 nm. The larger par-
ticle size of the powder compared to solutions
(10-30 nm) is due to its conglomeration.
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Studies of biological activity have shown
that the AgEDTA complex has insignificant
antibacterial activity against gram-negative
bacteria but proved to be quite effective versus
gram-positive ones due to differences in the
composition and thickness of the outer mem-
brane of pathogens.

Thus, the studies show the effectiveness of
the method of complexation and reduction of
complexone to obtain stable highly disperse
systems of silver.
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CunresoBaHo KkoMmiekcoHaT AgEDTA,
BCTAHOBJIEHO CIOCI0 KOOpAMHALil ioHY apreH-
tymy (I) 3 GyHKI[iOHaIBHYMY IpyIIaMy KOMII-
JIEKCOHY. PisHMIIA B IIO/I0’KEHHI CMYT BaJIEHT-
HUX CMMETPUYHMX Ta aCMMETPUYHMX KOJMN-
BaHb KapOOKCWIBHOI TPymM CBif4UTb IIPO
IXHI0O MOHOJIEHTATHY KOOpAMHALiI0 O iOHY
MeTany. BcranosneHo, mo TBepanii KOMIIJIEKC
OCa/PKYETbCA 3 PO3UMHY Y BUITIAAL ApiOHO-
pucnepcHoro nopouky. ITokasano, mo pos-
Mip Ta popMa HAHOYACTMHOK IIOPOIIKY KOMII-
JIEKCOHATY apreHTYMY 3aJjie)KaTh Bifl po3uMH-
HIIKa-0Ca/pKyBaya.

OTpuMaHO CTiilKi HAHOCKUCTEMM [IBOMa
LIIAXaMI: PO3YMHEHHAM TBEPAOrO KOMILIEK-
COHATy Ta BifIHOBJIEHHAM Cpibna po34YMHOM
EJJTA. ®opma Ta 0OI0KEHHA CMYT ITOBEPXHe-
BO IUIA3MOHHOI'O PE30HAHCY MiATBEPIKYIOTh
HasIBHICTb B 000X AMCIEPCHUX CUCTeMax cde-
PUMYHMX HAaHOYACTUMHOK po3Mipom 15-30 mMm.
3BY>KEHHA JIiHil Ta 3pOCTaHHA iIHT€HCUBHOCTI
cmyru ITIIP cBigunTh po 3BMKaHHA AMCIIEPC-
HIX CUCTEM, A BiICYyTHICTb CYTTEBOTO 3MillleH-
HA MAaKCMMYMY CMYTU — IIPO arperaTMBHY Ta
CelIMEHTANIIIHY CTIMKICTh KOIOIJHUX PO3YN-
HiB. [Io/10)KeHHA MaKCMMyMYy Ta IIMpPUHA CMY-
ru IIITP posumHy KOMIIZIEKCOHATy Ta KOJIO-
IJHOTO PO3YMHY BifPiSHAMNUCA, 1O CBiYUTH
IIpO pi3HUIT pOo3Mip HAHOYACTMHOK. MeTtomoM
e/IeKTPOHHOI MiKpOCKoIIii BCTaHOBIEHO (Hop-
MY, AUCIEPCHICTD Ta MOPQOJIOTiI0 OTPUMAHNX
HaHocucTeM. ITokasano, mo AgNPs opepxa-
Hi METOJOM BiJlHOBJIEHH:, 3 BUKOPUCTaHHAM
AK BifIHOB/IIOBaHOro areHTa posumHy EJITA,
MawTh chepruHy Popmy, a IXHiit po3Mip 3Ha-
xomuThbcA B AianasoHi 10-30 am. ¥V Bumagky
koMmiiekcoHaty AgEDTA posmip 4yacTmHOK
IIOPOILUKY NP OCa/PKEHHI alleTOHOM CTaHO-
BuUTh 20-50 HM, IIpy OCaJPKEeHHI CIUPTOM -—
AiaMeTp OTpMMaHMUX HAHOAPOTIB 25-65 HM.
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JliarpaMu po3IOAiNy AUCIIEPCHUX CUCTEM JO-
Ope KOpeJIoI0Th 3 eIeKTPOHHUMY MiKpodoTO-
rpaiAMu AK O[O0 PO3IO/iTY YaCTMHOK, TaK i
IXHBOT'O IIEPEBAXKAIOYOI0 PASIiyCy.

Hocnimkenns: 6akTepunygHoi nil moKa-
samu, mo Komiutekc AgEDTA mae HesHau-
Hy aHTMOAKTepiabHy aKTMUBHICTb IIPOTH
rpaMHeraTuBHOI 6akTepii, € epeKTUBHUM IIPO-
T TPaAMITO3UTUBHOI, 1IJO 3yMOBJIEHO Pi3HUIIEIO
CKJIaZly Ta TOBLIVMHOI 30BHIIIHbHOI MeMOpaHu
IIaTOT€HiB.

KnrouoBi crmoBa: Hanocucremnu, cpibio,
komiiekcoHat, EDTA, 6akrepunyaHa fist.
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CKPUHIHI BMICTY AEAKUX BAXKUX METANIB Y T'YMYCOBOMY

IPYHTOBOMY FOPU30HTI 3AKAPNATCbKOI OBJIACTI

C. M. Cyxapes*, /1. M. byzuna, O. B. Ilannae, O. IO. Cyxapesa, B. I. [Ipo6nuu, H. B. boiiko

Leprcasruii 8unuil HAB4ATbHUT 3aKNA0 « YH20pOOCOKULL HAUIOHANLHUTI yHiBepcumem», 8y7L. ITio-
eipHa, 46, Yaceopoo 88000, Yxpaina
*e-mail: serhii.sukharev@uzhnu.edu.ua

Ha ocHOBi npoBefeHHsA CKPMHIHTY BMICTy HeAKMX BaXKuX MetaniB (BM) y rymycoso-
MY I'PyHTOBOMY rOPM30HTi 3aKapIaTchbKoi 00/1acTi BCTAHOBJIEHO 3aKOHOMiPHOCTI pO3IOfiny
BM vy rpyHTax pisHux naHgmadTHUX 30H. [TokazaHo, 1m0 3i 30inbLIEHHAM BUCOTY Miclle-
BoCTi BMicT BM y rpyHTax 3menuryerbcs (kpim Mn i Hg) i pia Banosoro Bmicty BM 3Ha-
4yeHH: KoediuieHTy kopenanii Cipmena craHoButb: Cu - (-0,84); Zn - (-0,83); Mn - 0,77;
Mo - (-0,91); Co - (-0,82); Pb - (-0,83); Hg — Hemae; [yy1s1 BMiCTY KMCITOTOPO3YMHHMX popM:
Cu - Hemae; Zn - (-0,72); Mn - 0,75; Mo - (-0,89); Co - (-0,86); Pb - (-0,77); Hg — Hemae.
Taka 3aKOHOMIipHICTb ITOB’sI3aHa 3 TEKTOHIYHVMM i T€OTOTiYHMMY 0COOMNBOCTAMM TEPUTO-
piit pisHux manpmadTHNX 30H. Po3paxyHok mirparniitHoro nokasuuka st BM (BigHommeHHA
BMICTY KMCTIOTOPO3YMHHUX (POPM [0 BAJOBOTO BMICTY) ITOKa3ajlo, 10 Y TipCbKUX pailoHaxX
1ieil TIOKA3HNUK € HaBUIWM A7t Zn, Pb i Cu, 1110 CBif4nTh IpO MOTeHLiNIHY HeOe3MeKy Mi-
rpauii uux BM y o6’ekrax JOBKiIA Ta ixHI0O 6iojocTymHicTh. lle moB’s3aHO, BOUeBUb,
i3 TMIIOM IpYyHTIB ripcbkux paitoHiB o6macTi. BcTaHOB/IEHO BUpaKeHY MiXelTeMeHTHY KO-
pernsnito BmMicty BM y rpynrax (xpim Hg) i BinnosinHi 3nadeHHs koedinientis Ilipcona
mns BanoBoro Bmicty BM cranoBmate: Cu:Zn - 0,96; Cu:Mn - (-0,84); Cu:Mo - 0,89;
Cu:Co - 0,99; Cu:Pb - 0,87; Zn:Mn - (-0,79); Zn:Mo - 0,91; Zn:Co - 0,96; Zn:Pb - 0,86;
Mn:Mo - (-0,86); Mn:Co - (-0,84); Mn:Pb - (-0,75); Mo:Co - 0,87; Mo:Pb - 0,81; Co:Pb -
0,87. Ile mo3Bossie MpOrHO3yBaTH BMICT Kibkox BM y rpyHTax 3akapmaTcbkoi o6macTi Ha
OCHOBI pe3y/IbTaTiB BU3HAYE€HHA OJJHOTO 3 HIX. 3arajioM BMicT BM y rymycoBoMy IpyHTOBO-
MY FOpM3OHTI (Ba/IOBUI BMICT Ta BMICT pyXoMux GOpM) € HIDKYUM, HiXK BiJIIOBifHI 3HaYeH-
HsA TPAHMYHO JJOIYCTUMIX KOHILIEHTpaLiil.

KmrouoBi cmoBa: rpyHTy; reoxiMiuHi 0co61mBOCTI; BaloBuil BMICT; KMCIOTOPO34YMHHA
dbopma; mirparniitHuit KoedilieHT.
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BCTYII. IpyHTu HaleXxarb KO aKyMYJIO-
I0YVX IIPUPOJHNX 00 €KTiB, ajie IIpY IIbOMY €
OCHOBHIM 32c000M BUPOOHMIITBA Y CiTbCHKO-
My rocnofapcTtsi. Cepeli eKONOIIOTAHTIB, fAKi
MOXXYTb 3HaXOUTHCS y I'PYHTaX, 0COOMMBOI
yBaru 3aciayroByloTh Baxki mMetamm (BM) 3
OITIAly Ha CBOIO BMCOKY TOKCUYHICTH i Bifi-
HOCHY MOOinbHicTb [1-4]. Bucoknit BMmict BM
y I'PYHTax MOXKe CIIPMATY HAaKOINMYEHHIO iX Y
POC/IMHHI IPOAYKIIII Ta HETaTMBHO BIVIMBATA
Ha CTaH 3710poB’s mopnuu [5-10]. Bmict BM y
IPYHTaX Mo)ke OyTU 3yMOBJIEHWII SIK IIPUPOJ-
HUMM aKkTopamy, 30KpeMa TeoXiMiuHMMM
YMOBaMM TEPUTOPIlL, TaK i BIVIMBOM aHTPOIIO-
TeHHVX (aKTOpiB Yepes 3a0pyAHEHH:A 00 €KTiB
poBkima [11-13]. Tomy koHTpONME BMicTy BM
y IPYHTaxX € aKTya/IbHVM 3aBJIaHHAM MOHITO-
PVMHTOBMX JOC/I/PKeHb, IPUYOMY OCOOIMBY
yBary HpUIULAIOTb TyMYCOBOMY IPYHTOBOMY
ropusoHry. lleaxi 3 BM ciip posrnagamu i Ak
MiIKPO€JTIEMEHTH, AAKi MOXKYTb BIIMBATI Ha Mi-
KPO€JIEMEHTHIII CK/IA[ MiJ3EMHUX i IOBEPXHe-
BUX BOJ [14], a TaKO>XX POCTIMHHOTO IOKPUBY.

3akapraTcbKa 00/1acTh Ma€ BUPaXKeHY I'eo-
JIOTiYHY i TeKTOHIYHY 30HA/IbHICTh (Tepemnaf
BJCOT CTAaHOBUTH 70 2000 M), 10 3yMOBIIIOE
BIUIMB TeoXiMiyHUX ¢aktopiB Ha BMicT BM
B o6’ekrax pmoBkimmsa [14]. Coe€wo ueproio,
BMicT BM MoOXe CyTTEBO BifpisHATHCA /A
pisHuX nmaHAmadTHUX 30H 3akaprarTs. Tomy
MeToIo 1€l poboTu € cKpuHiHr BMicTy BM
y TyMycoBoMy IpyHTOBOMYy ropmsoHTi (H)
3akapnarcpkoi obmacti. CKpMHIHT IIPOBOAM-
M 3a TIOKa3HMKaMI BajioBoro Bmicty BM Ta
BMICTY KMC/IOTOPO3YMHHIX (POPM.

EKCIIEPMIMEHT I  OBI'OBOPEHHA
PE3YJIPTATIB. Jlocnii)KeHHA TPOBEIEHO Y
2018 poui. Bigbip mpo6 rpyHTiB 3pilicHIO-
Ba/M I BCiX palioHiB 3akapmaTcbkol 00-
nacti, a me: ripcbki parionn (PaxiBcpkmit,
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Mixripcekuii, Bonmoenpkmit);  mepeprip-
cbki payionn (CBansaBcpkmii, [puraBcpkwmit,
Xycrcpkmii, TawiBcpkmii, IlepeumHcbkuii,
BenukoOepe3HAHCbKMIT); HU3OBMHHI  pa-
itoun  (beperiBcbkuii, BuHorpapiBcpkmit,
MyxkaqiBcbkuit, Y>KTOPOJCHKUI).

Ax My yxe 3a3Havanm, I KOXKHOIL JOCTI-
IPKYBAHOI TEPUTOPII € XapaKTepHUMM TEKTO-
HiYHI Ta TeomoriyHi 0co6MMBOCTI, AKi mpern-
CTaBJIEHO Ha puc. 1.

Jlerenga kapTH:

[ |3axapnarcekuit mporux
[El 3oBHilTHI hrinmel
IIOKPUBH:
I Cxuboga 30Ha
11 30na KpocHo
[] Buytpimsi ¢nimosi
TIOKPHBH 1 30HA CKEIIb

CaoBadvunHa

[ Bynxaniuni Kapmatu
 Teomoriuni Mmexi
——_ Po3nomu: T0CTOBIpHI Ta

HMOBIpHI

™ - — PozmoMu i moxpusoM
¢nomoenx Kapmar

.~ Ilap'szxi Ta HacyBu

/Aﬂ'mxniﬁaﬂi

/CﬂHKﬂiHaﬂi

~_ BpaxiauTHKTiHAT
Puc. 1. @parMeHT TeKTOHIYHOI KapTu YKpaiH-

cokux Kapmar (3akapmarceka obmacts) [14]. Ho-

cmimpKkyBani TepuTopii (partonn): 1 — PaxiBcbkmit;

2 — Mixripcpkuit; 3 — Bonoseupbknit; 4 — CBanas-

cokmit; 5 — TagiBcpkuitl; 6 — BenmkoOepesHsH-

cokuit; 7 — IlepedmHcpkuit; 8 — IpmaBebkuit; 9 —

Xycrcpkuit; 10 — Yskropopcbkmit; 11 — MykadiB-

cbkuii; 12 — beperiBcbknii; 13 — BUHOrpafiBChbKUIL.

Big6ip mpo6 rpyntiB (rymycoBmit ro-
PM3OHT) IpPOBOAWIN 3 YypaxXyBaHHAM BU-
mor JICTY 4287:2004, JCTY ISO 10381-
1:2004 - OCTY ISO 10381-4:2005 Ta ACTY
ISO 10381-5:2009. JInd KOXHOTO palioHy
Bigbupamu 10 npo6 rpyHTiB (METOZOM KOH-
BepTa, 3 ypaXyBaHHAM IUIOIII TepUTOPil Ta
TeO/IOTiYHMX 0COONMMBOCTEN), 3MilTyBaIn
po6u i ckopouyyBanu 3 ofiep>KaHHAM €JMHOL
ycepenHeHoi mpoou.
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I[TinroToBKy mpo6 IPYHTIB IPOBOIMIN 3
ypaxyBaHHAM [15, 16]. OfgepkyBamm eKCTpak-
T Tpo6 I BU3HAYEHHSA BAJIOBOIO BMic-
Ty BM Ta BMicTy KuCIOTOpO3UMHHUX PopM
(1,0 monbs/pm® HCI). Bei BukopucraHi pearen-
TV MaJIY QaHATITUYHY YUCTOTY.

Jna BusHadenns smicty BM y rpyHTax Bu-
KOPUCTaI METOJ] €/IeKTPOTEpMiYHOI aTOM-
HOo-abcop6uitnoi cnektpockomii (ETAAC).
HocnifKeHHs IPOBOAMIN Ha aTOMHO-abcop6-
nirtHomy komiviekci «KAC-120.1» (cmekrpo-
meTp «C-115M» Ta eleKTpOTepMi4HMII aTOMi-
zatop «Ipadir-2») i3 KOMIT I0TepHOIO peecTpa-
LI€I0 AHAMITUYHOTO CUrHamy. Sk XimiuHui
MozndikaTop BUKOPUCTAHO BMCOKOUMCTUIA
Pd(NO,), (Suprapur®, Merck, Germany). [Insa
BI3HAYEHHA BMiCTy MepKypis 3acTOCOBYBanmu

Tabmuus 1

MeTOJ «XO/IOfHOI mapm» (mpucraBka «kOmis»).
Busnauenna BM mpoBopnin 3a Takux yMOB
(moB>xuHa xBuiti, HM): Cu - 324.8, Zn - 213.9,
Mn - 279.5, Mo - 313.3, Co - 240.7; Pb - 283.3;
Hg - 253.7.

Y po60Ti BMKOPUCTaHO CTaHJAPTHI CTa-
TUCTUYHI METOMN, a caMe KoedillieHTn Kope-
nauii Ilipcona i CnipmeHa po3paxoByBanu 3a
monomoror mporpam SPSS Statistics (IBM) ta
OriginPro (OriginLab Corporation). [l xap-
TorpadyBaHHS TEPUTOPIiil BUKOPUCTAHO MPO-
rpamy ArcGIS 10.2.1.

PesynpTaTy BM3Hau€HHs BajJlOBOTO BMICTY
BM Ta KMC/IOTOPO3YMHHMX POPM Yy IyMyco-
BOMY I'PYHTOBOMY TOPM30HTi IIPEJCTAB/IEHO Y
Tabm. 1.

Pe3ynbraTi BU3HaYeHH: BaJIOBOTO BMICTy / KMCTOTOpO34nHHNX popm BM
Yy TYMyCOBOMY IPYHTOBOMY rOpu30HTi 3akapnarcbkoi o6macri (n=6; P=0.95)

) Bumict BM ( X+ & ), MI/KT CyXOTO IPyHTY:
Hocmippxysanmit BJIOBUIT / KMCTIOTOPO3YMHHUX (HOPM
paiton
Cu Zn Mn Mo Co Pb Hg
1 8,5+0,4/ 17,6+0,9/ 1013+£56/ 0,59+0,04 3,9+0,2/  4,1+0,2 0,06£0,01 /
1,33+0,07 9,4+0,5 132+7 / H/B 0,41+£0,02 /1,6%0,1 H/B
2 9,8£0,5/ 19,3t1,1/ 91255/ 0,74+0,04/ 5,1£0,2/ 4,3£0,2/  0,05£0,01/
1,27+0,07  10,9+0,6 98+6 H/B 0,62+0,03  1,5%0,1 H/B
3 11,4+0,5/ 20,7+1,1/ 834%48/ 0,89+0,05/ 5,6+0,3/ 4,6+0,3/ 0,06+0,01 /
1,05+0,05 9,6+0,5 1166 H/B 0,49+0,03  1,4%0,1 H/B
YOepeyHeRK Ji 9,9/1,22 192/100 920/115 074/ne 49/051 43/1L5 0,06/ n/s
TipChbKUX PaiioHiB
4 12,8+0,6 / 21,8+1,2/ 642+£32/ 1,27+0,07/ 5,9+0,3/ 5,2+0,3/ 0,14+0,01/
0,88+0,05 11,7+0,6 91+6 0,09+0,01 0,48+0,03 1,7+0,2 H/B
5 16,1£0,7/ 26,8t1,3/ 579+£30/ 1,03+0,05/ 8,2+0,4/ 7,3£0,4/ 0,09£0,01 /
1,38+0,07 11,9+0,6 7414 H/3 0,94+0,05 1,9+0,2 H/B
6 12,1+0,6 / 229+1,1/ 547431/ 1,34+0,07/ 6,2+0,3/ 5,4+0,3/ 0,09+0,01 /
0,97+0,05 10,1+0,5 64+4 0,14+0,02 0,81+0,04 1,6+0,1 H/B
7 15,4+0,6 / 24,1+1,1/ 698+35/ 1,29+0,06/ 6,7+0,3/ 5,9+0,3/ 0,08+0,01 /
1,19£0,06  11,2+0,6 94+6 0,15+0,02 1,03+0,05 1,8+0,2 H/B
3 14,6+0,6 / 30,71,5/ 724+£37/ 1,54+0,08/ 7,1+0,3/ 7,8%0,5/ 0,11+0,01/
1,14+0,06  14,2+0,7 87+5 0,18+0,02 0,86+0,04 2,1+0,2 H/B
https://ucj.org.ua 109
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[TponosxeHHs Tabmui 1

9 17,4+0,7/ 339+1,7/ 46623/ 1,64+0,08/ 83404/ 6604/  0,15£0,01/
1,93+0,10  13,8+0,7 6143  0,18+0,02 1,1240,05 1,9+0,2 u/B
YCGPERHEHHS JIA M€= 1, /1 o5 567/122  609/79 1,35/0,12 7,1/087 64/18  0,11/ns
pearipchbKux panoHis
10 16,740,7/ 29,8+1,5/ 257+13/ 1,55+0,07/ 7,8404/ 7,9+0,5/  0,08+0,01/
2,16+0,11  12,7+40,7 4243  0,13+0,02 0,93+0,05 2,0+0,2 u/B
B 19,840,9/ 36,6+1,8 516+26/ 1,74+0,09/ 9,5+0,5/ 8,1+0,5/  0,09+0,01 /
2,07£0,10 /13,5+0,7 7745  0,16£0,02 1,19+0,05 1,9+0,2 H/B
b 21,3409/ 40,142,1/ 361+18/ 1,82+0,09/ 10,120,5/ 7,7£0,5/  0,10+0,01/
2,34+0,12  154+0,8 5643  020+0,02 1,44+0,06 2,240, u/B
3 18,7+0,8/ 35,1+1,8/ 298+15/ 1,79+0,09/ 92+0,4/ 68+0,4/  0,08+0,01/
1,7940,09  16240,8  45+3  0,2240,02 127+0,06 2,0+0,2 u/B
YCepeRHEHNA WA HU- 1o 1 /5 50 3547145 358/55 173/018 92/121 7,6/20  0,09/n/s

30BMHHUX paliOHiB

Ilpumitka. Pationm: 1 — PaxiBcbkmit; 2 — Mixripcpkuis; 3 — BomoBenpkuii; 4 — CBansaBCbKUIL
5 — TauiBcbkuis; 6 — BeIII/IK06epe3HHHCbKI/II7[; 7 — llepeunHcbkuit; 8 — IpmaBcbkmii; 9 — XycTChbKUIL,
10 - Yxropopacbkuit; 11 — MykauiBcbkuit; 12 — beperiBebkuit; 13 — BunorpasiiBcbKnif; H/B — He BUSBIIEHO.

Hani Tabn. 1 mokasyiwoTs, mo Bmict BM y
TyMYCOBOMY I'PYHTOBOMY TOPM3OHTI € HeEBe-
JVKUM. YcepenHeHi JaHi [1d pisHUX JIaH-
mapTHUX 30H CYTTEBO Bifpi3HAIOTHCA, IO,
BOYEBNAb, IIOB SI3aHO AK i3 TeoXiMiuHMMMU
0COOMMBOCTAMM TepUTOPiiL, Tak i 3i chiBBiz-
HOIIEHHAM y HUX IPYHTIiB pisHoro tumy. Tak,
HaIpUKJIaJ, 3TifHO KaHux [17], BajioBmit BMicT
Cu y I'pyHTOTBOPHMX NOpPOfax 3aKapHarTA
CTaHOBUTD 12-51 Mr/Kr (HaiHVOKYMit y IIi-
IIAHMX aMIOBiaIbHUX BiK/IajgeHHAM, a Hall-
BULIT — Y ITIMHUCTUX a/IIOBIa/IbHUX 1 a/lioBi-
a/IbHUX-JIe/II0BIaIbHMX BifIK/Ianax), a y IPyH-
TOTBOpHMX mnopopax Kapmar - 26-42 Mr/kr
(HaVtHYDKYUI Y emoBii ¢ilny, a HalBUILINIL — Y
emoBiit-femosii ¢imry). IlopiBHAHHA opep-
JKaHMX HaMM pe3y/bTaTiB BU3HAYEHHA BaJo-
BOrO BMICTy pisHuX BM y rpyHTax 3 maHumu
poboru [17] mokasye, mo BmicT BM y rpyH-
Tax 33 HAIIMMM JAHVUMU € JEI0 HIDKYMM.
Ile, BoueBUADb, OB’ A3aHO 3 Pi3HOI METOJO-
oriero ofepxaHHA Npob 1pyHTiB. Tak, HamMu
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IIPOBEJEHO YCEPEHEHHA JI/IA KOXKHOIO pao-
Hy o67macTi Ha ocHOBi 10 mpo6 (Bcporo Oymo
Bigibpano 130 mpo6) [t TepuUTOPpiil pi3HOrO
CTYIeHs OCBOEHHSA, TOAli sIK aBTOpM [17] Bin-
HOCU/IM Pe3yNbTaTy MOCIKEHHA II0 BiJHO-
LIEHHIO /10 TUITY IPYHTY Ha OCHOBI aHaIi3y Bij
4 no 20 mpo6 3i 3HaUHO Bapialli€lo ofep)Ka-
HUX pe3y/lbTaTiB. 3arajloM BU3HaUYEHUI BMICT
BM y rymycoBoMy IPyHTOBOMY TOPMU3OHTI
3akapnarchKoi 06/1acTi € HYDKYUM 3a BeINYN-
Hu I'IK Ak #14 BazoBOro BMICTY, Tak i BMiCTy
pyxomux ¢opm [17].

[Tonepenus oriHka gaHux Tabs. 1 OKa3ye,
0 iCHye 3arajibHa TEHMEHIIA mopo 36ib-
HmeHH:A BMicTy BM y IpyHTax 14 pisHUX J1aHf -
ma@dTHUX 30H: HU3OBVHHI pailoHM > Iepef-
ripchbKi palloHy > TipchKi paiionn. BuaaTkamn
€ Mn, AKuit Ma€e NPOTUIEKHY 3aKOHOMIpPHICTb
(puc. 2), 1o NoB’s13aHO, BOYEBUb, i3 reOXi-
MIiYHUMU  OCOOIMBOCTAMMU  JOCTIIKYBaHNX
TepuTopiil, Ta HE — AKuil He Mae BUpaXkeHOI
3aKOHOMIPHOCTI PO3IOJiNYy y IpyHTax pis-
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HUX JTaHfapTHUX 30H. HaiBumpmii BMicT
Hg cnocrepirarors y rpyHTax CBansBCbKOTO
i XycTcpKoOro paiioHiB, 110 IIOB’s3aHO 3 HasAB-
HICTIO IIOK/IaZIiB PTYTHUX PYJ Y LIUX palioHaX.

Banosuit BMicT
Mn, MI/KT TpyHTY

. 257.0-332.6
332.6-408.2
408.2-483.8
483.8-559.4
559.4-635.0

635.0-710.6
710.6 - 786.2
786.2-861.8
I 861.8-937.4
I 937.4-1013.0

Puc.
BaJIOBOMY BMicTy Mn y rpyHTax

2. Kapra 3akapmarcpkoi ob6macti mo

Hna nopiBHAHHA BMicTy BM y rpynrax
pisHMxX nmaHgmapTHUX 30H (31 30iMbIIEHHAM
BUCOTY MICLIeBOCTi) HAMM pO3paxoBaHi Koe-
¢inientn Cnipmana, sKi BifilTOBiTHO CTaHOB-
naTh. BamoBuit Bmict BM: Cu - (-0,84); Zn -
(-0,83); Mn - 0,77; Mo - (-0,91); Co - (-0,82);
Pb - (-0,83); Hg - Hemae; BMicT KIICITOTOPO3-
yyHHKX Popm: Cu - Hemae; Zn - (-0,72); Mn
-0,75; Mo - (-0,89); Co - (-0,86); Pb - (-0,77);
Hg - nemae. Opep>kani gaHi I0KasyloTbh BUpa-
JKeHy KopesnAlio mopo Bmicty BM y rpynTax
IIpY TepeXOfi Bijj ripChbKMX 0 MEePEATIPChKUX i
HI30BMHHIUX paiioHiB (kpiM Mn Ta Hg).

[ 6inpurocti BM BcTaHOB/IEHO Brpaske-
HY MDKEJEMEHTHY KOPEIALi0 IIOf0 IXHbOIO
BMICTY y I'PYHTAaX, Ky OIliHIOBa/IN 3a Koedii-
entoM [lipcona. Takaindopmariis € BaXXKT1BOIO
I IPOrHO3YBAHHA BMICTY KiZTbKOX XIMIYHUX
€/IEMEHTIB y I'PyHTaX Ha OCHOBI pe3y/bTaTiB
BJM3HAYEHHA OJHOTO 3 HUX. BifnosigHi pospa-
xyHKU Koeoinienris Ilipcona s BamoBoro
BMicTy BM y IpyHTax mmpejcraBieHo y Tabm. 2,
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a U1 YHaOYHEHHA OfIep)KaHUX Pe3y/nbTaTiB —
Ha puC. 3 NIpeJCTaBIeHO BiJIIOBIgHY KOpes-
LiiIHY fiarpamy.

Hg

Cu Zn Mn Mo Co Pb Hg

EaemenT

Puc. 3. KopenamiitHa fiarpama MiXkereMeHTHOI
KopenAnii BamoBoro BMicTy BM y rpyHrax
(xoedinientn kopernsuii ITipcona)

MixeneMeHTHa KOpeNnAllid BMICTY KIUC-
noToposunHHNX ¢opm BM y rpyHTax
3akapnarcbKoi 00/1acTi € MEHII BUPaXKEHOIO,
HiXX BaJIOBOTO BMicTy BM, 1m0 BUAHO 3 JaHMX
Tabs1. 3 i puc. 4. BoueBupp, 11e OB 13aHO, KpiM
reoXiMiYHMX 0COOIMBOCTEN TePUTOPINL, 3 TH-
IIOM I'PYHTIB Ta iIXHbOIO KMCIOTHICTIO.

=
=
)
=
5]
=]
=

Cu Zn Co Pb

Mo
Enxement
Puc. 4. KopenamiitHa fiarpama MikeneMeHTHOI

KOpe/ALil BMICTY KUCTOTOPO3YMHHUX popM BM y
rpyHrax (koeginientu kopenauii [lipcona)
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Tabmuna 2

PesynbraTi po3paxyHKy Koperanii (koe-
¢dimientiB kopensuii Ilipcona) wmixkere-
MEHTHOTO BajnoBoro BMmicry BM y rpynrax
3akapmarcpkoi oonacri (r> 0,5; o <0,05)

X | Cu| zn | Mn|Mo| Co| Pb | Hg

Cu X 096 -0,84 089 099 0,87 -
Zn 096 X -0,79 091 096 0,86 —
Mn -0.84 -0,79 X -0,86 -0.84 -0,75 -
Mo 089 091 -0,86 X 087 081 -
Co 099 096 -0,84 0,87 X 087 -
Pb 0,87 0,86 -0,75 081 0,87 X —
Hg - - - — - - X
Tabmunsa 3

PesynbraTn pospaxyHKy KopenAanii (koe-
¢iuienTiB kopensauii Ilipcona) MibkenemeHT-
HOTO BMIiCTy KICTOTOPO3YMHHUX ¢popm BM
y IpyHTax 3akapmarcbkoi obmacti (r > 0,5;
0 < 0,05)

X | Cu| Zn | Mn | Mo | Co | Pb

Cu X 067 -062 - 0,76 0,67
Zn 067 X -0,72 079 0,83 087
Mn -0,62 -0,72 X -0,70 -0,76 -0,68
Mo - 0,79 -0,70 X 0,78 0,74
Co 076 08 -0,76 078 X 0,80
Pb 067 087 -0,68 074 080 X

JIis OIiHKM IIOTEHI[ITHOI HeOe3meKu Mi-
rpanii BM y cucremi IpyHT - pociyHa abo
IPYHT — BOJa Ba)K/IMB€ 3HAUY€HHA MA€ BiJjHO-
IIEHHA BMICTY KUCTIOTOPO3YMHHOI popmMu 1o
BajioBoro Bmicty BM (mirpaniiiauit koedi-
uiedT). I3 gaHux tabn. 1 BUAHO, IO HAVBU-
i 3HaYeHHs Mirpaniianit koediuient (MK)
maroTh Zn Ta Pb. Tak, sHayenns MK mgisa Zn
IJ1A TipCbKUX PaliOHiB CTaHOBUTD 52,1%, mia
nepearipcbkux — 45,7%, 11 HU3OBUHHUX —

112

41,0%. Taka TeHpeHIis CBiXYNUTD, 1O OiybIITy
mirpaniiiny 3gaTHicTb (i 6iogocTynHICTD) Zn
Mae y I'PyHTaxX TipCcbKuX panoHis. BoueBupp,
Ile TIOB’sI3aHO 3 TUIIOM IPYHTIB TipcbKMX pa-
itoniB. nsa Pb i Cu Takoxx Haiibinbmia mi-
rpalifiHa 3[AaTHICTb XapaKTepHa I IPYHTIB
ripcbkux paitonis. Tak, sHauenns MK mna Pb
I/1A TipChKUX PaliOHiB CTaHOBUTH 34,9%, nid
nepenripcbkux — 28,1%, mi1a HU30BUHHUX —
28,9%.

OTXe, 14 OLHKM IIOTEHLiITHOI Hebe3ImeKn
BM, sKi HaABHI y IDyHTaX, BaXK/IMBe 3HAYEH-
Hs Ma€ He TI/IbKM IXHIl Ba/IOBUI BMICT, ajie i
BMICT KVCTOTOPO3YMHHUX (OPM, IO BU3HA-
Jae Mirpaniitny sparHicte BM Ta ixHio 6iopo-
CTYIIHICTb.

BVICHOBK/. Ha 0cHOBi CKpUHIHTY BMic-
Ty HEAKUX BOKKNUX METaliB y IyMyCOBOMY
IPYHTOBOMY TOPM3OHTI 3akaprarcbkoi 06-
JIACTi BCTAHOBJIEHO, 1110 BaJIOBUI BMICT Oi/b-
mocti BM y rpyHTax pisHux nanpmagdTHUX
30H 3MIHIOETbCA y pAJi: HU3OBMHHI pano-
HJ > IepeAripcbKi pamoHm > TipChbKi paiio-
Hu. [Ina Mn crnocrepira€erbcsa NpOTUIEXKHA
3a/IEXHICTh JIOr0 BMICTY Yy I'PpyHTaX Pi3HUX
maHpmadTHUX 30H, a wna Hg - 3amexxHoCTi
He BcTaHOB/IeHO. [li faHi migTBepAXeHo Bif-
MOBiHMMM 3HaYeHHAMM Koe(illieHTiB Kope-
nanii Cripmana. [Jna 6inpurocti BM (kpim
Hg) BcTaHOBNIEHO BMpaXKeHY MiKe/IeMEeHTHY
Kopensnio (oniHoBanmu 3a KoedimieHTamn
[lipcona) mopo IXHBOrO BMICTy y IPYHTaX,
10 J03BOJIAE IMPOTHO3YBAaTU BMICT [I€Kiib-
Kox BM Ha OCHOBIi pesynbraTiB BU3HaYeHHA
opgHoro 3 HuX. OOIPDyHTOBaHa JOLNTbHICTH
BUKOPUCTAHHA 3HAY€HHsA MIrpaliifHoro Io-
Ka3HMKa (BiHOIIEHHA BMICTy KMCIOTOPO3-
yyHHNX popMm BM nmo BamoBoro BMicTy) K
Kpurepito Heb6esneku BM y rpyHTax.
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SCREENING OF THE CONTENT OF SOME HEAVY

METALS AT THE HUMUS SOIL HORIZON OF THE
TRANSCARPATHIAN REGION

S. M. Sukharev’, L. M. Bugyna, O. V. Pallah,
O. Yu. Sukhareva, V. G. Drobnych,
N. V. Boyko

State University ‘Uzhhorod National University’,
Pidhirna Str. 46, Uzhhorod, Ukraine
‘e-mail: serhii.sukharev@uzhnu.edu.ua

Based on the screening of some heavy met-
als (HMs) content in the humus soil horizon of
the Transcarpathian region, the regularities of
the distribution of HMs in the soils of differ-
ent landscape zones have been established. It is
shown that increasing of the terrain height, the
content of HMs in soils decreases (except for
Mn and Hg) and for the total HMs content the
values of the Spearman correlation coefficient
are: Cu - (-0.84); Zn - (-0.83); Mn 0.77; Mo -
(-0.91); Co - (-0.82); Pb - (-0.83); Hg — absent;
for the content of acid-soluble forms: Cu - ab-
sent; Zn — (-0.72); Mn 0.75; Mo - (-0.89); Co -
(-0.86); Pb - (-0.77); Hg is absent. This pattern
is associated with the tectonic and geological
features of the different landscape zones. The
calculation of the migration coeflicient (the ra-
tio of the content of acid-soluble forms to the
gross content) has been shown that in moun-
tainous regions this indicator has the highest
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value for Zn, Pb, and Cu. That means the po-
tential danger of migration of these heavy me-
tals and their bioavailability. This is probably
connected to the type of soil in the mountai-
nous areas of the region. A pronounced in-
ter-element correlation of the HMs content in
soils (except for Hg) has been established and
the corresponding values of Pearson’s coeffi-
cients for the gross content are: Cu:Zn - 0,96;
Cu:Mn - (-0,84); Cu:Mo - 0,89; Cu:Co - 0,99;
Cu:Pb - 0,87; Zn:Mn - (-0,79); Zn:Mo - 0,91;
Zn:Co - 0,96; Zn:Pb - 0,86; Mn:Mo - (-0,86);
Mn:Co - (-0,84); Mn:Pb - (-0,75); Mo:Co -
0,87; Mo:Pb - 0,81; Co:Pb - 0,87. This makes it
possible to predict the content of several HMs
in the soils of the Transcarpathian region based
on the results of determining one of them. In
general, the content of HMs in the humus soil
horizon (total content and content of mobile
forms) is lower than the corresponding values
of maximum permissible concentrations.

K eyw o rds: soils; geochemical features;
gross content; acid-soluble form; migration
coefficient.
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