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The review is devoted to non-woven sorption-filtering materials (NSFM) widely used equip-
ment for gas cleaning from toxic gaseous and vaporous substances. The use of ion-exchange
fibrous materials (IFM) as NSFM and the peculiarities of their preparation and structure have
been analyzed. A lot of attention is paid to the mechanisms of chemisorption processes using
IFM and to the role of water in their successful implementation. Individual options and some
regularities of fibrous anionites, cationites, and polyampholytes interaction due to exchange
reactions, neutralization, reduction-oxidation, complexation and precipitation with gaseous
and vaporous substances are considered on specific examples.

Key words: ion-exchange fibers, chemisorption, toxic gases and vapors.

INTRODUCTION. Among the wide variety
of adsorbents used in devices for sanitary puri-
fication of air from gaseous toxicants, a special
place is occupied by nonwoven sorption-filter-
ing materials (NSFM). Due to the short time
to achieve sorption equilibrium in the case of
NSFM, the rate of sorption of harmful compo-
nents from gaseous media is several times high-
er than the rate of similar processes on granular
adsorbents, which allows to purify air using thin
layers of material. Due to the low resistance to air
flow, such materials are used to equip gas clean-
ing equipment, including respirators — personal
respiratory protective equipment (PRPE) from
toxic gases [1-18].

FEATURES OF STRUCTURE, METHODS
OF PRODUCTION AND APPLICATION OF
NSEM IN GAS PURIFICATION. One of the
kinds of NSFM is the so-called ion-exchange
fibrous materials (IFM), the fibers of which are
spatially crosslinked three-dimensional struc-
tures consisting of certain oriented macromo-
lecules containing chemically active functional
groups (3, 9, 14, 16]. By their nature, IFMs are
divided into cation-exchange resins (contain-
ing acid groups), anion-exchange resins (con-
taining basic groups) and ampholytes (con-
taining both acid and basic groups) [5-11, 14,
16, 18]. Now the main methods of obtaining
ion-exchange chemisorption fibers are:
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— graft copolymerization of chemically ac-
tive copolymer with finished fiber;

— polymeranalogical transformations in the
finished fiber;

— formation of fibers from copolymers con-
taining ionic groups.

For the synthesis of most ion-exchange fi-
brous materials are used: cellulose-viscose fiber
(VF), polyacrylonitrile (PAN), polycaproami-
de (PCA) and polypropylene (PP) fibers, etc.
[12-20].

In the post-Soviet space, the main produ-
cers of IFM are the Russian Federation and the
Republic of Belarus [14, 18]. Abroad, little at-
tention is paid to ion-exchange fibrous materi-
als, except for China, where CATALON mate-
rials are produced [18] (similar in properties to
the Belarusian PANION), and Japan - IONEX
[7,21]. In addition, the United States [6], Japan
[22, 23], South Korea [24], Iran [25], Uzbeki-

stan [15, 26], Ukraine [1, 3, 4, 8,9, 12, 27] and
others, develop methods for producing IFMs,
modifying them and study their physicoche-
mical properties.

The modification of PAN fibers is carried
out with ammonia, carbamide, phenylhydra-
zine, 1,1-dimethylhydrazine, mono-, di- and
triethanolamines, N,N-dimethylethanolamine,
diethylamine, triethylamine, ethylenediamine,
hexamethylenediamine, diethylenetriamine,
triethylenetetramine, aminoethylpiperazine
and some other compounds, and fibrous
chemisorbents containing -NH,, -NH- and
-C(NH,)=NH, functional groups and hav-
ing high parameters of sorption capacity and
chemical resistance are obtained [13-16, 26,
28, 29].

Characteristics of the main brands of
ion-exchange fibrous materials produced by
industry are given in Table 1.

Table 1
Gas-absorbing IFMs manufactured in industrial batches.
Ne  Chemical characteristic Trade Functional Static exchange  Reference
brand groups capacity, mg-eq/g

1 2 3 4 5 6
Weakly acidic cation-exchan- MION K-5 [30]

| ger based on the hydrated and FIBAN K-5 _COOH (14, 19]
saponified PAN fibers PANION-110 3-7 [30]

VION KN-1 5-7"7 (7]

Weakly acidic cation-exchang- (14, 16]

2 erbased on PP fibers and poly- FIBAN K-4 -COOH 5,0”
acrylic acid

3 Strongly acidic  cation-ex- FIBAN K-1 SOH 3,0 [14, 16,
changer based on PAN fibers  VION KS-2 3 0,8-1,0™ 19]
Weakly basic anion-exchan- VION AN-1 A 2-2,5" [7, 19, 31]
ger. Copolymer of PAN fibers II\I

4 and polymethylvinylpyridine \-
(PMVP) CH,

ISSN 2708-129X. Vkp. Xim. XypH., 2021
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Table 1
1 2 3 4 5 6
=~ | HO™
Nt O
XN
CH,
Polyfunctional anion-exchan- VION AS-1 e [7]
ger. Copolymer of PAN fib- T|~I
ers and PMVP alkylated with =
epichlorohydrin (ECH) CH,
5 2-2,5"
#™ HO 1,0-1,2
Nt O
ANl
CH,
Weakly basic cellulose anion- Z (4]
exchanger. Copolymer of VF |
6  and PMVP CM-A1l R 70 3
CH,
Strongly basic anion-exchang- -[N(CH,),]* 1,5-2.5" [30]
8 er based on PAN fibers PANION-320
-N(CH,), 0,8-1,5"
Strongly basic anion-exchang- -N*(CH,) “ [14, 16]
9 erbased on PAN fibers FIBAN A-1 w7 2,5-3,2
Amphoteric ionite based on -N(CH,), 4,2% [14, 16]
10 PAN fibers FIBAN A-5 =NH
-COOH 0,5%%*
Strongly basic anion-exchanger = N* 2,0% (14, 16]
11 based on PAN fibers FIBAN A-6 =NH 0,8*
Amphoteric ionite. Copolymer -COOH 3,5-7,0"
of PAN fibers, methyl acrylate =N~
12 and itaconic acid (followed by PANION-220  _\y 0,5-1,5 (30]
treatment with polyamines) -NH,
Amphoteric ionite. Copolymer FIBAN AK.22 —COOH 3,5-7,0" (14, 16]
13 of PAN fibers, methyl acrylate PANION-210 =NH 1,0-3,0 30
and itaconic acid (followed by VION AI\-I 3 _NH 0,5-1,5" [ 3 2]
treatment with polyamines) ) Bkl 1,5-7,0" [32]
Medium basic anion-exchanger =NH 4-5 [30]
14 based on PAN fibers PANION-310 -NH(CH,),

* Static exchange capacity, measured relative to 0.1N HCL; ** Static exchange capacity measured relative to 0.1N NaClL

*** Static exchange capacity, measured relative to 0.1N NaOH

https://ucj.org.ua
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The most wide use of IFMs was in the manu-
facture of replaceable gas mask elements
(RGME) for the equipment of lightweight
PRPE. High speed and efficiency of air purifi-
cation at insignificant aerodynamic resistance
in combination with physical and mechanical
structure of the IFM acceptable for “embed-

Light filtering gas and dust respirators equipped with IFM [33].

ding” RGME:s in the respirator mask space of
respirators allowed to create a light and com-
fortable gas-dust respirator type “Snowball”
(with 3-4 times smaller weight and 2-2.5 times
lower initial resistance to respiration compared
to the standard cartridge respirator RU-60M)
Table 2 3,9, 33].

Table 2

Name, type, class of respirator (compliance),
technical conditions for production

Protective function

“Snowball” FMA1P2
(DSTU EN 1827-2001)

“Snowball” FMB1P2
(DSTU EN 1827-2001)

“Snowball” FME1P2
(DSTU EN 1827-2001)

“Snowball” FMK1P2
(DSTU EN 1827-2001)

N7
TU U 33.1-01530125-

025 2009

“Snowball” FMTa32P2(I1I)
(DSTU EN 1827-2001)

Vapors of organic compounds with a boiling
point above 65 °C; aerodisperse particles

Chlorine, hydrogen sulfide, hydrogen cyanide;
aerodisperse particles

Acid gases and acid vapors; aerodisperse parti-
cles

Ammonia and vapors of nitrogen-containing
organic bases; aerodisperse particles

Acid gases and acid vapors, ammonia and va-
pors of nitrogen-containing organic bases,
ozone, vapors of organic compounds; aerodis-
perse particles

IFMs are also used to equip gas treatment
plants with a capacity of up to 100,000 m*/h.
for the capture of acidic (SO,, HE SiF,, HCI,
ClL, NO,) or basic (NH,) gases, as well as mists
of acids and other compounds; to make pro-
tective cavers, counteracting the ingress of
toxicants released from the surface of electro-
lysis baths [30, 34], in submerged arc welding
and the production of fused fluxes [9, 35], etc.
In this case, the 90-98% degree of purification
of gases is reached. Gases with a toxic impurity
content of 0.1 to 500 mg/m’ at a temperature
of +1 to +70 °C and a relative humidity of 30—
100% lend themselves to purification. The cost
of purification of 1000 m® of air from SO, to

MPC is an order of magnitude lower compared
to purification with granular sorbents [5, 36].
The use of IFMs for individual gas protec-
tion is not limited to the manufacture of RGME
respirators. They are also used for the manufac-
ture means of skin protection for workers em-
ployed in industries with particularly harmful
working conditions: air and moisture-proof
workwear with IFM is proof against toxic sub-
stances, and sufficient mechanical strength and
chemical resistance formed their ability for
multiple regeneration [6, 13-16, 18, 37-39].
CHEMISORPTION PROCESSES USING
IFMS. IFMs, as a special type of chemical rea-
gents, can enter into reactions of addition, de-

ISSN 2708-129X. Vkp. Xim. XypH., 2021
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composition or displacement, with the partici-
pation of ionic groups, with gases, vapors and
liquid aerosols [9, 13, 14, 17, 31, 40]. In this
case, the processes of metabolism, neutraliza-
tion, oxidation-reduction, complexation and
precipitation are possible not only on the sur-
face of the ionite fiber, but also in its entire
volume. In most cases, the interaction product
is chemically bound to the ionite. The absorp-
tion of gases is also partly due to their dissolu-
tion in water contained in the swellable ion-ex-
changer.

Stretching of the matrix during the swelling
of the IFM in water vapor promotes the rapid
penetration of sorbate gas molecules into the
ion-exchanger phase and the exit of reaction
products from it. Therefore, the presence of
moisture in the system not only does not poison
such sorbents (unlike activated carbon, zeolites,
silicagels, etc.), but also promotes gas and vapor
absorption. In some cases, water is one of the
components involved in the gas absorption re-
action. The high affinity of ion-exchangers for
water can be successfully used for the efficient
dehumidification of various gases and their
mixtures. With the help of IFM it is possible to
absorb gaseous and vaporous substances not
only of acidic (SO,, SO,, HCI, HE Cl,, HNO,,
H_SO,, H,S, CH,COOH) or basic (NH,, organic
amines), but also neutral gases (O,, Hg), vapors
and aerosols [2-17, 19, 32, 35-38, 41, 42].

Below, on specific examples of greatest in-
terest for practice, some options and some pat-
terns of interaction of IFM with gaseous sys-
tems of different nature are considered.

CHEMISORPTION OF ACID GASEOUS
SUBSTANCES. The gases, vapors and aerosols
with acid properties are the most numerous
objects of chemisorption on IFMs. Their ab-
sorption in most cases is carried out by reac-

https://ucj.org.ua

tions of neutralization of the hydroxyl or car-
bonate form of strongly basic anion-exchange
resins or formation of “ammonium” salts with
primary, secondary or tertiary amino groups
of weakly basic IFMs. The mechanisms of the
processes that take place in this case are not
the same for all chemisorbed substances and
are sometimes quite complex.

SORPTION OF ANHYDRIDES OF OXY-
GEN-CONTAINING ACIDS. Of the gases that
are anhydrides of oxygen-containing acids,
oxides of sulfur (IV), carbon (IV) and nitro-
gen (IV), as well as mists of the correspond-
ing acids are of most practical interests. Oxides
of sulfur (IV) and carbon (IV) are effectively
absorbed by hydroxyl [2, 11, 13, 14, 41] and
chloride [11] forms of strongly basic fibrous
anion-exchangers. This process is greatly facili-
tated by the presence of water in the gas phase.
At the beginning of the process the following
reactions occur:

2[RRR’R”N]OH + SO, -

b » > (1)
- [RRR’R”N] SO, + H,0,

2[RRR’R”N]OH + CO, -

— [RRR’R”N],CO,+ H,0,
where R - the matrix of the anion-exchange
resin; R, R” and R™ are a hydrocarbon radical
or other radical.

The separated water causes the possibility of
further absorption of gases due to the transi-
tion of the anion-exchange resin into the form
of an acidic anion of the corresponding acid:

()

[RRR’R”N],SO,+H,0 + SO,

S (3)
< 2[RRR’R”NJHSO,,
[RRR’R”N].CO,+ H,0 + SO,
N 2 3 2 2 (4)
<2[RRR’R”NJHCO..
7
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The reactions of the above type are rever-
sible. When heated, the middle form is formed
again with the release of water and the corre-
sponding anhydride. It should be noted that
the thermal removal of chemisorbed sul-
fur (IV) oxide from anion-exchangers is not
always possible due to the fact that in the phase
of strongly basic anion-exchangers, absorbed
SO, is extremely rapidly oxidized by oxygen of
the purified air stream [13, 43].

It is also possible to absorb sulfur (IV) oxi-
de by the carbonate or hydrocarbonate form
of strongly basic anion-exchangers by reac-
tion (5) with subsequent binding of SO, by re-
action (4) [2, 13, 43]:

[RRR’R”N] CO, + SO, -
— [RRR’R”N],SO, + CO,
According to reactions similar to those dis-
cussed above, the absorption of mists of sul-

furic and other acids with strongly basic ani-
on-exchangers is carried out [2, 3, 9]:

(5)

2[RRR’R”N]OH + H SO, -

(6)
- [RRR’R”N],SO, + 2H,0,
[RRR’R”N],SO, + H SO, - &
- 2[RRR’R”NJHSO,.
RRR’N+nH,0 ” [RRR'NH]*+ (g

+OH" + (n-1)H,0,
(n-1)H,0 + SO, — SO,H,0 + (n-2)H,0, (9)

(n-2)H,O + 2[RRR"NH]* + 20H™ +

10
+S0,H,0 — [RRR'NH] SO, + nH,0, (1o
[RRR'NH] SO, + SO, H,0 —= |\

nH,0

—= 2[RRR’NH]HSO,,

2[RRR°NH]HSO, > [RRR’NH]S 0, + (12)

+nH,O.

As follows from equations (1), (3), (8) -
(12), water is not only a reaction medium in
which mass transfer and chemisorption pro-
cesses take place, but also an essential partici-
pant in these processes, which is confirmed by
data [45]. We found something similar in the
study of SO, capture by impregnated fibrous
chemisorbents (IFCS) under static and dy-
namic conditions [46, 47].

For granular macroporous anion-exchang-
ers with different functional groups, the che-
misorption capacity of sulfur (IV) oxide varies
in the following sequence:

RNH(CH,),NH, > RNH(CH,) NH, >
> RNH(CH,),0OH > RNH,,

which the author of [48] attributes to the basici-
ty of functional groups. In this case, the ther-
mal regeneration of the anion-exchange resin
RNH (CH,),NH, is difficult, and in the case of
RNH(CH,),0OH, a weaker bond is formed un-
der interacting with SO,, which provides ease
of thermal regeneration for practice. In our
opinion, this is due to the formation of sulfite
compounds by the interaction of SO, with an
anion-exchanger based on monoethanolamine
(MEA), while for anion-exchange resin based
on ethylenediamine (EDA) thermally and hyd-
rolytically stable sulfates are formed [44, 49].
EDA-based fibrous anion-exchange resin has
a lower sorption capacity for SO, compared to
N,N-dimethylpropylenediamine =~ (DMPDA)-
based anion-exchange resin [29, 50], although
EDA (pK , = 7.49; pK , = 10.17 [51]) is more
basic than DMPDA (pK = 7.67; pK , = 9.91
[52]). The authors of [29, 50] based only on

ISSN 2708-129X. Vkp. Xim. XypH., 2021
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quantum chemical calculations conclude that
the processes of SO,-nH, O ionization and sulf-
oxidation on the surface of PAN-EDA fibers
are unlikely. This contradicts the experimental
data from the study of interaction products in
the systems SO, - Am - H O and SO, - Am -
H,0 - O, [44, 49]. In addition, nothing is said
about the effect of the PAN matrix on the
chemisorption of sulfur (IV) oxide by fibrous
anion-exchangers [29, 50]. Obviously, the par-
ticipation of the primary and secondary ami-
no groups of EDA in the formation of strong
N-HeeeO=C hydrogen bonds creates a steric
hindrance to their further protonation, which
contributes to the above [29, 50].

The sorption capacity and the efficiency of
absorption of sulfur (IV) oxide from the air
are impacted by several factors of different
directions [32]. With increasing content of
quaternary amino groups, i.e. with increasing
basicity of functional groups, anion-exchange
resins containing tertiary amino groups are
able to operate in the lower range of relative
humidity of the gas stream. At the same time,
the low dynamic capacity of strongly basic fi-
brous anion-exchangers limits the possibility
of their use in fine air filters, where periodic
regeneration of sorbents during operation is
not provided. The absorption of SO, from the
air is carried out in the presence of two or more
water molecules near the amino group of the
anion-exchanger. Moreover, for each ion-ex-
changer there is an optimal range of relative air
humidity, within which its dynamic activity for
sulfur oxide is a maximum.

As the content of cation-exchange groups in
the ion-exchanger increases, the sorption efhi-
ciency of SO, decreases, and for polyampho-
lites, the sorption capacity may not be realized
at all. The sorption capacity of anion-exchange

https://ucj.org.ua

resins with tertiary groups increases both with
an increase in their total anion-exchange ca-
pacity and with a change in the nature of func-
tional groups, in particular, with the presence
of additional secondary amino groups in their
composition.

Nitrogen oxides are also almost complete-
ly absorbed by the hydroxyl form of strongly
basic anion-exchangers via the stage of their
dissolution in water [9, 11, 13, 40, 53]:

2NO, + H,O - HNO, + HNO,, (13)

NO,+ NO + H,0 - 2HNO,,. (14)

The formed nitric or nitrous acids are ab-
sorbed by a strongly basic anion-exchanger by
neutralization reactions:

[RRR’R”N]OH + HNO, -

1
— [RRR’R”NINO, + H,0, (15)

[RRR’R”N]OH + HNO, -

- [RRR’R”NINO, + H,0.

The good kinetics characteristics of strong-

ly basic anion-exchangers cause a fairly rapid

course of the process with nitrous acid having
no time to decompose by the reaction:

(16)

3HNO, » HNO,+2NO +HO. (17

The above reaction partially occurs when
using weakly basic anion-exchangers due to
the relatively low rates of their neutralization.
This is evidenced by the presence in the gas
leaving the filter with an anion-exchanger, of
one mole of nitric(II) oxide for every three
moles of NO,.

In addition to strongly basic and weakly ba-
sic anion-exchangers, weakly acidic cation-ex-
change resins in salt form and polyampholites
can be used for the absorption of acid gases [9,
14, 40]. For example, oxides of carbon (IV) and
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sulfur (IV) in the presence of moisture can be
absorbed by the sodium or ammonium form
of carboxyl cation-exchange resin according to
the schemes:

R-COONa + CO,+H,0
<R-COOH + NaHCO,,

R-COONH, + SO, + H,0 19)
< R-COOH + NH,HSO.,.

SORPTION OF HYDROGEN HALIDES.
Fibrous anion-exchangers very efficiently ab-
sorb mists of hydrohalic acids by neutralizing
the latter with hydroxyl, carbonate or hydro-
carbonate forms of strongly basic anion-ex-
changers (reactions 20-23) and primary, sec-
ondary or tertiary amino groups of weakly ba-
sic anionites (reaction 24) [3, 4, 7, 13, 54-56].
The absorption process largely depends on the
presence of moisture in the system, as water is
a direct participant in the interaction of HCl
with the functional groups of fibrous anion-ex-
change resins [13, 56]. When absorbing hydro-
gen chloride, the following reactions occur:

[RRR’R”N]OH + HCl—*°—

(18)

nH,O ST T (20)
—"22— [RRR’R’N]CI + H,0;
[RRR’R”N] CO, + 2HCl—"*—
—° 5 J2[RRR’R”NH]Cl+ (21)
+ HZO + COz;
[RRR’R”NJHCO, + HCl—""—
—2O 5 [RRR’R’NH]CI (23)
+ HZO + COZ;
RR)R”N + HCI nH,0
nH,O0 Py (24)
—=2 [RRR’NH]CL
[RRR’NH]Cl + nHCl —"°—
nH,O (25)

—0 5 [RRR’NH]Cl-nHCL

10

Processes (20) - (24) correspond to the stoi-
chiometric addition of HCI to the main func-
tional groups of ionite by the neutralization
reaction. The amount of HCI absorbed by this
mechanism may be less than or equal to the
exchange capacity of the ion-exchanger; it de-
pends on the basicity of the ionite, the concen-
tration of HCl in the air and relative humidity
[13, 56]. HCI sorbed by equation (25) can be
defined as “overequivalent”. However, a clear
distinction can be made between equivalent
and overequivalent HCl only for strongly basic
groups.

The mechanism of sorption of hydrogen
fluoride by strongly basic anion-exchangers
with nitrogen of the quaternary ammonium
base can be described in the following stages
[54, 55, 57-59]:

1. Dissolution of HF in water in the anion-

exchanger phase:
H>O

HF =~

gas <

HE_, (26)

2. Dissociation and aquacomplexation of
HF in solution:

HE O H +F;
HF  +H'+ F C HF2 +H".

(27)
(28)

3. Exchange sorption of fluoride-difluoride
ions by anion-exchange resin in OH form:
[RRR’R”N]JOH + HF

2[RRR'R’NJE+H0;  (29)

[RRR’R”N]OH + HF; + H*
< [RRR'R”N](HF) + HO. (30)
4. Sorption of additional HF due to com-
plexation with nitrogen of the quaternary am-

monium base or the formation of solvate shells
around exchange sorbed HF;:
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[RRR’R”N](HF,) + (n-1)HF <
<, [RRR’R”N][F(HF) ], were n=1-3. (31)

On the example of a weakly basic ani-
on-exchange resin, it was found that the total
amount of absorbed HF consists of exchange-
and non-exchange-sorbed hydrogen fluoride.
The amount of HF sorbed by the ionite by the
reaction:

R-NH, + HF — [R-NH; JF~,  (32)
practically does not depend on its concen-
tration in the gas-air mixture (AM) and is
0.7-0.8 mmol/g. In addition, there is an invari-
ant (equivalent) absorption of HF:

[R-NH; ]F"+iHF — [R-NH; ][F(HF); ], (33)

wherei=1,2, 3.

The amount of non-exchange HF is pro-
portional to its concentration in the GAM
and is 1.3-3.5 mmol/g. Such absorption of
HF is associated with the possibility of sol-
vation of amino groups and counterions of
ion-exchanger by HF molecules [57, 58]. This
displaces water molecules and resolvates the
functional groups, so that there is an osmotic
swelling of the ionite in HF as in a highly polar
solvent. The amount of moisture in the GAM is
markedly manifested only at very low values of
relative humidity (<10%), which is also due to
the high solvating ability of HE Like water, ex-
change- and non-exchanged sorbed hydrogen
fluoride in this case plays the role of a diffusion
medium.

However, on HF - Am - H,O model sys-
tems, the authors of [60] showed that the in-
teraction with highly basic amines (pK > 8)
takes place mainly by the Bransted type with
complete neutralization of hydrogen fluo-
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ride and formation of monohydrofluorides
[AmH]'F- as end products, which corresponds
to reactions (29) and (32); interaction with me-
dium-strength monoamines (pK  <7) at con-
centrations exceeding the stoichiometric ratios
of the reacting components relative to HF is ac-
companied by the formation of polyhydrofluo-
rides of the total composition [AmH]*[H,_F, |-,
similar to reactions (30), (31) and (33).
Obviously, the difference in the behavior of
strongly basic anion-exchangers [2] from high-
ly basic monoamines [60] is due to the matrix
effect of ion-exchange materials. The possibi-
lity of using carboxyl fibrous cationites for the
sorption of hydrogen fluoride is based on the
splitting reactions of salt forms of these cati-
ons as salts of weak acids (pK_~ 6) by stronger
acids formed by dissolving gases in “swelling”
water [40]:
R-COONa + HF —2—

— M0 5 R-COOH + NaE. (34)

As can be seen from equation (29), when
HF is captured by cationtes in the Na-form,
salts of the corresponding acids are formed and
accumulate in the ion-exchanger phase and ul-
timately in the interfiber space of RGMEs with
IFMs. To prevent their entrainment and entry
into the respiratory system, it is necessary to
shield the RGME with a layer of dust-collecting
material, which leads to an increase in material
and labor intensity, deterioration of economic
and ergonomic characteristics of products.

The latter occurs due to increased respira-
tory resistance of PRPE. In the case of HF, the
situation is not changed even by the fact that
during the formation of NaF the time of pro-
tective action of RGME increases due to the
interaction of NaF and HF with the formation
of NaHF, hydrofluoride. Therefore, the use
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of cation-exchangers for the sorption of acid
gases, including HF, is undesirable.

SORPTION OF SILICON TETRAFLUO-
RIDE. In case of sorption of SiF, with strongly
basic fibrous anionites, the following mecha-
nism can be proposed [2, 13, 35, 59, 61]:

1. Dissolution of SiF,, hydrolysis and com-
plexation in the moisture of anion-exchanger
according to the equation:
5SiF, + (m+6)H,0 — H SiF_ + (35)

+ 2H[SiF,-H,0]+ SiF,2H,0 + SiO -mH,0,
H,SiF, —™% 2H' + SiF, . (36)

2. Exchange sorption of SiFG2 “and SiF,-H,O

— by ionite in the hydroxyl form:

2[RRR’R”N]JOH + 2H*+ SiF™ —
— [RRR’R”N] (SiF)) + 2H,0, (37)

[RRR’R”NJOH + H' + SiF -H,0 —

— [RRR’R’N](SiF,) + 2H.O.  (38)

In addition, the processes of hydrolytic de-
composition of hexafluorosilicate anions in
the anion-exchange phase should not be ne-
glected [35, 62]. Dried IFM practically does
not sorb SiF, from dehydrated GAM [59].
When sorbing SiF, with weakly basic fibrous
anion-exchange resins [2, 59, 61], the follow-
ing mechanism can be proposed, which in-
cludes reactions (35), (36) and the following
stage:
2[RRR’NH]* + SiF

nH,0

nH,0
—

[RRR’NH] SiF; (39)

SORPTION OF HYDROCYANIC ACID.
With strongly basic anion-exchange resins in
the OH form, hydrocyanic acid vapors interact
by the usual neutralization reaction [40, 63]:
[RRR’R”N]OH + HCN -

— [RRR’R”N]CN + H,O. (40)
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In the case of weakly basic anion-exchang-
ers, the process is accompanied by the hydro-
lysis of the cyanide form with the formation of
oxyamine:

RRR’N + HCN - [RRR’N]CNH,

[RRR’N]CNH + H,0 -
— RRR’N-C(O)NH,. (42)

SORPTION OF HYDROGEN SULFIDE.
The sorption of hydrogen sulfide on anion-ex-
change resins in the OH-form follows the
mechanism of the usual neutralization reac-
tion [17]. The sulfide form thus formed can
additionally absorb an equimolar amount of
H_S [40, 64]:

2[RRR’R”N]JOH + H.S -

(41)

- [RRR’R”N] S +2H,0,  (43)
[RRR'R”N] S + H S -
= 2[RRR’R”N|(HS).  (44)

Weakly basic anion-exchangers under dy-
namic conditions practically do not absorb hyd-
rogen sulfide, because its aqueous solution is a
too weak acid (pK  =7.02, pK , =12.20 + 15.00
at 25 °C [65]), so only strongly basic anion-ex-
changers are used. Hydrogen sulfide also be
sorbed with strongly basic and weakly basic
cation-exchangers in salt form with 3d metals
(for example, Cu?**, Ni**, Co**, Cd*, Zn*") [66],
forming with it sparingly soluble sulfides, firm-
ly held by the spatial matrix of chemisorbent:

[R-COO],Me + H,S -

— 2R-COOH + MeS!l. (45)

However, the sorption capacity of cati-
on-exchange resins in salt forms is much lower
than that of anion-exchangers under similar
conditions. The formation of sediment in the
ion-exchanger phase causes the blocking of ac-
tive groups, sharply reducing the kinetic cha-
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racteristics of the process, as well as complicat-
ing regeneration.

Non-woven materials based on anionite
or polyampholyte fibers and Fe(III)-EDTA or
Mn(III)-EDTA complexes capture HS [13,
17, 67-69]. Hydrogen sulfide absorbed by the
liquid phase exists in the molecular and ionic
forms, and during catalytic oxidation, changes
into elemental sulfur:

[RRR’R”N]JOH + H,S -

[RRR’R”N]* + HS + H,O (46)
2[Fe(EDTA)]" + H,S—> S+ 2H" +

+ 2[Fe(EDTA)]*>, (47)

[Fe(EDTA)]- + HS - S + H* + [Fe(EDTA)]*.

(48)

In parallel, the oxidative regeneration of the
catalyst takes place:

[Fe(EDTA)]* + O, +2H,0 -
— [Fe(EDTA)]" + 40H". (49)

SORPTION OF PHENOLS. Phenol is well
absorbed from gas mixtures by the hydroxyl
form of strongly basic anion-exchangers [30,
40]. The sorption of phenols on ion-exchan-
gers is inverted. Desorption is carried out by
raising the temperature or treatment with or-
ganic solvents.

[RRR’R”N]JOH + C,H.OH -
- [RRR'R”NJ(OC.H,) + H,O (50)

SORPTION OF HALOGENS. The absorp-
tion of molecular chlorine by strongly and
weakly basic anion-exchangers proceeds
through the successive stage of its dissolution
and disproportionation in water of swelling of
IFM [7, 9, 13, 16, 41]:

Cl2 +H,0 - HCI + HOC],
3HOCI - 2HCI + HCIO,,

(51)
(52)
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and then through the sorption of hydrochloric
and hypochlorous acids by substitution reac-
tions on the amino groups of the ion-exchanger.

[RRR’R”N],CO, + 2HCl —=—
—=25 2[RRR’R”N]Cl + H,0 + CO, (53)

[RRR"R"N],CO, + 2HCIO, —="—
—252[RRR'R"N](CIO,) + H,0 + CO, (54)

When halogens (chlorine, bromine and
iodine) are absorbed by strongly basic ani-
on-exchangers, a high specific capacity is also
achieved by the direct use of the halide forms
of the anion-exchanger of the same name.
Sorption occurs due to the binding of halogens
by all elements of the structure of the ion-ex-
changer: counterions, amino groups and the
hydrocarbon matrix. With halide counterions,
a complex polyhalide anion with a coordina-
tion number n of up to 4 is formed.

[RRR’R”N]I + nBr, -
- [RRR’R”N][I(Br,) ]. (55)

The formation of polyhalide complexes of the
type [CI(L) ]~ [CI(Br,) |-, [Br(L) |-, etc. is
also possible

SORPTION OF PHOSGENE. Upon interac-
tion with the hydroxyl form of the anion-ex-
change resin, phosgene is absorbed as anhy-
dride of hydrochloric and carbonic acids [40]:

A[RRR’R”N]OH + COCI, -
- 2[RRR’R”N]CI +
+ [RRR’R”N] CO, + 2H,0  (56)
Presumably, the process proceeds in several
stages: hydrolysis of sorbate (55); absorption of
the formed acids by OH anion-exchanger (56),

(57) and decomposition of its carbonate form
(58, 1.59):
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COCL, +2H,0 - 2HCI + H,CO,, (57)
2RRR"'R"N+OH" + 2HCI] =
— 2 RRR'R"NCl + 2H.O, (58)

2RRR'R"N+OH+ H CO, -
— (RRR'R"N),CO, + 2H,0, (59)

(RRR'R"N),CO, + HCl =
— RRR"R"NCl + RRR'R"NHCO,, (60)

RR'R"R"NHCO, + HCI -
— RRR'R"NCl + HO + CO,. (61)

CHEMISORPTION OF NEUTRAL GASE-
OUS SUBSTANCES

SORPTION OF MERCAPTANS. Strongly
basic anion-exchange resins in the OH form
absorb mercaptans from various gas streams
relatively well. For example, the sorption of
thiophenol on a strongly basic anion-exchange
resin follows the equation [30, 40]:

[RRR’R”N]OH + CH_SH -
- [RRR’R”N](SH.C,) + H,O. (62)

The catalytic decomposition of perchloro-
methylmercaptan takes place during it absorb-
tion:

A[RRR’R”N]OH + CCLSCl -
— 4[RRR’R”N]Cl + S + 2H,0 + CO,. (63)

From gaseous hydrocarbon streams, mer-
captans can be removed by molecular sorp-
tion on strongly basic anion-exchangers, from
which the sorbed mercaptans are easily eluted
with an excess of dilute alkali solution. On ca-
tion-exchange resins in the form of heavy me-
tal ions (copper, silver) mercaptans are sorbed
with the formation of mercaptides and easily
eluted with alkali solutions.

SORPTION OF CARBON DISULFIDE. The
absorption of carbon disulfide by anion-ex-
changers is based on its ability to exhibit the

14

properties of thioanhydride and to easily react

with bases. The products of this interaction are

xanthates of different types [40, 70]:
RNH, + CS, » RNH-CS H,

RR'NH + CS, - RRN-CS H.

(64)
(65)

The sorption effect does not depend on the
basicity of the anion, but increases with increa-
sing carbon disulfide concentration and tem-
perature (by approximately 50% at 40 °C). The
obtained xanthates are unstable compounds
and decompose easily under the action of acid
and at elevated temperatures. Anion-exchan-
gers in the hydrosulfide form are able to absorb
carbon disulfide with the formation of trithio-
carbonate by the reaction:

[RRR’R”N](HS) + CS, >
— [RRR’R”N](HCS,). (66)

SORPTION OF OZONE. The high oxidizing
properties of ozone allow it to be efficiently de-
composed on anion-exchangers in the form of
the corresponding reducing ions. The possibili-
ty of formation of undesirable toxic volatile pro-
ducts under the action of ozone must be taken
into account when choosing ion-exchangers
and their ionic forms for the decomposition of
O,. In principle, ozone can decompose on ani-
on-exchangers in the form of any reducing ions.
For example, anion-exchange resins in iodi-
de form quantitatively decompose O, with the
release of an equimolar amount of free iodine,
firmly held by the ion-exchanger phase [13, 40]:

2[RRR’R”N]I+ O, + HO -
— ([RRR'R’NJOH) L + O,. (67)
The reaction occurs with the absorption of
water, which slightly complicates the deozo-

nation of dry or slightly wet gas streams. The
most effective is the process of deozonation
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using the hydrazinium form of strongly acid
cation-exchangers, decomposing O, with the
formation of non-toxic products [13]:

[R-SO,](N,H,) + 20, -
—R-SOH +2H,0 + N, +20,. (68)

The release of water has a positive effect
when there is a lack of moisture in the system.
It is four times more effective than anion-ex-
changers in iodide form in terms of deozon-
ing ability per one equivalent of the exchange
capacity of cation-exchanger in hydrazine
form. Compared with the latter, a number of
other ionic forms are more effective (for ex-
ample [RRR'R”N]JHS, [RRR’R”N]JHSO,,
[RRR’R”N]S,0,, [RRR’R”NJHC,0,) [40].

SORPTION OF MERCURY. The reducing
property of mercury is used to absorb its va-
pors or aerosols on the ionites in the form of
the corresponding oxidizing ions [13, 40, 71].
For example, iodinated strongly basic ani-
on-exchangers (their halide forms saturated
with free iodine) absorb from 10 to 40% of the
initial mass of the chemisorbat as mercury, de-
pending on its iodine content:

2[RRR’R”NJ*[I(L,) |~ + nHg —
- [RRR’R”N]I + (Hgl) {. (69)

The formed precipitate of Hgl, is very firmly
held in the anion-exchanger phase. Due
to the sharp color contrast and the linear-
color dependence of the original anion-
exchanger and its spent zone, this reaction is
successfully used for the building of calibration
curve in determination of mercury in air.
To absorb vapors and aerosols of mercury
disproportionation reaction on strongly
acid cation-exchange resins in the form of
mercury(I) can be used:
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[R-SO, ] Hg + Hg — 2[R-SO,|Hg.  (70)

Mercury vapors and aerosols can be ab-
sorbed on strongly by acid cation-exchangers
in silver form. The fine-grained metallic silver
formed in the ion-exchanger phase additio-
nally absorbs a significant amount of mercury
due to the formation of amalgams, and the ca-
tion-exchanger acquires a characteristic mir-
ror luster. The process occurs by the reactions:

2[R-SO,]Ag+ Hg > [R-SO,] Hg + 2Ag, (71)

nAg + mHg —» Ag Hg . (72)

Vaporous of mercury can be removed from
flue gases or air by chelation with ion-exchange
fibers dispersed with MnO, nanoparticles [17].
The removal process involves the oxidation
Hg’ — Hg?* followed by selective binding on
fibers containing iminodiacetate functional
groups, according to the reactions:

Hg’ + MnO, + 4H" —
— Hg** + Mn** + 2H 0O, (73)

4[R-NCH,COO]Na + Hg** + Mn** —
— [R-NCH,COO] Hg +
+ [R-NCH,COO] Mn + 4Na* (74)

CHEMISORPTION OF GASEOUS SUB-
STANCES OF BASIC NATURE. Of the gase-
ous substances of alkali nature, are absorbed
by IFMs, of great practical interest is ammonia
and other nitrogen-containing bases (aliphat-
ic and aromatic amines), as well as aerosols of
caustic alkalis. To absorb them, one can use
neutralization reactions on H-cation exchange
resins, complexation on cation-exchange re-
sins in metal forms, as well as exchange
(substitution) reactions on weakly basic anion
exchange resins in salt form.
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SORPTION OF AMMONIA. For the absorp-
tion of ammonia, one can use the H-form and
some metal forms of strongly acid and weakly
acid cation-exchangers, as well as salt forms of
weakly basic anion-exchangers. The absorption
efficiency depends on the presence of moisture
in the ionite or gas. In dry cation-exchanger, the
direct addition of ammonia by hydrogen forms
of strongly acid and weakly acid cation-ex-
changers by reactions [9, 13, 72, 73]:

R-SO,H+ NH, - [R-SO,]NH,, (75)

R-COOH + NH, — [R-COOJNH,.  (76)

is extremely complicated. When sorbing
ammonia by fibrous sulfonic cation-exchanger,
the decrease in sorption occurs at the relative
humidity P/P, <0.07; within P/P_= 0.07-1.0,
the moisture content has practically no effect
on the equilibrium state or the interaction ki-
netics [73]. We found something similar in
the capture of NH, by IFCs based on complex
compounds of 3d metals [74, 75]. That is, wa-
ter is necessary not only to improve the kinetic
characteristics of the process, but also is one of
the components involved in the reaction that
proceeds by the ionic mechanism:

NH, + H,O 2 NH,OH ? NH + OH~, (77)

[R-SO,JH+NH4 + OH" 7

Z[R-SO,INH, + H,O, (78)
R-COOH+ NH, + OH ?
2[R-COOINH,+ HO. (79)

The absorption efficiency of NH, can be sig-
nificantly increased by using cation-exchange
resins in the form of salts of 3d metals (Cu?,
Co**, Cd**, Zn? ¥, Ni**), which are complexing
agents for ammonia [13, 40].
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[R-COO],Co + nNH, -

— [R-COO],[Co(NH,) ] (80)
[R-SO,],Cu + nNH, -
- [R-SO,],[Cu(NH,) ]  (81)

where n = 1-4. The sorption of ammonia by
various ionic forms of sulfonic cation-exchan-
ger increases in this order: Na* < H* < Zn** <
Cu?** < Co*"[13].

The absorption of ammonia by salt forms of
anion-exchangers is also possible, for example,
the interaction of ammonia with the sulfate
form of the strongly basic anion-exchange re-
sin follows the equation:

[RRR’R”N].SO, + 2NH, + 2H O -

- 2[RRR’R”N]JOH + (NH,) SO,.  (82)

The reaction also requires water in the ioni-
te or gas stream.

SORPTION OF AMINES. The processes of
interaction of aliphatic and aromatic amines
with cation-exchangers [76-78] due to their
chemical similarity to ammonia are similar to
those described above. For example, on strong-
ly acid cation-exchangers the chemisorption of
aliphatic and aromatic amines is carried out by
fixing them on exchange centers by the reac-
tion:

R-SO,H + RR’R”N -
~ [R-SO,][RR’R”NH]. (83)

where R’ is a hydrocarbon radical; R” and R”
are H or a hydrocarbon radical. In the case
of C,HNH, and (C,H,),NH, in contrast to
(C,H,),N, the protective properties of strongly
acidic fibrous cation-exchanger do not depend
on the moisture content [76]. The sorption
of (C,H,),NH and (C,H,),N from the GAM
with carboxylic fibrous cation-exchanger
depends on humidity, which is due to kinetic
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and diffusion barriers to the interaction of
incompletely swollen cation-exchanger with
amines [76]. Strong acid and weak acid cations
in the form of salts of d metals (Cu®*, Co® *,
Cd**, Ni* *) can be used for the chemisorption
of amines [40].

The process, as in the absorption of ammo-
nia, is a complexation reaction, in which amine
plays the role of a ligand:

[R-SO,],-Me + nRNH, -
~ [R-S0,],-Me(R'NH,) ,

[R-COO],-Me + nRNH, -
- [R-COO] -Me(RNH,) . (85)

SORPTION OF HYDRAZINE. Among ni-
trogen hydrogens, hydrazine and its symmet-
ric or asymmetric alkyl- and aryl-substituted
derivatives occupy a special place in the ab-
sorption with ion-exchange chemisorbents.
The tendency to complex formation and the
properties of weak bases, peculiarly in aque-
ous solutions, allows chemisorption of these
compounds from the gas phase, like amines,
on metal forms of cation-exchangers and salt
forms weakly basic anion-exchangers. The easy
oxidation of hydrazine is the basis for the de-
composition of its vapors on anion-exchange
resins containing free iodine. The process
is reduced to the oxidation of hydrazine by
iodine [40]:

(84)

2L+ NJH, » 4HI + N.. (86)

CONCLUSIONS. Non-woven ion-exchange
fibrous materials, having several advantages
over granular adsorbents, are widely used to
equip gas cleaning equipment for removing to-
xic gases and vapors. The literature describes the
chemisorption of fibrous ion-exchangers SO,,
NO, HCl, HE, SiF, NH,, and NR H, (R -
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C,H;n =1+ 3), which allows the a priori choice
of IFMs in the capture of these toxicants.

The chemisorption of gases, vapors, and
aerosols of acidic nature is carried out by re-
actions of neutralization of hydroxyl or car-
bonate form of strongly basic anion-exchang-
ers or formation of “ammonium” salts with
primary, secondary, or tertiary amino groups
of weakly basic IFMs. Low-acid cation-ex-
changers in salt form could be used for ab-
sorbing acid gases. Chemisorption of gaseous
ammonia, aliphatic and aromatic amines, as
well as aerosols of caustic alkalis, occurs on
cation-exchangers in H- and metal forms, as
well as anion-exchangers in salt form. The
peculiarity of chemisorption of gaseous sub-
stances with acidic and alkaline properties by
fibrous IFMs is the neediness of water to im-
prove the kinetic characteristics of processes,
and water direct participation in the reactions
that occur by the ionic mechanism.
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Ornax TmpucBAYEHO aHali3y 0co6mmMBOC-
Teil (YHKI[iOHYBaHHS HETKaHUX COpOLiil-
Ho-Oinprpyrounx Matepianis (HCOM), ski
IIMPOKO BUKOPUCTOBYIOTb /I CIOPAJKEHHA
ra3oouMIIyBaJbHOTO YCTAaTKyBaHHsA, 30KpeMa
pecnipaTopiB — 3aco6iB iHAMBigya/nbHOTO 3a-
XVUCTY OpraHiB AVXaHHA BiJi TOKCMYHUX Ta30-
Ta MaponofibHnx peyoByH. [IpoaHanizoBaHo
Bukopucranuss HCOM, sokpema ioHOOOMiH-
HUX BOMOKHMCTUX MaTepianiB (IBM), ocobnm-
BOCTi IXHBOTO OTpMMaHH: Ta Oy0BY; HaBefie-
HO JIaHi II07J0 BUPOOHNMKIB TaKMX MaTepiaiB.
Benuky yBary npusiiieHo MeXaHisMaM IIpolie-
ciB xeMocop6uii npu Bukopucranui IBM rta
poni BoAM B IXHBOMY YCIIIIHOMY 3[iJICHEH-
Hi. Ha KOHKpeTHUX NpUKIafax, 0 ABIAITb
HaOiIbIINIT iHTepeC [/Is MPaKTUKU, PO3IIIS-
HYTO OKpeMi BapiaHTH i leAKi 3aKOHOMipHOCTI
B3a€EMO/Iil BOTOKHUCTUX aHIOHITiB, KaTiOHITiB
Ta 1oiaMosIiTiB 3a paXyHOK peakiliit oOmi-
HY, HeMTpali3allil, OKUC/IEHHA — BiTHOB/IEHHS,
KOMIIZIEKCOYyTBOPEHHA 1 OCa/PKEHHA 3 Ta3o-
Ta MAapONOAiOHMMM pedoBMHAMM. JleTanbHO
OIJICAaHO XeMOCOpOLil0 iOHOTeHHMMU TIpy-
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mamy IBM TOKCMKaHTIB KMUCIOTHOI (OKCUIIiB
cipku (IV), Byrento (IV), asoty (IV), Terpa-
dTOpPUAY KpeMHiI0, XJIOPUCTOTO BOLHIO, (TO-
PUCTOTO BOJIHIO, TeTpPaQTOpMUAy KpeMHio,
CUHWIbHOI KNUC/IOTH, CiPKOBOJHIO, (beHoniB,
rajloreHiB, ocreHy), OCHOBHOI (amiaky, pi3-
HOMAaHITHMX aMiHIB Ta TifipasuHiB) npupony,
a TAaKOXX HEMTPa/JbHMX CIIONYK (MepKaINTaHiB,
CIpKOBYTJIEI[I0, 030HY Ta PTYTi).

[TornmuaHHA rasiB, BUIIAPIB Ta aepO30IIiB
KJC/IOTHOTO XapaKTepy 3JiJICHIOETbCA 3a pe-
aKiisMu HeiTpanmizauii TiZpoKcMabHOI abo
KapOOHaTHOI GOPMMU CHUIBHOOCHOBHUX aHioO-
HITiB 200 yTBOpEHHS «aMOHIIOBUX» COJell 3
HNEepPBVHHUMY, BTOPUHHVMM 200 TPETUHHVMU
amiHorpynamm crmabkoocHoBHux IBM. Kpim
CUIBHOOCHOBHMX i CTaOKOOCHOBHMX aHiOHi-
TiB /I IOIJIMHAHHA KUC/INX Ta3iB MOXKHA BU-
KOPMCTOBYBATM CITAOKOKMC/IOTHI KaTiOHITH Y
conboBiit popmi. Xemocopbuis razononioHMX
aMiaky, aTipaTMIHNX Ta ApOMATUYHIX aMiHiB,
a TAaKOX aepo30/IiB iIKMX JIyTiB BinOyBaeThCA
Ha KarioHiTax B H- Ta MeTan-dopmax, a Takox
aHIOHITax B CO/MbOBIiT GpopMi.

KnrouoBi cmoBa: ioHoOOOMiHHI BOTTOKHA, Xe-
MOCOpO11isi, TOKCMYHI ra3u Ta mapu.
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ME30®A30- TA CK/IOYTBOPEHHS B BIHAPHUX CUCTEMAX

AJIKAHOATIB LIE3IHO0 TA BAPIHO

T. A. Mupna*, I. I. Apemuyx, JI. B. bunina

IHcmumym 3azanvHoi ma Heopeaniunoi ximii im. B. Bepnaocvkoeo HAH Ykpainu, npocn. Axade-

mika ITannadina, 32-34, Kuis 03142, Ykpaina
*e-mail: mirnaya@ionc.kiev.ua

3a ZOIOMOrow MeTOfiB U epeHIilTHOr0 TePMiYHOTO aHa/Ii3y Ta MOIAPU3ALINHOL MOTi-
TepMiuHOI MiKpockormii B TeMIiepaTypHoMy iHTepBati Bif 20 go 400 °C pocnimxeno ¢a3osi
piBHOBaru B OiHapHUX CUCTEMaX, AKi CKIaJal0ThCA 3 IHAMBiAyaTbHO HeMe30MOpP(HHUX KOM-
IIOHEHTIB: IpoIioHaTiB, i300yTHpaTiB, 6yTHpaTiB i Basepartis 11e3io Ta 6apito. Y Bcix cucre-
Max BCTaHOBJIEHO YTBOPEHHA NPOMDKHIUX PiIKOKPUCTAIIYHNUX PO3UYMHIB CMEKTUYHOI MOJM -
¢ikanii (tun A). BusHaueHO TeMIlepaTypHO-KOHIIEHTpalLliliHi iHTepBamM yTBOPEHH 10HHUX

PIAKMX KPUCTAIIB i CTEKOJL

KniouoBi crmoBa: ioHHi pigki kpucramu, Mesodasa, aKaHOATU MeTaliB, Me3oMOpQHe

CKIJIO.

BCTYII. AnkaHoaTy MeTajiB XapaKTepu-
3YIOTbCA 3[JaTHICTI0O YTBOPIOBATH IUMPOKUIA
criekTp ioHHMX pipkokpucramiynaux (PK) das
pisHoro Tuny. Bonu ¢popmyoTh KamaMaTuyHi
Ta JUCKOTIYHI Me30¢asy, MOXXYTb yTBOPIOBa-
T TepMoTponHi i niorponHi PK-dasy, a Ta-
KO TIepeOoXO0IOo/pKyBaTICsA i ckmyBarucs [1].

AHAJIOTIYHO 3 MOJEKYIAPHUMM CIOTyKa-
MU, B OiHApHMX CUCTeMax a/JKaHOATiB MeTa-
B, AKi CK/IAJJal0ThCA 3 iHAMBIZyaNbHO HEMe-
30MOp(HIX KOMIIOHEHTIB, TAaKOX € MOXJIN-
BOIO iHAyKIiA pifmkux kpuctanis [1-6]. Bona
BiI[6YBa€TbCH 3a YMOB HaABHOCTI IOTEHIIil-
HOro Me30Mop¢isMy y 0fHOro ab0 JBOX KOM-
IIOHEHTIB 3a PaXyHOK 3HIVDKEHH:A TEeMIIEPATyp
IUTaB/IEHHA CyMillli HYDKYe 3HAauyeHb JIaTeHT-
HOI TeMIlepaTypy IPOCBITIIOBaHH: ab0 yepes

YTBOPEHHA B CMCTeMi Me30MOpQHOI CIIONyK,
AKa IJIaBUTHCS KOHTPYEHTHO.

[ Hu3ky GiHapHMX Oy TMPATHYUX CUCTEM 3
acCUMeTPUYHOI0 OyIOBOIO, TAKUX SIK Oy THpaTH
OJHO- Ta IBOBaJICHTHUX MeTaliB, JOCITiIKEHO
BIUIMB JIPyroro KOMIOHeHTa (0yTmpary ABo-
BAJICHTHOTO MeTa/ly) Ha TeHepallilo IpOMiK-
Hux PK-posumHiB, 3yMOB/I€HOI /1aTeHTHUM
Me3oMopdismom Oytmpary nesioo [1-6]. Bu-
BYECHHS BIUIMBY PO3Mipy JOBXNMHM JIAHIIOTA
a/likaHoaT-aHioHy Ha iHpykuito PK-¢as B an-
KaHOATHMX CUCTEMAX BUIIEONMCAHOTO TUILY
He IIPOBOJINJIA.

Y niit po6oTi 3 METO BU3HAUYEHHS TEM-
nepaTypHuX i KOHLIEHTpaliiiHUX iHTepBaiB
YTBOpEeHHs pigKokpucTtanaiuyHoi ¢asu i me3o-
MOPQHMX CTEKON, a TaKOXX BCTAHOBJICHHS
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BIUIMBY JIOBXXVHM a/IKaHOAT-aHIOHY Ha iHJYK-
11if0 pifIKMX KpMCTaTiB BUBYEHO (pa3oBi piBHO-
Bary B OiHaApHUX CUCTeMax aJIKaHOATiB Iie3ito
3 ajkaHoaTamy Oapio, TOOTO MPOIiOHATIB,
i3o0yTupatis, 6yTHparis i Basepatis 11e3io Ta
6apito.

EKCIIEPVIMEHT TA OBI'OBOPEHH/ PE-
3YJIPTATIB. AnkaHoaTy 1€3il0 OTpUMYBaIn
3a OIICAHOIO B JIiTepaTypi MeToAMKOIO [3-6].
Jna cMHTe3y ajlKaHOAaTiB 11€3iI0 BUKOPUCTO-
ByBa/I KapOOHaT 11e3ii0, a/IKaHOBi KMC/IOTH i
posunnHuku (Fluka, puriss grade). Peaxiiiro
B3aEMOIil a/IKAHOBOI KMC/IOTU 3 HaJJIMIIIKOM
Kap6oHaTy Metany (=10% BigHOCHO cTexio-
MeTpil) TPOBOAMIN B METUIOBOMY ciMpTi. Pe-
aKIiJIHy CyMill B peaKTopi 3i 3BOPOTHUM XO-
JIOAVJIbHMKOM IIOMipHO HarpiBaay IpOTArOM
Ki/IbKOX TOIMH [0 3aBepIeHH: peaklil mpu
IOCTITHOMY Il€peMilllyBaHHI Ha MarHiTHIN Mi-
wasnui. [Torim po3unn inbrpysany, ginprpar
BUIIAPOBYBA/IN [0 IOABU KpucTalis. IIpogykT
CUHTE3y IePEKPUCTA/Ii30BYBA/IN 3 METU/IOBO-
ro cupry. Comi BUCyIIyBamM y BaKyyMHil
HarpiBaibHiN magi 3a Temneparypu 120 °C
YIpO#oBX 48 TOfIVH.

Anxanoaryu 6apilo OTpUMYBaIM 3a MeTO-
OVKaMM, onmcaHumu B [6-8]. Jlna cuHTe3y
BUKOPUCTOBYBa/IM KapOOHAT Oapilo, alIkaHOBi
kucnotu i posunuayku (Fluka, puriss grade).
Peakniiiny cymim y MeTM/JIOBOMY CIMPTI 3
HEBE/VMKVM HaJJIMIIKOM aJIKAHOBOI KMCIIOTH
(5% BimHOCHO cTexiomeTpil) KUIT ATUIN KiNlb-
Ka TOIMH IIPU IOCTITHOMY IIepeMilllyBaHHi B
PpeaKTopi 31 3BOPOTHUM XOJIOAVIBHUKOM, I10-
TiM posumH ¢inbrpyBany, ¢inerpar Bunapo-
ByBaly [0 MoABM KpucTtaimis. IIpogykT mpo-
MMBaJY alleTOHOM 1 IIepeKpUCTaIi30ByBaIu 3
MeTunoBoro cnmpry. Comi BUCyIIyBaau y Ba-
KYyMHil1 HarpiBa/bHil madi 3a TeMneparypu
120 °C ympopoBx 48 rofuH.
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Puc. 1. [liarpama ¢da3oBux craHis 6iHapHoi cuc-
temn {xC,H,COOCs + (100-x)(C,H,COO),Ba}.
IP, PK - ogHodasHi 06/acTi i3oTpomnHoro posmnna-
BY Ta PiIKOKPUCTATIYHNX PO3YMHIB (CMEKTUK A).
Iludpamm mnosHadeHo aBodasHi obmacti cmiBic-
HysanHsa: 1 - (PK + K, ), 212 - (PK + K)), 3 -
(PK+K_),4-(K_+DK),5-(K_+K),6-(K_+K,),
ne K, K, - TBepni pasu npomionary esito ra 6a-
pito, BigmosigHo, K - TBepa dasa cnomyku, saxa
I/TaBUTHCA KOHTPYEHTHO.

IHdpauepBOHi CIEKTPYU CMHTE30BAaHUX CO-
7€M CBiiYM/IN IIPO BiICYTHICTD Y HUX JOMIIIIOK
Boau it kucnoru. Cori 36epiranm y BakyyMHO-
My ekcikaropi Han P, O..

Temneparypn ¢asoBux piBHOBar BUBYEHO
MeTofamM A epeHIIiiTHOr0 TepMi4HOTO aHa-
nizy (JITA) Ta monsapusaniiiHoi nomirepMivHol
mikpockomii (ITTIM). BuxopucroBysanu gepu-
Batorpad «Ilaymik-Ilaynik-Epgeit Q-1500 D»
(YropmuHa) 3 TIUIaTMHA-IUIATUMHOPOZiEBOIO
TepMOMapolo, CTaH/apTHA peyoBuHa — ALO,
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(IBMAKICTh HarpiBaHHS IS BCIX eKcriepu-
MeHTiB ckmagana 2,5 rpap/xs). [lonspusarniit-
HII MiKpOCKOII « AMIITiBa/I» i3 HarpiBa/JIbHUM
CTONIMKOM BUKOPUCTOBYBAIM IS imeHTU]i-
Karii mMe3o(asy, a TAKOX JyIsI BU3HAYEHHs
TeMieparyp ¢asoBux piBHOBAr i3oTpomnHa pi-
nuny - kpucrann (T ) Ta isorponna piguny -
Me3odasa (Tnp).

T,°C

350 4

300 4

150 4

100 1

150 4

100 -

S0 L . . . t
50 x, Monm %

=

100

Puc. 2. [liarpama ¢as3oBux craHiB 6iHapHOI
cucremn {x i-C,;H, COOCs + (100-x)
(i-CH,COO0),Ba. IP, PK - opmnodasni obmacti
i30TpPOIMHOro PpoO3IUIaBy Ta PiJKOKPUCTa/TiYHMUX
posunuiB (cmexktuk A). Ludpamu mosHaueHO
nBodasui obmacri cniBicnysanns: 1 - (PK + K, )
2-(IP+K,),3-(IP+K_), 4 - (K + PK), 5 -
(K, +K) 6—(PK+K) 5 - (K, +K) ne K Ta
K,, - TBepm ¢dasn ISOé)YTI/IpaTlB uesuo T 6ap1}o
BignosinHo, K - TBeppa pasa cnonyku, sika mia-
BUTbHCA IHKOHTPYEHTHO.
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Puc. 3. [liarpama ¢a3oBux craHis 6iHapHOi cuc-
temn {xC,H,COOCs + (100-x)(C,H,COO),Ba}.
IP, PK - ogHOo(asHi o6macTi i30TpomnHoro posiuia-
BY Ta PiIKOKPUCTATiYHNX PO3UNHIB (CMEKTHUK A).
Ilnppamu mosnayeHo aBodasHi obmacti cmiic-
nysanua: 1 - (PK + K, ), 212" - (PK + K)), 3 -
(IP+K_),4- (K +PK),5- (K +K_),6- (K, +K)),
ne K. ta K, - TBepai dpasu Banepary mesiio Ta 6a-
piro, BignosigHo. K| — TBepma dasa crmomyku, axa
IUIaBUTHCS KOHTPYEHTHO.

Temmepatypn ¢asoBux nepexofiB CUHTe-
30BaHMX iHAMBIyaIbHUX COJIEN mobpe y3rop-
XKYIOTbCSA 3 TiTepaTypHuMy fauumu [3-8]. Bu-
3HaveHo, wo npomionar uesiro C,H.COOCs
Mae TBepfodasHi epexony 3a TeMIeparypu
41 °C Ta 146 °C i mmaBuTHCA 32 TeMIIEPaTypu
307 °C. Iso6yTupar nesito i-C,H COOCs mae
Tpu TBeprodasHi IMepexonn 3a TeMIeparypu
79°C, 196 °C ta 250 °C, TeMnieparypa InjaBjeH-
Ha - 307 °C. ina 6ytupary nesiro C,H. COOCs
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TeMIlepaTypa Tepfo¢asHOro Iepexofy CKiIa-
mae 76 °C, a IIaBUTbCA BiH 3a TeMIlepaTypu
353 °C. Banepar nesito C,H,COOCs nmaButb-
cs 3a temriepatypu 381 °C. ITponionar 6apiro
(C,H,COO),Ba Bussnse asa TBeppodasHi me-
pexonu 3a 152°Ci260°CinmaBurbcs 3a 374 °C.
Byrupar 6apito (C,H . COO),Ba mmaButbcs
3a 313 °C, a iso6ytupar (i-C,H,COO),Ba 3a
381 °C. Banepar 6apito (C,H,COO),Ba mae
nBa TBeppodasni nepexonu 3a 178 °C ta 194 °C
i mraButThes 3a 271 °C.

Ha pucynkax 1-3 306paxeHo ¢a3oBi fia-
TpaMy JOCTipKeHNX 6iHapHMX cucTeM. Y BCix
CHICTEMaX BUABJIEHO iCHYBaHHA PiIKOKPUCTa-
niyHOI (pasu Bis/IOBOI TEKCTYpH, sIKa Xapak-
TepHa Il iOHHOTO CMeKTMKa A [9].

Cucmema

{xC,H,COOCs + (100-x)(C, H ,COO),Baj.
JIiHig MIKBiyCy CUCTEMM XapaKTepU3YETbCA
HaCTYIHMMM IHBapiaHTHMMM TOYKaMM: JBi
eBTeKTH4Hi Touky 3a 132 °C, x = 35 mom.%.
Ta 232 °C, x = 35 M01.%, a TaKOK JUCTEKTIY-
Ha Touka 3a 255 °C, x = 65 mon.%. (puc. 1).
YTBOpEHHA TPaHNYHOTO PiKOKPUCTATIYHOTO
PO3YMHY CMEKTUYHOrO A-TUITYy BinOyBaeThb-
CA 32 eBTEKTUYHOIO PEAKII€I0 MK TBEPAVIMMU
¢dazaMy BUXITHUMX KOMIIOHEHTIB B iHTepBaii
80 < x < 95 mon. %. Y cucreMi criocrepirae-
MO II€PEOXOIOIPKEHHA 3 YTBOPEHHAM CTEKOJI
y KOHIIeHTpaniiHiit 06macti 0 < x < 60 Mo71.%.

Cucmema

{xi-C,H COOCs + (100-x)(i-C,H ,COO) Ba}.
Y cucremi (puc. 2) yTBOPIOETbCA TPOMIKHUI
pigKOKpMCTamiyHuil po3unH (CMEeKTUK A) 3a
€BTEKTMYHOIO PEAKII€I0 MK BUXITHUMM KOM-
noHeHTaMI B iHTepBani 70 < x < 90 mon.%. Jli-
Hisl IIKBiZyCy Ma€ eBTeKTUMYHY TOUKY 3a 211 °C,
x =72 mon %. ®a3oBa JjiarpaMa CCTeMH CBif-
YNTb IIPO yTBOPEHHSA CIOMYKH, KA IJIABUTHCSA
KOHTPYEHTHO 3 TOUKOIO IUCTeKTHKM 3a 229 °C,
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x = 80 mon %. CklyBaHHA CIIOCTepiraan B KOH-
HeHTpauiitHii obmacti 0 < x < 65 MomL.%.

Cucmema

{x C.H COOCs + (100-x)(C, H COO) Ba/.
[lro cucremy 6y/n0 BMBYEHO Ta OIMCAHO pa-
Hime [4]. IIpomixHUI pigKoKpycTaTiYHMIT
pO34MH cMeKTNYHOI A Mopudikanii yrBopro-
€TbCA B KOHLEHTpallilHOMY iHTepBai 44 <<
X << 88 mon. %. O61macTb CKIOyTBOPEHHS —
0 <x < 80 mon.%.

Cucmema

{xC,H,COOCs + (100-x)(C, H ,COO),Ba/.
[IpoMi>kHi PiIKOKpUCTaIiYHi PO3YNHYI CMEK-
tmyHOl A Mopudikanii yTBOpIOIOTbCA 3a
eBTEKTUYHMMY pPeaKLiAMU MDK BUXIJHUMUA
KOMIIOHEHTaMM 1 CIOJTYKOI0 €KBIMOJIApHOTO
cknany (D), Aka miIaBUTbcA KOHTPYEHTHO B
inTepBai 80< x < 90 mon. Ha pmiarpami € fBi
eBTeKTH4Hi Touky 3a 202°C, x = 26 Mom.%
i3a 313°C, x = 87 mon.%. IlepeoxonomxeHnns i
YTBOPEHHA CTEKOJI CIOCTEpiraam B KOHILIEHT-
paniitHoMy iHTepBan 0 < x < 65 Mo1.%.

BVICHOBKJ. Ortxe, npoBefieHI [OCIi-
IKEHHs I0Kasay, 10 reHepanis MpOMDKHIX
PIIKOKPUCTAIIYHUX PO3YNHIB Y 6iHApHUX CU-
CTeMax a/IkaHoaTiB Lesilo Ta Oapito BifOyBa-
€THCS 32 PaXYHOK JIATEHTHOTO Me3oMopdismy
aJIKAaHOATy 1e3i10 Yepe3 3HVDKEHHsA TeMIlepa-
TYp JKBiflycy npyu yTBOpeHHi 6iHapHOI cyc-
TeMIL.

Ha TepmocTabinpHicTh iHAyKOBaHOI Me30-
¢dasu B crucTeMax poO3IVIAHYTOrO THITY BIUIM-
BaIOTh TaKi YMHHUKN: CTYIIiHb BIOPANKOBa-
HOCTi PO3IUIaBy, AKa KOPENIE 3 NOBXIHOI
aJIKiZIbHOTO JIAHIJOTa a/IKAHOAT-aHiOHY, 1 3HM-
JKEHHA TeMIlepaTyp JiHil JKBiyCy BifHOCHO
JATEHTHOI TeMIIEpAaTypyu IIPOCBIT/IIOBAHHA
Me3odasn. HeoOXifHO Takok BpaxoByBaTH i
MOX/IVBUJ BIUIMB CIOJYK, WO YTBOPIOKTb-
ca B OiHapHMX cucTeMax, SKi IUIaBIATbCA
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KOHTPYeHTHO a00 iHKOHIpyeHTHO. Buxops-
4} 3 1IbOTO, MOXKHA 3pOOUTV IPUIYIIEHH:
IIpO TOCUEHHA aHi3O0TPOIl pO3IIaBy IIPU
30i/bIIeHH] JOBXVHM aJIKiIBHOTO 3aJIMIIKY
i, AK HACIIOOK, 301/IbIIEHHA iHTepBasliB icHY-
BaHHA NpoMiKHMX PK-posunnis y cucremax
Cs,Ba||C H, COO, me (2 < n < 5). Ognak
€KCIIEpMMEHTA/IbHI JlaHi CBij4aTh IIPO Hali-
OIMbIINMIT  TeMIIepPaTypPHO-KOHIIEHTPALiTHMI
inTepBan Me3ogasu B 6yTHparHiit cuctemi, ge
CTBOPIOIOTBCS HAMOIIBII CIPUATINBI YMOBU
IUIs peasisalil MPOMDKHUX PiKOKpUCTaIid-
HUX po3unHiB. TakuMu ymMoBaMu € HaitbibIe
B HM3IIi CCTEM 3HIDKEHHA TeMIIepaTyp JiKBi-
IYCY BiJHOCHO JIATEHTHOI TOYKM IIPOCBITIIIO-
BaHHs, a TAKOX JIOIaTKOBE ITOCUJIEHHA TEPMO-
CTabiIbHOCTI 32 PaXyHOK yTBOPEHHA CIIOTYKU
aHi30MeTpNYHOI OY/I0BM, SIKA IJIABUTHCS KOH-
rpyeHTHO [1].

Jleske TIOCMIEHHA aHi3oTpomil B CHC-
temi  Cs,Ba||CHCOO  mopiBuaHO 3
Cs,Ba||C,H COO cucremoro HiBemOEThCA BU-
COKMMI 3HAYEHHAMM TeMIIepaTyp JiKBimycy.
B wiit cucreMi cnoctepiraeMo HalOibII BY3b-
Ky 00/1acTh iCHyBaHHS NPOMDKHOI Me30(asn
3a paxyHOK ii TepmMiuHOI fecTabimizaryil.

=\, Po60oTy BuKoHaHO 3a ¢iHaHCOBOI mmif-
tpuMkn HAH Ykpainn B Mexxax epik-
oromKeTHol Temn «®DisuKo-Heopra-
HivyHa XiMia PyHKIiOHa/TbHO Opi€eHTOBaHMX
HAHOCIICTEM, TeTePOCTPYKTYpP Ta KOMIIO3M-
TiB». [lep)KaBHUII peecTpaliiiHuil HOMep
po6oTu - 0118U004559.
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MESOPHASE AND GLASS FORMATION IN
CEASIUM AND BARIUM

BINARY SYSTEMS
ALKANOATES

T. A. Mirnaya*, G. G. Yaremchuk, D. V. Bylina

Vernadskii Institute of General and Inorganic
Chemistry of the NAS of Ukraine, Akad. Palladin
Avenue, 32-34, Kiyv 03680, Ukraine

*e-mail: mirnaya@ionc.kiev.ua

Phase equilibria in binary systems of indi-
vidually non-mesomorphic components: pro-
pionates, isobutyrates, butyrates and valerates
of cesium and barium at temperatures from
20 to 400 °C have been investigated by the
methods of differential thermal analysis and
polarization polythermal microscopy. In all
systems, the formation of intermediate liquid-
crystalline solutions of smectic modification
(type A) was established. The temperature-
concentration regions of the formation of ionic
liquid crystals and glasses are determined. The
studies carried out show that in binary systems
of cesium and barium alkanoates intermediate
liquid-crystal solutions are generated due to
the latent mesomorphism of the correspon-
ding cesium alkanoate and due to the eutectic
decrease in liquidus temperatures in the binary
systems. The thermal stability of the induced
mesophase in the case of systems of the consi-
dered type is influenced by the following fac-
tors: the degree of ordering of the melt, which
correlates with the length of the alkyl chain
of the alkanoate anion, and a decrease in the
temperatures of the liquidus line relative to the
latent clearing temperature. The possible influ-
ence of compounds melting congruently or in-
congruently, formed in binary systems, should
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also be taken into account. Experimental data
indicate the largest temperature-concentration
range of the mesophase in the butyrate system,
where there are the most favorable conditions
for the implementation of intermediate liquid
crystal solutions. Such conditions are the lar-
gest decrease in liquidus temperatures in a
series of systems relative to the latent clearing
point, as well as an additional increase in ther-
mal stability due to the formation of a congru-
ently melting compound of anisometric struc-
ture. In the case of the valerate system, a cer-
tain increase in anisotropy in comparison with
the butyrate system is leveled by high liquidus
temperatures; here is the narrowest region of
existence of the intermediate mesophase due
to its thermal destabilization.

Key words: ionic liquid crystals, meso-
phase, metal alkanoates, mesomorphic glass.
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"THemumym 3aeanvroi ma Heopeaniunoi ximii im. B. I. Beprnadcvkoeo HAH Ykpainu, npocn. Aka-

Oemixa Ilannadina, 32/34, Kuis 03142, Yxpaina

e-mail: kublan@ukr.net

Hocmi>)KeHHA B Tajlysi eeKTpoXiMil BOGHUX PO34MHIB, AKi IPOBOAWIN i IPOBOAATD B
IncTuTyTi 3aranpHOI Ta HeopraHiyHoi Ximii iM. B. I. Bepragcpkoro HAH Ykpainm, BHecn
CepiO3HMI BK/IaJl B TEOPETUYHY 1 IPUKIIAJIHY €IeKTPOXIMIiI0: TEOPil0 eIeKTPOJHMX IIPOLie-
CiB, €/IEKTPOXiMil0 KOMIIJIEKCHUX CIIONYK, €/IEKTPOXiMiYHMI MacOIIepPeHOC, XiMiuHi JpKeperna
CTPYMY, €/IeKTpOKaTasli3, eIEKTPOXiMi4Hi IPUCTPOIL, TEOPETUYHY i iIH)KEHEPHY ra/IbBaHOTEX-
HIKY, TiIpO€NeKTpOMETANYPril0, €IEKTPOXiMiYHYy €KOJIOTiI0 i HM3KY iHIINMX HANPAMKIB Cy-
vacHol Ximii. B 1jilf cTaTTi pO3I/IAHYTO IMTAHHS, AKi OB sI3aHi 3 JOCTII>KEHHAMNU B 00/1acTi

€JIEKTPOOCAPKEHH .

Knro4oBi cmoBa: en1eKTpoocaipKeHHs, MeTajy, CIJIaBY, Fa/IbBAHOTEXHiKa, eIeKTPOrigpo-
MeTaypris, pO3BUTOK yABJIEHb IIPO €/IeKTPOOCAI>KEHH.

BCTYII. Teopemuuni docnionens 6 obnac-
mi eneKkmpoocaoHeHHs

Busnayne miciie B Hay11i 3a/iIMalOTh BUKOHA-
Hi B [HCTUTYTI (byHnaMeHTaani TOCITiI>KeHHA
B 0071aCTi TEOpil eeKTPOIHYUX IPOILIeCiB, Teopil
€JIEKTPOXIMIYHO AKTUBHUX KOMIUIEKCIB, erle-
MEHTApHOTO €NeKTPOXIMIYHOIO aKTy, Ximid-
Horo i mmdysiitHoro MacomepeHocy, ¢apaje-
IBCHKOTIO iMITE/IaHCY, IIEpETBOPEHHSA €HePTil Ta
inpopmariii, MeToOfiB JOCII/KEHHS eeKTPo-
XiMiYHOI KiHeTMKM, 5IKi 6Yy/I0 IPOBEIEHO Hay-
KOBIIAMU IHCTUTYTY.

Hwxue HaBeileHO JiesAKi BM3HAYHI HAayKOBi
3000yTKM BYEHUX-€MeKTPOXiMiKiB, oTpuMa-
HUX Y Pi3Hi pOKMI:
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- O. B. Topomucbkuit [1] TeopermyHo i
€KCIIEPMMEHTA/IbHO II0Ka3aB, L0 3POCTAHHA
noJApu3aLii IpU3BOAUTD [0 JOCATHEHHS HY-
JIbOBOI €JIEKTPOXIMIYHOI eHepril akTUBaLii,
IiC/IA 4Oro KOHLIEHTpalliliHa CHUCTEMA CTa€
TaKOI0, 1110 HE MO/IAPU3YETHCA, 1 IEPEXOJUTD Y
T. 3B. Oe3akmusauyiiiny o6nacmo. lle 3Ha4YeHHS
oyno naspane O. B. Topommcpknum «rpaHud-
HOIO TIepEHAIIPYTOI0», TOMY L0 ICIA HbOTO
MA€EMO CIIOCTEpiraTyi I'PaHUYHUI CTPYM, He
HOB’A3aHUI 3 AUQY3iHUMM O0OMEXEHHAMN.
Pospobneno Teopito akTuBauiitHoro dapase-
€BCHOTO iIMITEJaHCY IS LIMPOKOTO Jiala3oHy
YacTOT i 3HalIeHO, 10 (apasieeBCbKUI iMITe-
JAHC 3aBX/[IM MICTUTb €MHICHY IPOBiHICTD,
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a moyiBiitHOLIapoBMiT — akTUBHY. OOMABI cKa-
IOBi BioOpa)karoTh TOM YU IiHIIUI TIIpOLeC
3a7IeXKHO Bif} YaCTOTU IOIApU3aliii i KiHeTn4-
HUX IapaMeTpiB. IlokasaHoO, 1110 KOHIIEHTpa-
OIVHMUI 1 aKTUBALIMHMI iMIIeJaHC agUTUBHI
TiIIBKM 1T06/IM3Yy PiBHOB@KHOTO IIOTEHIiaNTy
€NIeKTPOofIa.

— 3HauHy YaCTUHY OC/Ii/I)KE€Hb 3 €lIeKTPO-
ximiynoi kinetukn B. C. Ky6maHoBcbkmii 3i
criBpobiTHUKamMy [2-7] HTpUCBATUB CTallio-
HapHMM 1 HECTalliOHApDHNUM €IeKTPOSHUM
nponecaM. Po3BrMHEHO Teopio, CTBOpPEHO i
IOBEMIEHO JI0 PiBHA aJITOPUTMIB CUCTEMY PO3-
PaxyHKiB pO3IOJiNny KOHLIEHTpalLiil BCiX 10HIB
Y3[OBX KOOP[AMHATU II€PEHECEHHA CTPyMYy i
Ha IoBepxHi enekTpopa. Ha mimcrasi mporo
BUBEJIEHO DPiBHAHHA, 3alIPOIIOHOBAHO METOJ,
PO3paxyHKy KOHLEHTpALil B IIPUEIEKTPOL-
HOMY IIapi i Ha TIOBEPXHi e/IEKTPOJa 32 e/IeKT-
poni3y [1A MPAaKTUYHO BaXK/IVBUX BUIIAJKIB:
€JIEKTPOJIi3y BOAY, €1eKTPOBUMJIEHHA MeTa-
JIiB, CIIIZIBHOTO PO3PANY 10HIB BOJHIO i METaJIiB
3a IpUCYTHOCTI Oydepa i KOMIITIEKCOYTBOPIO-
BauiB [3]. OTpUMaHO TeOpPEeTNYHY 3a/IeKHICTD
OMIYHOI0 NafiHHA IMOTEeHI[ia/ly BCepenViHi -
¢ysiitHoro 1mIapy Bifi TYCTMHM CTPYMY i CKIa-
1y €IeKTPOJITy. 3allpOIIOHOBAHO METOJ, PO3-
paxyHKy AudysiliHoi nmongpusailii, mokasaHo,
o 3i 30i/MbIIeHHsM KOHI[eHTpaIil mira"py
BHECOK KOHLIEHTPALiIHOI NonApu3salii 3MeH-
myernbcs [2].

Po3po6reHO Teopilo eneKTpoXiMiyHO aK-
tTuBHUX KoMmiutekciB (EAK) Ta excrepumen-
Ta/lbHi MeToAu BU3HaueHHA ckiaagy EAK
(KOMIIIEKCiB, 110 6e3MocepeHbO pearyoTh Ha
e/IeKTPOMi) Ta eNeKTPOXiMiYHO HEAKTMBHUX
komimnekciB (EHAK), 3a moreHIiocTaTMYHUX
i rampBaHocTaTM4YHMX BuUMipiB. Ilokasano
BIUIMB KOMIIJIEKCOYTBOPEHHS Ha KiHETUKY i
M€XaHi3M €JIEKTPOHMUX IIPOLECIB pO3pAny -

https://ucj.org.ua

loHi3alil iOHIB 1A pI3HOrO Kjacy JiraHjiB
i meraniB. Ha ocHOBI mOCHiIpKeHHA MaKpoO-
KiHETUKY pO3PANY KOOPAVHALIMHUX CIIONYK,
i3 BUKOpucTaHHAM Teopii BusHadeHHA EAK
BIIEpILI€ 3aNPOIIOHOBAHO Y3arajbHEHI MeXa-
Hi3MI €IeKTPOSHUX IIPOLEeCiB Ha IIOBEPXHIi
€JIEKTPOJY Ta B IIPUEIEKTPONHNX IlIapax Mpu
€JIEKTPOOCA/DKEHH] MeTajliB i3 KOMIIJIEKCHUX
€JIEKTPOJIITIB.

- Coip BigMiTT! TeopeTuyHi po6oTy, AKi
npoBeny B IHcTuTyTi B 06/macTi nomsporpadii
0. K. Henimapcokuit, O. B. [opopncpkuii [8].
Humu mano ysaranbHeHe piBHAHHA IONAPO-
rpadiyHNX KpUBUX i 3aIIPOIIOHOBAHO KOHIEII-
11if0 HeCTalliOHapHMX MoJsIporpadivHmX Mpo-
neciB. 3po0/IeHO 3HAUHNII BHECOK Y TeOpilo
nepeMiHHOCTpyMOBOI nosnsAporpadii. Hosui
MeTof, 0O6pobieHHs monsAporpagiuHux Kpu-
BIJX JJa€ MOXK/IMBICTh BU3HAYaTy IIEPEHANIPYTY
i CTaH[APTHY IIEpEHAIIPYTY 3 MOIAPOrPaM I
HE3BOPOTHIX IPOLECiB. YIOCKOHA/IEHO Pi3Hi
B NO/Aporpadii: inTerpanbHy, ocumiorpa-
¢iuny, nepeminHOCTpyMOBY. lle mano wiHHY
inpopmarniro mpo MexaHi3M i KiHETHKY eIeKT-
POBHMX IIPOLIECIB Y pO3IIaBaX, BOGHUX 1 He-
BOJHNX €JIEKTPOJIiTaX.

— CTBOpeHO Teopil0 MacollepeHocCy 3a
€/IEKTPOJIi3Y B IICEBIO3PiIPKEHOMY IlIapi €/1eKT-
POIPOBIAHNX Ta HEETIEKTPOIIPOBIIHUX YaCTN-
HOK, 3Ti/IHO 3 AKOI IMIBUJKICTb MacOIlepeHoCy
BY3HAYAIOTh PO3MipOM YaCTMHOK Ta iXHbHOIO
TYCTMHOW, KOHQIrypaiji€o enekTpopy Ta
IIBUJKICTIO IPOTOKY po3unHy (M. O. IlIBao,
K. O. Kaspobiu [9-11]).

- B. C. KybnanoBcpkuM 3i criiBpobiTHMKA-
MU [12] 3aIpONIOHOBAHO METO]] i pO3PaxOBaHO
eHepril aKTMBallil BCIX CTaJlill e1eKTPOXiMid-
HOTO IIPOLIECY: eHepril aKTuBallii IIepexony,
6e3b6ap’epHOro Ta 6e3aKTUBAIIIHOTO PO3Psi-
ny, pudysii, peanbHoi Ta ifeanpHOI eHeprii
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aKkTMBalii. 3alpOIIOHOBAHO METOJ aHaJi3y
BOJITAaMIIEPHUX 3aJIEKHOCTENl B «MapKyCOB-
CbKMX» KOOPJVMHATAX, KNI JO3BOIUB BU3HA-
YUTHU IIOBHY €HEpPrilo peopraHisallii npu mnepe-
HOCI 3apsAny. BctaHOB/IEHO 3a/1€XKHICTD TOBHOL
eHeprii peoprasisanii cucTemMmu Bif CKIafny,
pH i Temmeparypm enexrponity. Excnepu-
MEHTA/IbHO OTPUMAaHIi Pe3yAbTaTH /I HUSKU
KoMIUIekcoHatiB nanagio(Il) mobpe ysromxy-
IOTbCS 3 PO3PAaXyHKOBVMM JIaHVMM Ha OCHOBI
€Hepril aKTUBallil peaklil Iepexoay Ta TeIIo-
BOTro eeKTy peaxiil. 3apOIOHOBAHO METOJ,
OLIIHKM eHepril peopraHisaliil po34MHHMKA Ta
1epeOyOBY BHYTPIIIHBOI KOOPAMHALIHOL
cdepu eeKTpOXiMiYHO aKTUBHUX KOMIIIEKCIB
IIpY PO3p:AML KOOPAVHALITHUX CIIONTYK.

- A. T. Baceko i H. JI. IBanoBa [13-18]
PO3pOONIN «IUIIBKOBY» MOZIE/b €1eKTPOOCaI-
JKeHHS MeTaJliB i criasiB. Pospsap ioHiB mpo-
XOuTh IpU POPMYBaHHI ITiBKM, SIKa MiCTUTB
TiJPOKCUY MeTasliB, Ha IIOBEPXHI €IEKTPOLY,
€JIEKTpOXiMiYHe BIiJHOB/IEHHA IOHIB MeTa-
JIiB IPOXOAUTh ab0 BcepeuHi IUIiBKM 3 rpa-
INIEHTOM MeTa/liB Pi3HOrO CTaHy OKMC/IEH-
HA (A. T. Bacpko), abo mo ii pisHi croponn
(H. [I. IanoBa).

EnexmpoocadxenHss memanie i cnuasie.
[Tepi po6oTy B 00/1aCTi €IEKTPOOCAKEHHS
sanouarkysam O. K. Kygpa 3i cniBpo6iThu-
Kamu [19-23]:

— Posrapmaody yMOoBM yTBOPEHHS KaTofI-
HUX OCafiiB pisHOi CTPyKTYypy, Oyno 3ampo-
IIOHOBAHO OpUTiHA/JIbHY TEOpPil0 KaTONHUX
IIpOLIeCiB TPV BUJI/ICHHI MeTaJIiB, B sAKill 6y/10
IIOB’$13aHO YTBOPEHHS PUX/INX KaTOTHMX OCa-
IiB Ta €IEeKTPOMITUYHOTO OTPUMMAaHHA MeTa-
JIeBUX IIOPOUIKIB i3 pO3pANOM KOMIIIEKCHUX
ionis. IIpn enexrponisi meraniB 6yno momi-
4eHO e(eKT YTBOPEHHS YepHi NP BUCOKUX
IyCTUHAX CTpyMy. Buasuiocs, mo 3a neBHux
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YMOB IIOSiBa YE€PHi HACTyIlajia He Ofipasy, a
nuie yepes fAeKinbKa CeKyHJ, i/ BMUKaHHA
CTpPyMYy. YIIPOJOBX LIMX KiZTbKOX CEKYHJ, BUJIi-
JIAE€TbCA IMAaJIeHbKUI MeTasl, MiC/Is 4Oro KaTof
MUTTIO BeCh YOpHi€. binbm yBaXkHi criocrepe-
JKeHHS TOKa3ay, 110 Ha 4ac IMOABU YOPHUX
OcCafiB BIUIMBAIOTH TaKi GaKTOPH, AK: KOHIIEH-
Tpallifl, T'YyCTMHA CTPYMY, TeMIlepaTypa, Iepe-
MIIIYBaHHA PO3YMHY, PISHOMaHITHI JOMIIIKI
(SIK e7IeKTPOJIITIB, TaK i HEENIEKTPOIITIB), TOO-
TO AKpa3 Ti akTopy, fAKi 3arajoM 3piliCHIO-
I0Tb BEJIMKUI BIUVIMB HAa XapaKTep KaTOLHUX
ocafiiB. Buxopsaunm 3 nponopuinHoi 3anexHo-
CTi MDK Tpaji€eHTOM KOHLIeHTpauii i rycru-
HOIO CTPYMY 0e3I10CcepeHbO B IPUKATOLHOMY
npocropi, O. K. Kyznpa 3i cniBpobiTHUKaM1
BCTAaHOBMB Jy>X€ IPOCTy MaTeMaTU4HY 3a-
JIeKHICTh MK KoHIjeHTpanjieo (C), rycTuHOI
cTpymy (j) it yacoM NOABM 4epHi (T):

C=ajr*.

(1)

Ho6yTok ajt®’ 3pocTae B ycix Bumajgkax is
pocToM KoHIeHTpanii posunny. Koedirienr a
€ CTaJIOK0 BE/IMYMHOIO, HE 3a/IEXKUTh BijJ Ipu-
pOnM KaTiOHa, a 3a/IeXKUTh Bifi IPUPOAU aHi-
oHa. IIpy BuBYEHHI BIVIMBY TeMIepaTypyu Ha
eeKT yTBOPEHHs YOPHMX OCaJiB BVSIBIEHO
Iy>XKe BelMKe 3Ha4YeHHs TeMIlepaTypHOIro KO-
edinieHTa. Tak, KO NPUIYCTUTH TeMIlepa-
TYPHY CTaJliCThb KOHCTAaHTU d, TO KOHIIEHTpa-
1is, Ky 0OYNC/IEHO I PiSHUX TeMIIepaTyp,
3MIiHIOETHCA 32 3aIIPOIIOHOBAHMM 3aKOHOM:

C=C (1+at), 2)

e C0 — aHAJIITUYHA KOHIIEHTpallid, AKY BifHe-
ceno mo temmeparypu 0°C, C - KOHI[eHTpa-
1id 32 Lji€l TeMIIepaTypy, & — TEMIIEPATyPHUI
koedinienT, sxuit gopisHioe 0,02156 i He 3a-
JIEKUTD Hi Bifi KOHIJeHTpalil, Hi Bifj Ipupoan
HOCTIKYBaHMX COJIEIA.
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BcTaHOB/IEH]I 3aKOHOMIPHOCTI B YTBOPEHHI
YOPHUX OCafliB CBifiYaTh IPO HAasABHICTb TiC-
HOTO 3B’sI3Ky MDK IpPMYMHAMM IXHBOI HOSIBU
Ta IXHbOIO CTPYKTYPOIO /1 CK/IAJOM, 3 OHO-
ro OOKy, Ta IPUPOROI0 PO3UMHY, 3 LPYTOro.
CnpaBemmmBicTh BUBe#eHOI QopMynn mif-
TBEPIPKEHO €KCIIEPMMEHTAIbHO /I YMC/IEH-
HUX Pi3HOMAHITHUX coseil MeTasiB. Takum
YITHOM OY/10 BCTAHOBJIEHO CBOEPiIHY 3aKOHO-
MIpPHICTb €IeKTPOOCaJ)KEHHA MeTaliB 3a BU-
COKUX I'yCTUH cTpyMmy [19-23].

ITomanpii JOCTIIPKEHHSA B Talysi eIeKTPO-
OcCa/pKeHHA Ta Ta/IbBaHOTeXHiKM B IHCTUTYTI
Oy TicHO 1OB’s13aHi 3 e/IeKTPOXiMieo Koop-
IVIHALITHUX CIIONTYK:

- B. C. Kyb6manoscokmit 3] Bepure cdop-
MY/IIOBaB i eKCIIepMMEHTA/IbHO OOIPYHTYBaB
OCHOBHI IIPMHLIVIIM BU3HAYE€HHA Ta YTBOPEH-
HA €IeKTPOXiMIYHO AKTMBHUX KOMIIIEKCIB i
€JIEKTPOXIMIYHO HEAKTUBHMUX KOMIUIEKCIB Ha
€JIEKTPO/ii; 11 TEOPisd CTBOPU/IA YMOBM yIIpaB-
JIIHHA €/IEKTPOXiMIYHNM IIPOLECOM OCAJIKEH-
HA MeTajiB i3 IpPOrHO30BaHMMM (QYHKIIiO-
HaJIbHUMM BIACTUBOCTAMI. 3alPOIIOHOBAHO
HOBI KiHeTM4Hi QyHKIIi — efleKTpoximMiuHa 3a-
KOMIIJIEKCOBAHICTD 1 cepefHe KOOpAVHALiTHEe
YIICTIO 10HA, 1110 PO3PAIKAETHCA Ha €NIEKTPOJL.
11i ¢yHKI1il TO3BONAIOTH MPOTHO3YBAaT! i BU-
3Ha4yaTyl ioHU, SIKi 6E3IOCEepPefHbO pearyoTh
Ha €/IeKTPOfii, i NPOrHO3yBaTU IIEPEHAIPYLY
peakuii, TOOTO XapaKTepuU3yIOTb eIeKTPO-
XIMIYHY peakILiiiHy 3HaTHICTb €JIEKTPOJITY.
BoHu 6esnocepenHbo OB s3aHi 3 €IEKTPOXi-
MIiYHOI €Hepri€ro aKTuBalii Ipouecy i Jo3Bo-
JIAI0Th YIPaBIATU IIEPEHAINIPYTOI0 fAK Y CTO-
pOHY 306inblIIeHHs, TaK i B OiK 3MeHIIeHHs,
004YNCTIOBAaTM KOHCTAHTM MIBUAKOCTI IIpO-
necy g KOoXXHoi popmm (HalpuKIag, Ipu
j = const):
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%FX OE; 3 ix OEj-o _ ok 3
RT  0ln[X] RT dln[X] (3)
%FX OEj-o 3 aiFX OAE k,(4)
RT 0ln[X] RT 0ln[X]

Jie n — cepefHe KOOpAMHALiIHE YMCIO0 10HA,
1[0 IIpeBaIIOE B 00’eMi po3unHy, Kk — cepenne
KOOpAMHAlliIHe YNCIO 10Ha, IO PO3pALKa-
€TbCA Ha €JIEKTPO/Ii, iHIIII — 3araTbHOBIOMI.

Bnepiure cmcreMaTn3oBaHO TUINM PeaKLii
yrBopeHHA EAK, nokasaHo, 1110 3 TaJIbMyBaH-
HaM yrBopeHHsa EAK mnos’sszano ¢ismko-xi-
MiYHi XapaKTEepUCTUKN IOKPUTTA MeTalaMu,
10 [I03BOJIA€ YIPABIATU BIACTUBOCTAMMU
oflep)KyBaHMX HOKPUTTIB [3, 6-7].

CamMe 1i HayKoBi ifel cTanyu BaroMuMm Iifi-
IPYHTAM Ta 3HANIUIM PO3BUTOK y Oi/NbII mN-
pOKOMY pO3yMiHHI IIpOLIECIB KeposanHoz2o
e71eKMPOOCAONEHHA.

- BBefieHO TMOHATTA  €/IeKTPOXiMiIYHOTO
omopy cuctemu (dE/0j), 3HalijleHO HOBy 3a-
KOHOMIPHICTh — CTiMIKi KOJIMBaHHA CUCTEMU
MiHiMa/lbHI IpU CTpyMi MonApu3alii B Aia-
IIa30HI IIOJIOBMHM TPaHMYHOTO CTPyMy i He
3a71eXXaTh BiJj MPUPOAY KOMIIJIEKCHOTO 1OHY.
CriiiKuit pexXuM eleKTPOXiMi4HOTO OIIOpy J0-
pisrioe 4RT/ankj , e j - rpaHMaHMIL CTPYM
(O. JI. Bepciposa) [7].

Ha mipcraBi pocmimkeHb BUCYHYTO, T€O-
PETUYHO OOIPYHTOBAHO i €KCIIepPUMEHTAIbHO
MiJTBEPIPKEHO YMOBM [MHAMIiYHO CTilIKOTO
PeXVUMY TIpoliecy (QYHKIIIOHA/TBHOTO eJIeK-
TpOOCa/>KeHH: MeTasliB. [lokasaHo, o cTilKi
Ko/mBaHHA 1oxifHoi 0E/dj (enexTpoximiuHo-
r0 OIOpPY CUCTeMM) MiHIMaJabHi NpU CcTpyMmi
nosnsApusanii B 06/1acTi MOMOBMHM IPaHNYHO-
ro CTpyMy 1 He 3a7eXXaTb BiJj IPUPOAY KOMII-
JIEKCHOTO ioHa. 3a IIMX YMOB (HaitbinbmI cripu-
AT/IVBA €HEepPreTKa poCTy I'paHeil KpUCTaliB
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1151 GOpMYBaHHS YiTKO BM3HAYEHOI CTPYKTY-
pu MeTairy) GopMyOTbcsa PYHKIIIOHAIbHI ITO-
KpUTTA 3i cTabinmbHMM HabOpoM HeOOXimHMX
Gbi3uKo-XiMiYHUX, MEXaHIYHUX, €TeKTPUIHUX
i iHmMX XapakTepucTuK (CTIMKUII peXxuM
eNeKTPOXiMiYHOro omopy ckmafae 4RT/anFj
Ipy MONAPU3ALII B TOYI j:1/2jrp). [Tpupona
KOMIIJIEKCHOTO i0HA, B OCHOBHOMY, BIUIMBA€
Ha BE/IMYVMHY PiBHOBa)KHOTO ITOTEHIjiamy (3a-

JIOKHICTh BiJj KOHCTaHTU YTBOpEHHs) i Clle-
nugivHy ayicopoIio KOMIIJIEKCY Ha e/IeKTPOfi
(3anmexHicTb Bif yioro 6ynosu). B ipomy piama-
30Hi OTpUMAHO CTPYKTYpH, fie CTabiNbHO Mi-
HiMaJIbHUIL: PO3MIp 3€peH MOKPUTTS; IOPCT-
KiCTb OcaJjiB; BHYTpIllIHi MiKpOHAIIpyru Ta
CTabi/IbHO BUCOKi 3HayeHHS MiKpOTBEpHICTI,
KOpOS3IITHOI CTIKOCTi, €IeKTPOIPOBiIHOCTI,
MII[HOCTi MiKpO3BapHUX 3’ €qHaHb (puc.l).
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Puc. 1. 3anexHicTb e1eKTpOXiMiYHOTO OIOPY CUCTeMM Bif I'YCTMHM CTpyMy. Pexxum puHamivHOi
CTIIKOCTI e/IeKTPOXiMi4HOI crcTeMM /1A OfiepXKaHHA PyHKI[iOHAaTbHUX HOKPUTTIB

- Bmepure copmynboBaHo Ha TeopeTmd-
Hiil OCHOBi Ta 3[i/ICHEHO Ha NPAKTUL AeAKi
IPVHIVII HAIIPAB/IEHOTO Mi00py KOMIIOHEH-
TiB €7IEKTPOJITY Ta PEXXUMY €IEKTPOOCA/KEH-
HS, 10 JO3BO/IVIY PO3pOOUTI HOBi epeKTUBHI
KOMIIZIEKCHI CUCTeMI [JI €/IeKTPOXiMiYHOTO
BUJIiIeHHs foporoninaux Mertanis (B. C. Ky6-
nmanoscbkmit, O. JI. Bepciposa) [6-7].

36

— YsarajbHeHO JaHi IIPO B3aEMO3B 30K
MDK €/eKTPOXiMiYHOI KiHeTUKOW (IIBMAKI-
CTIO, TIOTEHIIia/IOM i IepPeHAIPYTOI0) Ta e/IeKT-
poOoCaKeHHAM (CTPYKTypolo Ta Mop¢oso-
riero). L]i po6ortu € npoposxxeHHsAM pobit Ky-
npu O.K., asxum 6y0 BCTAaHOBJIEHO pajianbHi
30HM TYCTVIHM CTPYMY JJIA OTPUMAHHA TOTO
4J1 {HIIIOTO BUY KaTOZHOTO ocafy (puc. 2).

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



B. C. Ky6nanoscbkuii, 0. J1. bepciposa

YXX Ne 7 / TOM 87

0,2 -
Puxnuid 6ypuia
E ocaj,
& - PUXIWIA YEpPBOHMIA
) ocag
=
20,11
<< MepexigHa
] 30Ha
LLLN6HWA pokeBUiA
b ocag,
0+ T T T T T T .

0,4 0,6
CuSQ4'5 H20, monb-n-!
Puc. 2. Posniofiin 30H Ha fiarpami MiXX pisHUMUI

BUAMI KaTOJHMUX OCaJiB MiJi 3 CipYaHOKMCIUX
€JIEKTPOJIITiB.

Posmip kpucranigyHOro 3epHa fAK rOI0OBHA
CTPYKTYpPHA XapaKTE€PUCTMKA OCaJy 3HAXO-
OUTbCA B IpPAMIN 3a/I€XKXHOCTI Bifi KiHETUKM
enextpoBigHoBneHHA EAK. Hanokpucranivyni
¢dyHKIiOHaIBPHI MOKPUTTA Ccpibna Ta 30710Ta
dbopMyIOThCA NTUIe B YMOBaX 3MillIaHOI KiHe-
Ky (puc. 3). 3anpornoHoBaHO Kiaacudika-
1ito GopM pOCTy MOMIKPUCTATIYHUX OCAJIiB
METaJliB, B OCHOBY KOl IIOKJIaZleHO 3ajexX-
HicTp dopmu, KpucramorpadivHoi opieHTa-
il cyOCTPYKTYypHMX CKIaJOBUX pPeajbHOTO
KpUCTa/la OCajly BiJi MapaMeTpiB eeKTPOi3y,
TOOTO Bifi IepeHanpyru peaxiii, eleKTpoxi-
MI4HOTO OIOPY CUCTEMM Ta TYCTMHU CTPYMY
(O. JI. Bepciposa) [7].
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Puc. 3. B3aeM03B’A30K KiHETUYHUX Ji/ITHOK i CTPYKTYpU MIOKPUTTSA
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- E. M. Harancon 3i cniBpobiTHMKaMM
[21-23] 3amponoHyBaB OpUTiHAJIBHUI METOJ
Oflep>KaHHA KOJIOIAHMX MeTasliB eneKTpPOJli-
30M i3 gBOmIapoBuX BaHH. Ile Hajgano MMpOKi
MOYK/IMBOCTI [/IS1 OTPUMMAHHA KOMIIO3ULITHUX
IIOKPUTTIB Ha OCHOBI IIOIiMepPiB, MeTaIiB, He-
metanis (0. @. [eitnera). Bukopucrosyroun
IPUHUMIL CIIJIBHOTO OJHOYAaCHOIO €IeKTpPO-
($opeTMYHOro OCafKeHHs IOTIMEPHUX Yac-
TUHOK i3 PO3YMHIB €JIEKTPOJIITIB 1 €1eKTpo-
XiMiYHOTO BUJi/IEHHS KOJMOIGHUX MeTasiB,
0. I. Xumuenko ta T. M. [lIBeup po3pobunn
HOBI efleKTpodopeso- i eneKTpoximiuHi MeTo-
IV OTPMMAHHA KOMIIO3UIIIVIHUX METasIoNOoi-
MEPHNX ITIOKPUTTIB.

— IIpobnema BuAineHHA AMCIEPCHUX Me-
TajIiB IIPM €IEeKTPONisi, AKy B YKpaiHi 3 ycmi-
XOM BUBYaIM B nmaboparopiax [HcTuryTy 3a-
rajIbHOI Ta HEOpPraHivHoI XiMii Ta B IHcTUTYTI
MeTaj0KepaMiKM 1 CIelia/IibHUX CIIIABiB IIif
KepiBHMLTBOM akafieMika I. M. ®@paniesnya
[21-23], Habya BeMKOTO 3HAYEHHA y 3B A3KY
3 WIBMJIKMM PO3BATKOM HOBOI Ha TOJI 4ac ra-
7y3i IPOMMCIOBOCTI — IIOPOIIKOBOI MeTaNIyp-
ril, a Ha CbOTOAHI € OCOOMMBO BaK/IMBOIO 1A
MarepianiB 3D-mpuHTepiB, HaHOTEXHOJIOTI
Ta CIeljia/IbHNX HAaHOBUPOOIB.

- A. T. Bacpko 3i cmiBpobitHukamu [13-
15] po3InAHYB fieAKi MUTaHHSA CHiBOCAIDKEH-
HsA TYTOIUTABKUX MeTasliB i3 MeTa/laMy Tpiafin
3as1i3a i BUC/IOBUB IIPUITYLIIEHH, 1[0 MEXaHi3M
IIPOLIECY TO/IATAE B YTBOPEHHI IIPUITOBEPXHE-
BOI IJIIBKM B IIPOLIEC] e/IEKTPOBUiNIEHHA CII/Ia-
BiB. [IpunoBepxneBy MOfie/Ib €IEKTPOBI/IiNIEH-
Hs TYTOIUIaBKMX METAJIiB Y CIIAB 3/Ji/ICHIOIOTh
Yy YOTUPM OCHOBHUX €Tallll: eIeKTPOXiMiuyHe
reHepyBaHHA peaKLiIHO3[JaTHUX YTBOPEHb
ioHiB MeTaly POJSVHM 3a/1i3a; YTBOPEHHSA 3 IIUX
YaCTMHOK TeTEPOINOJICIONYK TYIOIIaBKUX
MeTasiB i popMyBaHHA IUTIBKM Ha MOBEPXHi

38

KaToOJy; €/IeKTpOXiMiYyHe BiJHOB/IEHHA IOHIB
MeTaJliB BCepeVHIi IJIIBKM [0 Pi3HOTO CTaHy
OKJCJIEHHA Ta OCTAaTOYHE BiJIHOBJIEHHA BCIX
iOHIB Ha MeXi IUTiBKa — CIIIaB.

— Ilpm posrnApni yTBOpeHHSA «HECTEXiOMET-
PUYHKX» CIONYK IIpU po3pAni — ioHisamil
ionis, H. [I. IBanoBa [16-18] sanpononyBana
IHIIMI BapiaHT IIIIBKOBOI MOJENi €/IeKTpo-
ocaykeHHs. Voro cyTb monsArana B TOMy, 10
Ha IIOBEPXHi elIeKTpoJja peanisyeTbcs T. 3B. 0i-
PyHKUioHANbHA TUTIBKA, SIKAa MA€ Pi3HY eleKT-
POHHY Ta iIOHHY IIPOBiJHICTb Y Pi3HUX YaCTU-
Hax I10 TOBIIMHI. IIpakTM4YHMM pe3ynbraToMm
LUX AOCTiIXKeHb OYy/I0 po3pOOIeHHs HOBUX
rajbBaHiYHUX ITOKPUTTIB CIIOTyKaMM HeCTe-
XiOMEeTPUYHOTO CKIIafYy.

— Posrnapgaroun ereKTpoxiMidyHMII Ipoec
AK eJIEKTPOJIi3ep — JPKepesio KUBJIEHH, CIIiB-
POOITHMKY IHCTUTYTY 3aNIpOIOHYBaM 6araTo
pileHb /11 yOCKOHATIEHHA elIeKTPOXIMIYHMX
BUPOOHMUIITB, AKi y3araTbHEHO B HU3IIi CTaTel
i MmoHorpadiit [4-5, 25]. Ha ocHOBi BuB4eHHs
KiHETUKIN pO3pAAYy — iOHi3alil KOMIUIEKCHUX
iOHiB Ta HOBMX IIPUIOMIB IMIIyIbCHOTO Ta
IPOTPAMHOTO €JIeKTPOi3y 0y/10 po3pobieHo
edexTnBHI 6e31iaHNCTi QYHKIIIOHAIbHI €/1eKT-
pOJiTH /151 TOTPeO raIbBAaHOTEXHIKI.

- B ocranni poxku B IHcTMTYTI ycmimHo
PO3pOO/ISIIM METORO/MOr 0 e(heKTUBHOTO BIU-
COKOIIBUIKICHOTO €/IEKTPOXiMiYHOTO CUHTE3Y
MY/IBTUQYHKI[IOHA/TbHNX (€IeKTpOKaTaiT!Y-
HIX, KOPO3ifHO- Ta 3HOCOCTIMKMX, MAarHiT-
HJIX) II/IBHUX IUIIBOK HAHOCTPYKTYPOBAHUX
6iHapHMX Ta TepHapHMX cITaBiB M M, Ta
M MM, (me M, - MeTanu mipgrpymnu samisa (N,
Co, Fe), M, - tyronnaski Mo, W, Re) 3 pisnux
TUIIIB KOMIUIEKCHUX BOJHUX €/IEeKTPOJITIB, i3
KOHTPO/JIbOBAHMM CK/IaZlOM i BiJTBOPIOBAHOIO
crpykrypoto (O. JI. Bepciposa, B. C. Ky6ma-
HOBCBKMII) [7, 26-27].
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Enexmpociopomemanypeis. Tpeba Bigmitu-
T C/IaBHI Tpaauilil B pO3BUTKY LIbOTO €/IeKT-
PpOXiMi4YHOTO HaIpsAMKY, 3aK/IaleHoro B IHc-
TUTYTi, Ta IPOJOBXEHOr0 B poku JIpyroi cBi-
TOBOI BiitHU, Ko ciiBpobitHuky ISHX, He-
3B)KAIOYM Ha HECIPUATIVBI YMOBM, BUKOHA-
IV HU3KY 3aBJIaHb, IIOB 3aHUX i3 JOITOMOTOI0
GpoHTY: ofiep>kaHHA Mifi 3 OigHMX MigHMX
pya (O. K. Kyznpa), enekrpoximidHe ofepkaH-
HA TIEPOKCUAY BOJHIO, aHOJHE IOMipyBaHHA
metaniB ([I. II. 3ocumoBuY), enekTpoximiu-
He BIIy4eHH:A Kobanbry (M. C. ®opryHaros,
O. K. Kynpa) [21-24].

Hapani BaxnuBe IpakTU4YHE 3HAY€HHHA
MaJIM JOCHTIJKEHHSA €NIeKTPONTITUYHUX METO-
IiB Oflep>)KaHHs YMUCTUX Ta OCOOMMBO YMC-
tux metaniB (I. A. Illeka, [I. II. 3ocumoBuy,
M. O. IlIBab, JI. X. Kosiu Ta inmi):

- byno pocnimkeno enekTpopHi npouecu
IIiJ] 4ac BUiJIEHHA Ta PO3YMHEHHs LVHKY,
KaJgMiro, Mifji, MapraHijo, XpoMy, 3aiisa,
Hikemo, kob6anbry. Lli mocmimkeHHA cranmm
OCHOBOIO JijIsi pO3POOJIEHHsI TEXHOJOTiYHUX
CXeM e/IeKTPOXIMiYHOTO Ofiep>KaHHA YMCTUX
Ta 0COOMMBO YMCTUX MeTasniB. Po3pobie-
Hi MeTOAM [al0Thb MOXX/IMBICTb OJEp>KyBaTu
MeTaau 3 YUCTOTOK BiTHOCHO MOMIIIOK, IO
KOHTPOJIIOTHCA, TOpAAKy 10-5% i BmicToM
OCHOBHOro Metany 99,9999%. 3amnponono-
BaHO €NIEKTPOJITM Ta YMOBM OJ€P>KaHHA
€JIEMEHTAPHOIO TEIypy BMCOKOI YUCTOTHU.
(JI. X. Kosin) [28].

- L. A. lllexa 3i cniBpobiTHUKamu [21-24]
B I3HX po3pobus Ta BIpoBafuB y IPOMUC-
JIOBiCTh: aMa/lbIaMHMIT CIIOCIO Ofiep>KaHH:A
1HMi10, AKMI DAaB MOXK/IMBICTD 301IBIINTI BM-
POOHMIITBO 1IHOTO LIHHOTO MeTasy 3 Ki/bKOX
KiZlorpaMiB 10 IECATKIB TOHH Ha PiK, METOAN
padinyBaHHA iHAi0 Bif KagMilo, omoBa, Mipi,
KaJIbLIif0 Ta iHmMX AoMimok. Husky po6iT

https://ucj.org.ua

0y/10 TPUCBAYEHO BMBYEHHIO aMajblaMHUX
CUCTEM, NMPAKTUYHMM pe3y/lbTaTOM IUX JO-
cipkeHb O6yn0 po3poO/IeHHS TeXHOTOTiYHMX
CXeM €/IeKTPOXiMIYHOIO Ofiep)KaHHA TaJlilo,
1HJi10, Ta/Ii0, TEPMAHIIO.

- I. II. 3ocumoBuY 3i cHiBpobiTHUKA-
MU [21-24] po3pobuB mporecu ofep>KaHHs
MapraHIjio 3 pepomMapraHiio i xpomy 3 depo-
XpOMYy, IIOKas3aB, IO MOXKHA IIepepoOATH
BTOPVHHY CUPOBMHY YOPHOI MeTanyprii, AKy
MajI0 BUKOPUCTOBYIOTD, i OJep>KyBaTu YMCTi
MeTa/n 3a peHTa0ebHOI TeXHosorien. Pos-
po6IeHO cXeMy Ta BUKOHAHO TeXHiKO-eKOHO-
MiuyHe OOIpYHTYBaHHs OyHiBHUIITBA ILIeXy 3
BUPOOHUITBA €IEKTPONITIYHOTO MapraHIIo
3 CyIyTHOTO MeTa/ly Ta Xpomy 3 KBacuis. Ha
migcTasi mboro B M. KocTAHTUHIBKA Ha 3aBOJIi
«YKpIVHK» Oy/I0 CIIpOEKTOBaHO Ta 30ypoBa-
HO IIPOMUCJIOBI LI€XM 3 OJjepP>KaHHsA MapraHIlio
i XxpoMy npopyKTuBHicTio 500 TOHH MeTany
IOPiYHO.

— ¥ pesynbTarti JOCTiIPKEHHA OKMCHO-BifI-
HOBJTIIOBaHHUX IIpolieciB Oyno po3pobieHo
TEXHOJIOTiI0 BU/IyYeHHA iOHIB 3ajisa Bij Tu-
TaHy IpU NepepoOb/eHHi iIbMeHiTOBOI cupo-
BVYHU I OJeP>KaHHA IIrMEHTHOTO JUOKCULY
tutany. Lleit MeToy Oy/10 BIIPOBaI>KeHO y BM-
po6uuurso (4. I. Topomenko, C. I1. AHTOHOB)
[21-24].

- Po3po6ieHo Teopilo eeKTpoIi3y B IceB-
TO3PIIKEHOMY 1api  €leKTPOINpPOBiIHUX i
HEENIEKTPOIPOBIIHNX YaCTUHOK, AKa IOCIIY-
JKIJIa OCHOBOIO [/Ii CTBOPEHHA TEXHOJIOTril
Ta amapaTypu I pereHepanii KOIbOpPOBUX
i 6maropogHux MeTasiB i3 po3baBIeHUX PO3-
wiaBiB (puc. 4). Ha ocHOBi 3anmporoHoBaHO1
TeOpil MacoIepeHoCy Ta BCTAaHOBJIEHHA 3aKO-
HOMIPHOCTEN €/IeKTPOKPUCTaIi3allil MeTaliB
B YMOBaXx IICEBJO3Pi/PKEHHs HEeeKTPOIpPO-
BifIHMX YaCTMHOK Oy/10 pO3po0/IeHO MPUHIIN-
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I/ KOHCTPYIOBAHHA €/IeKTPOJIi3epiB ICEB03-
Pif>KEHOro mapy, fAKi JO3BOMUIN CTBOPUTH
opuriHanbHi 6a30Bi KOHCTPYKILil Impommcio-
BUX PEAKTOPIiB Ta HA/NATOAUTH IXHiil BUITYCK.
Po3po6eHo Ta BIpoBagpKeHO TEXHOJOTII Ta
oOnmafiHaHHA I BWIYYEeHHSA i Oca/pKeHH:A
HU3KU KOJNbOPOBMX Ta JOPOTOLIIHHMX MeTa-
miB i3 TexHoreHHMx posumuis (M. O. IlIBa6,
K. O. Kaspmo6in) [9-11].
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- Benmuxuit o6c¢sr pobiT nposeneHo B IUIa-
Hi €eKOHOMiI 30/10Ta IIpPM BUTOTOBJIEHH] iHTer-
palbHUX CXEM, MIiKpOIIpOLeCOpiB Ta iHIIMX
meTajeil it moTped MiKpOelIeKTPOHHOI IPOo-
MMCIOBOCTI, 6y)10 3alIpOIIOHOBAHO AK HOBI
€/IEKTPOJIITY 30/I0TiHHA Ta a/JIbT€pHATUBHI I10-
KPUTTA, 110 3aMiHAIOTH 30/10TO, TaK i Mporpe-
cuBHI MeTonu ixuporo HaHeceHHs (B. C. Ky6-
nanoBcokuit, O. JI. bepciposa) [6-7].

2 2
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Puc. 4. IlopiBHANBHI XapaKTepUCTUKN PO3IOAITY IIBUAKOCTI MPOTOKY Ta MONApU3alii MeTaliqvHOl
¢asu I13E (karopHa monmspusaliisi) y KOHCTPYKIISAX: a) 3 pIBHOMIPHUM 3pifXKeHHM; 0) 3 HaXM/IEHOIO
TVJIBHOIO CTiHKOIO poO0YOro IPOCTOPY; B) 3i CTPyMeHeBUM 3pifKeHHAM. 1 — miapparma, 2 — cTpyMo-

30ipHUK, 3 — pO3NOAiNI0BaY IIOTOKY

Pobomu 6 eanysi kopo3ii ma anmukopo3iii-
HUx nokpummie. Bnepme B YKpaini mocmi-
IDKeHHA Koposii MeTasiB 6yn10 mpoBefieHO B
IncTuTyTi 3arasbHOI Ta HEOPraHi4HOI XiMmii
AH YPCP M. M. Ipaniancpkum. Y 1936 poui
0y/10 3aCHOBAHO IepLIy JOCIiTHUIBKY /1abo-
paTopiro KOpo3sii Ta 3aXCTy MeTaJliB:

- M. M. Ipauiancpkuit 3i cmiBpo6iTHU-
Kamu [21-24] BMBYaMM NUTAaHHA KOPO3iltHOI
CTIilIKOCTi MeTasiB Ta MeTOOU HaHeCeHHs aH-

40

TUKOPO3iMIHUX IIOKPUTTIB. Benmky yBary BoHn
NPUIIANIN BOCIIIPKEHHAM KOPO3iMHNUX IIpO-
LIeCiB 3JIEKHO BiJj IOBEPXHEBUX ABUII, AKi
IIPOTIKAaIOTh Ha IIOBEPXHI IIOAIi/Ty MeTasl — arpe-
CUBHe KoposiliHe cepemosuime. M. M. Ipa-
L[IaHChKIJI IIEPILNM 3aIIPOIIOHYBAB IIKa/Iy KO-
PO3iitHOI CTINIKOCTi Ta po3pobUB Teopiio, sKa
NOsACHIOBAJIA CTIMKICTh IIOBEPXHEBUX CIIIABIB,
10 YTBOPIOIOTHCA.

— Ha mipcraBi mocnigkeHb aHOTHUX €1eKT-

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



B. C. Ky6nanoscbkuii, 0. J1. bepciposa

YXX Ne 7 / TOM 87

POOHMX IIPOLIECIB 3a BEIMKUX TYCTUH CTpPY-
My OyZ0 po3poO/IeHO TeOopilo eIeKTPOIIOi-
pyBaHHsa MeTtaniB Ta cmasis (IL II. Maiirak,
I. [I. BooBenko) [21-24]. Byno pospobneno
YMOBM €IEKTPOJIITUYHOTO OJEP>KAaHHA KOPO-
31IHOCTIVIKMX IOKPUTTIB 3i CIUIaBIB i 3ampo-
IIOHOBAHO TIPOTPECUBHI METONM €IEKTPO-
JNITUYHOTO IIOMipyBaHHA MeETaJliB 1 CIIaBiB,
AKi Oy/10 BIPOBa/KeHO Ha 6araTbox MifIIpu-
eMcTBax. TeopeTuyHi Ta ekcliepuMeHTa/NbHi
nocnimkenHsa 1. JI. Boosenko 3i cmiBpo6it-
HUKaMI [O3BOMMIN Ofep>XKaTu HOBI [AaHi i
3’sICyBaTy BXX/IMBi XapaKTePUCTHKI IIPOLIeCY
AHO/IHOTO PO3YMHEHHA 3a €NeKTPOXiMi4HOIO
06po6neHHss MeTaniB. Po3po6reHo BUCOKO-
eeKTVBHi eleKTPONITH i TEeXHOJOTIYHI Ipo-
Lecu IOMipyBaHHs Heip)KaBilOUMX, ByIJIEle-
BJX, BUCOKOBYIJIELIEBMX IHCTPYMEHTA/IbHUX
cTajel, CIUIaBiB XpoMY, Mifii, a/lIloMiHilo, niepe-
Bara KOTpUX IIOJIATA€ Y TOMY, IO IX XapaKTe-
PU3YIOTb BeIMKIM TePMiHOM CITy>KO11, BOHM He
MICTATb TOKCMYHMX CIIOIYK XPOMY, IIOKpaIly-
IOTb AKICTb NOMipyBaHHA. BuBueHO KiHETUKY
I MexaHi3M pO3YMHEHHA IPOAYKTIB BUCOKO-
TEMIIEPATYPHOTO OKMCHEHHA Heip)KaBilodmx
cTajeil, BIUIMB KOMIUIEKCOYTBOPEHHS Ha
HMIBUJIKICTb pPO34MHEHHA OKanuHu. CTBOPEHO
crenjiaJibHi KOHCTPYKIIil BUHOCHUX €/IeKTPO-
ZIiB Jy1s e/IeKTPOXiMiuHOTO 06pO6IeHHS 3Bap-
HUX IIBiB, BUJa/IeHHS OKaJIMHU i HAaHECEHH:
3aXVICHUX Ta/IbBaHIYHMX IOKPUTTIB B iHTEH-
cudikoBaHux pexxnmax. IlepeBara po3po6-
JIECHMX METO[IiB IOJIATAE Y TOMY, 11O IIPOLEeC
00pO0/IeHHs NTPOBOJATD 3a BUCOKOI I'yCTVMHU
CTpyMy 0e3 3aHypeHHs 00pOO/II0BaHNX BUPO-
6iB y BAHHY Ha OCHOBi HETOKCMYHMX JleLIIeBUX
eIeKTpoiTiB. Y pe3ynbrari }pisnko-xiMmivHuX
MOC/TIPKEHDb 3alIPOIIOHOBAHO HOBi €/IEKTPOJ-
Hi MaTepiamm i po3pobneHo 6e3BifXonHY Tex-
HOJIOTiI0 TpaB/IeHHA KOJIbOPOBUX METANiB y
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BUPOOHUITBI APYKapChKUX IUIAT, L0 HE M€
aHAJIOTIB y HaIIil KpaiHi [21-24].

- IIi HanpaurooBaHHA 3HAMLUIM PO3BUTOK
y po6orax A. O. Omenbuyka 3i cniBpobiTHU-
kamu [29]. HaykoBui IHcTHTYTY po3pobum
METOJl €/IeKTPOXiMi4YHOIO BWIY4YeHHA pafio-
HYK/IifHOTO 3a0pyfHEeHHS 3 IMOBEPXOHb eX-
HOJIOTiYHOrO OOTaJHaHHA aTOMHMX eJIeKTPO-
cranlif. CyTb €/lIeKTPOXiMiYHOI [e3aKTH-
Baljii IOATAa€ y PYyMHYBAaHHI IIOBEPXHEBOTO
mapy 3abpygHeHOro oOnMagHaHHA I A€o
elIeKTPUYHOTO CTpyMy (TIOCTiifHOTO, 3MiH-
HOTO CTPYMY Ta 3MiHHOI HOJISIPHOCTI) Ta Iie-
peBefeHHI €lIEMEHTIB, fAKi JI0ro yTBOPIOIOTD,
y CIIONTyKM, 1[0 HAKOIMYYITHCA B PO3UYMHAX,
3a JJOIIOMOTOK AKMX BMKOHYIOTH I[I0 OIlepa-
1iro. MeTo NIpOINOB YCIIIIHY ampobario
Ha YJOpHOOWM/IBCHKiNl aTOMHIN eIeKTPOCTaH-
uii Ta JJOCHiHNLIIBKOMY ALEPHOMY peaKTopi
Incturyry apgepuux gocnimxenb HAH Ykpa-
iHy. 3a migcyMKamy BUIPOOYBaHb CTBOPEHO
NPUCTPIN /1A €1eKTPOXiMIYHOI Ae3aKTUBaLlil
MeTaJIeBMX ITOBEPXOHb OOJIa/[HAHHSA Y HecTa-
IIiOHapHMX yMOBaX i po3poO/IeHO KOHCTPYK-
TOPCHKO-TE€XHOJIOTIYHY [NOKYMEHTALil0 [i/A
JIOTO CEpiTHOrO BUTOTOBJICHHS.

— JocnipkeHHsT 3aKOHOMipHOCTeN iHTi0i-
TOPHOI il OpraHiYHUX PEeYOBMH Ha KOpO3ilo
MeTaJIiB JJa/i MOXX/IMBICTh PO3pOOKTH i BIIpO-
BaJIUTV Ha IPOMUCIOBUX MiJIIPUEMCTBAX
eQeKkTMBHUIT CIOCiO BUBEEHHS HAaKUIy 3
TEIJIOOOMIHHOI amaparypu i 3HATTS OKasu-
HU 3 IOBEpPXHi TEXHOJIOTiYHOTO OONMagHAHHA
3a JIOIIOMOTOI0 CIelia/IbHO PO3pOOJIEHUX I
LIbOT'O ITACT.

- Ha ocHoBi 3sanpononoBaHoi TeOpil Maco-
IIEPEHOCY Ta BCTAHOBJIEHHA 3aKOHOMipHOC-
Te e/IeKTPOKpUCTasi3alil MeTaliB B yMO-
BaX IICEBIO3PIIPKEHHA HEeNeKTPOIPOBiIHUX
gactuHoK. (M. O. IIIBa6, K. O. Kasmob6in)
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0yn0 po3po6eHO MPUMHIMIN KOHCTPYIOBAH-
HsA €/IeKTPOIi3epiB IICEBIO3PIXKEHOr0 1IapY,
sIKi JO3BOJIVUIM CTBOPUTHM OPUTiHA/IbHI 6a30Bi
KOHCTPYKIIiI IPOMMC/IOBUX PEAaKTOPiB Ta Ha-
JIaroANTH iXHiit BUITycK. Po3po6ieHo Ta BIipo-
BaJIP)KeHO TEXHOJIOTII Ta 00/ajHaHHS I BU-
Ty4eHHS i OCafPKEHHA HU3KM KOJIbOPOBUX Ta
OOPOTOLIHHMX METAJIiB i3 TeXHOT€HHUX PO3-
yyHiB [9-11].

- Benuky kinbkictb pobit Oy1o nmpoBeneHo
3 IPUBOJY pO3pOO/IeHHS HETOKCUYHUX €/IeKT-
POJITIB JI/1A HAaHECEHHA aHTUKOPO3iHUX, 3a-
XVMCHUX Ta (PYHKIiOHa/JIbHUX HOKPUTTIB Me-
TanaMu Ta ciasamu (B. C. Ky6HaHOBCbKI/II7[,
H. 1. IsanoBa, A. T. Bacpko). Pospobneno
TEXHOJIOT14Hi IpOoLeCch: TOBCTOLIAPOBOTO KaJi-
MYyBaHH#, TOBCTOIIAPOBOrO LIMHKYBAaHHS, Ce-
JIEKTMBHOTO MiJJHIHHA IUIaT JPYKOBAHOTO
MOHTaXY, IVIACTUYHOTO XiMiYHOTO MiJHIHHA,
30JI0TiHHA, HIKEIIOBAHHA, JIYJiHHSA, MapraH-
I[IOBAHHS, YOPHOIO Ta CBIT/JIOTO XpPOMYBaHHA
i NMHKYBaHHA, MOKPUTTSA CIIZIABAMI OJIOBO —
BiCMYT, KOOaJIbT — BaHaNil, HiKe/Ib — BaHaLil,
HiKeslb — OJIOBO, HiKelab — 1HAiM, MarHiTHUX
CIUIaBiB Ha OCHOBi KOOa/lbTy, aHOZHOTO JIa-
KyBaHHS, TBEPJOrO0 AHOAYBAHHA aJIOMiHiIO
[21-24].

- B octanHni yacu B IncturyTi B. C. Ky6ma-
HOBCBKMII 3i CIIBpOOITHMKAaMU PO3POOTISIOTH
JKapOMillHi, KOPO3i/IHOCTiNKi CIIaBM Ha Oc-
HoBi Ni, Co i Fe, sxi npusnaueno s po6o-
TU B €KCTPEMA/IPHNUX TEMIIEPATYPHO-CUTOBUX
peXuMax 3a OJHOYACHOTO BIUIMBY arpecus-
HOTO cepefoBuIla. BoHu IpoABIAIOTh BUCOKY
MIITHICTh i OKaMMHOCTINKICTh 3a MigBUIIEHUX
TeMIleparyp, IIpH I{boMy 30epiraoun QyHKIio-
HaJIbHI BIaCTUBOCTI [26-27].

BMCHOBOK. V¥V mifcymMKy MOXKHA Bifj3Ha-
9uUTY, MO OyI0 JOCATHYTO 3HAuYHi ycmixm B
00/1acTi eeKTPOJHUX TIPOIECiB, €NIeKTPo-
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OCaJKeHHs, (QYHKIiOHa/NbHOI i iHXXeHepHOI
rajJIbBAaHOTEXHIKM Ta TiIpoeNeKTpoMeTanyp-
rii. Pobotn nHaykosuis I3HX mmpoko Bimo-
Mi B KpalHax OJM3BKOrO Ta JJa/lleKOro 3apy-
6iOKs. [X HEOTHOPA30BO IEMOHCTPYBaMN Ha
Pi3HMX BMCTaBKax i Ili po6OTU HArOPOMKEHO
15-Ma MefaiAMM Ta AUIZIOMaMy Pi3HUX CTY-
IIeHiB, 6araro pobiT BifMiueHO MiXXKHApOTHM-
MM Ta Jep>KaBHUMU BiI3HaKaMM, JUIIOMaMMU
BXT im. . I. Menpeneena, IIpesunii HAH
YKkpainu, 3axuieHo 6/1M3bKO IBOMa COTHAMMU
aBTOPCHKUX CBiIOLITB i IIaTEHTIB.

E Po6ory BukoHaHo B pamkax Ilinbo-
f BOI IPOrpaMM HAYKOBMX JOCIi/>KeHb
HAH Vkpainn «HoBi ¢pyHkiionanpHi
PeYOBMHM i MaTepianu XiMi4HOrO BM-
poOHMITBa», MpoeKT N 7-21, 2021.
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Research in the field of electrochemistry
of aqueous solutions, which was and is being
carried out at the Institute, made a significant
contribution to theoretical and applied electro-
chemistry: the theory of electrode processes,
electrochemistry of complex compounds,
masstransfer, chemical power sources, electro-
catalysis, electrochemical devices, theoretical
and engineering electroplating, hydroelectro-
metallurgy, electrochemical ecology and a
number of other areas of modern chemistry.
This article highlights issues related to research
in the field of electrodeposition, namely: theo-
retical research in the field of electrodeposi-
tion, electrodeposition of metals and alloys,
hydroelectrometallurgy, corrosion and anti-
corrosion coatings. It is proved the effect of
complexation leads to the formation of elect-
rochemically active and inactive coordination
ions, a mechanism for the discharge of ions
during the formation of a film on the elec-
trode surface is also proposed. The regularities
leading to the formation of powders and black
deposits of metals are analyzed. The conditions
for a stable electrolysis regime were identified,
the concept of the electrochemical resistance
of the system was introduced, and the relation-
ship between the kinetic parameters of elect-
rolysis and the structure of the coatings was
shown. The works in the field of hydroelectro-
metallurgy, corrosion-resistant and protective
coatings are analyzed. It is noted that the scien-
tific achievements of the Institute’s scientists
are widely known around the world.

Keywords: electrodeposition, metals, al-

loys, electroplating, electrohydrometallurgy,
development of the idea of electrodeposition.

https://ucj.org.ua

JITEPATYPA

Topoppicknit A. B. Bonprammepmerpus.
KuHeTnka cTallOHapHOTO 3/1€KTPO/NU3A.
Kunes: HaykoBa gymka, 1988. 176 c.
Ky6nanosckuit B. C., Topogsickuit A. B,
bennuckuit B. H., Inymaxk T. C. KoHueHT-
pallViOHHble M3MEHeHUsA B IIPUIIEKT-
POIHBIX C/IOAX B IIpoIlecce 3/1eKTPO/u3a.
Kues: Hayk. nymka, 1978. 212 c.
Ky6nanosckuit B. C., MakpoknHeTnka
paspsifia KOMIIJIEKCHBIX MOHOB : JIMCCEPT.
... fokTopa xuM. H.: 02.00.05. Kues, 1981.
416 c.

Koctun H. A., Ky6manosckmit B. C., 3a-
omypoBckmit B. A. VIMITy/IbCHBIII 57I€KTPO-
mm3. Kues: Hayk. nymka, 1989. 168 c.
Koctun H. A., Ky6nmanosckmit B. C. VM-
Iy/IbCHBIN 37EKTPO/IN3 CIIaBoB. Kues:
HayxkoBa mymka, 1996. 206 c.

bepcuposa O. JI., beik C. B., Kyb6nanos-
ckuit B.C. DnekrpoocaxeHne cepebpa:
MoHorpadusa. Kues: MU Mepuudopm,
2013. 168 c.

Bepciposa O. JI., Enextpoximiune ¢popmy-
BaHHA (YHKI[iOHa/IbHUX IIOKPUTTIB I
MiKpPOE/IEKTPOHIKM: [UCEPT. ... JOKTOpa
TexH. H.. 05.17.03. JIHiDpOmeTpOBCHK:
JBH3 YkpaiHcbkuii fep>K. XiM.-T€XHOJIOL.
yHi-T, 2011. 40 c.

Hemnmapckuit 10. K., Topopbicknit A. B.
OJIeKTpOJHbIE TIPOLECChl ¥ METOHAbBI MC-
cnemoBaHus B ojsiporpadum. Kues: V3p-
Bo AH YCCP, 1960. 294 c.

Topoppickuit A. B., IlIsa6 H. A., Kaspo-
6un K. A. Macconepenoc x I103. Onek-
Tpoxumus, 1986. 22. Ne 2. C. 147-151.

. Kazgo6bun K.A. Pacmpenenenue moms-

pusanuu no Beicote 1103, Yxp. xum. »x.,
1981.47. Ne 6. C. 690-692.

43




®I3UYHA XIMIA

11.

15.

16.

17.

18.

19.

20.

21.

44

ENEKTPOOCAZIXEHHSI METANIB | CMJIABIB I3 BOAHWUX PO34MHIB.

0rnaa HANPALHOBAHD CNIBPOBITHUKIB I3HX IM. B. I. BEPHAZICbKOI0 HAHY

IIsa6 H. A. CobkeBnu B. A., Kasmo-
6un K. A. VI3BnedyeHne metauioB u3 pac-
tBOpOB Ha [103. JKIIX, 1983, Ne 5. C. 1070~
1074.

. Kybnmanosckuit B. C., Hukurenko B. H.,,

Pynenxo K. II. SQHeprusa peopranmsanum
Opyu paspAfe IUIPOKCUITUIMMUHOAUA-
neTaTHbIX Kominekcos mamtagus (11). Jo-
nosioi HayionanvHoi akademii Hayk Ykpai-
Hu, 2014. Ne 3. C. 126-132.

. Bacpko A. T. OnexTpoxumusa MonnbaeHa

u Bonbdpama. Kues: Hayk. mymka, 1977.
170 c.

. Bacpko A. T., Kopau C. K. 9nexrpoxumns

TYTOIUIaBKUX MeTajioB. Kues: TexHuka,
1983. 160 c.

Bacpko A.T. Onexkrpoxumus Bonbdpama.
Knes: Texnika, 1969, 164 c.

VBanosa H. [I., MIBanos C. B., bonppipes
E. U. Coegunenns ¢ropa B rabBaHOTEX-
Huke. Knes: HaykoBa gymka, 1986. 240 c.
VBanoBa H. [I., ViBanoB C. B., bomgpi-
peB E. V1. dropcopepsxaiiye pacTBOpPbI /1
OCXJIEHVS CIUIABOB V1 00pabOTKY MaTepy-
anos. Kues: Hayk. mymka, 1987. 160 c.
MBanosa H. [I., VieanoB C. B., bonpgpi-
peB E. J. [anpBanoTexHuka. dropconep-
JKalye 57eKTPONIUTBI X PAacTBOPHI: CIpa-
BouHMK. Knes: Hayk. nymka, 1993. 445 c.
Kygpa O. K., Iutman E. b. 9nexrponuru-
yecKoe IONTydeHue MeTa/UIMYecKux IIo-
pomkoB. Kues: VMsg-s0 AH YCCP, 1952.
144 c.

Kyznpa O. K. [locnmiikeHHA B ramysi enek-
TPOINHUX IIpoIeciB. 3anucku IHCTUTYTY
ximii Axagemii Hayk YPCP, 1947. 1. IX. B.
3. C. 364-380.

Hymancekmit A. B., enimapcbkuit 1O. K.
IcTopid iHCTUTYTY 3arajabHOI Ta HeOp-
ra"ivHoi ximii Akagemii Hayk YPCP, 3a-

22.

23.

24,

25.

26.

27.

28.

29.

nucky IHecruryTty ximii Akazemii Hayk
YPCP, 1947. 1. IX. B. 3. C. 295-314.
IncTuTyT 3aranbHOI Ta HEOPraHiYHOI XiMil
im. B.I. Bepnagcpkoro AH Ykpainu, Knis:
Haykosa gymka, 1971. 40 c.; 1980, 120 c;
1993, 72 c.

Pa3BuTHe HeOpraHMYEeCKOIl XVMIY Ha YK-
panne. Kues: HaykoBa fiymka, 1987. 224 c.
Henimapcekuit 10. K., 3aeup A. 1. PosBu-
TOK €/IeKTpoXimil Ha Ykpaini. Kuis: Bup-
Bo AH YPCP, 1967. 49 c.

Yepuenko B. J1., J/Intosuenko K. 1., ITana-
HoBa V1. V. I[IporpeccuBHbIE MMITY/IbCHbBIE
U [IepEMEHHOTOKOBBIE PEXVMBI /IeKTPO-
m3a, Knes: Hayk. Jlymka, 1986. 176 c.
Konb6acos I. ., Kybnanoscokuit B. C., bep-
ciposa O. JI., Caxnenko M. ]I., Benp M. B.,
Kyatuit O. 1., Pemetnaxk O. B., Ilocy-
niescpkuit O. 0., Enexrpoximia ¢ynkiio-
HaJIbHUX MaTepiasniB. Ykpaincokuil ximiu-
Hutl scypran, 2021. v. 87. Ne 3—4. P. 61-76.
Tsyntsaru, N., Dikusar, A., Cesiulis, H.,
Yu. Yapontseva, Bersirova, O., Kublanov-
skii, V., Tribological and corrosive cha-
racteristics of electrochemical coatings
based on cobalt and iron superalloys, Pow-
der Metallurgy and Metal Ceramics, 2009.
48(7-8). P. 419-428.

Kosun JI. ®@. OnekrpoocaxkieHne n pac-
TBOpPEHME MHOTOBA/JIEHTHBIX METaJI/IOB.
Kues: HaykoBa nymka, 1989. 464 c.
Omelchuk A.O. How to isolate radio-
nuclides? On the electrochemical purifi-
cation of technological equipment from
radionuclide contamination - develop-
ment by chemists of the academy. Ukrai-
nian Chemical Journal, 2021. v. 87. Ne 3-4.
P 111-116.

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



B. C. Ky6nanoscbkuii, 0. J1. bepciposa

YXX Ne 7 / TOM 87

10.

11.

REFERENCES

Gorodyiskiy A.V. Voltampermetriya. Ki-
netika statsionarnogo elektroliza. Kiev:
Naukova dumka. 1988. 176 p. [in Russian]
Kublanovskiy V.S., Gorodyiskiy A.V., Be-
linskiy V.N., Gluschak T.S. Kontsentra-
tsionnyie izmeneniya v prielektrodnyih
sloyah v protsesse elektroliza. Kiev: Nauk.
Dumka. 1978. 212 p. [in Russian].
Kublanovskiy V.S. Makrokinetika razryada
kompleksnyih ionov. Doctor dissertatsiya :
02.00.05. Kiev. 1981. 416 p. [in Russian].
Kostin N.A., Kublanovskiy V.S., Zablu-
dovskiy V.A. Impulsnyiy elektroliz. Kiev:
Nauk. Dumbka. 1989. 168 p. [in Russian]
N.A. Kostin, V.S. Kublanovskiy. Impuls-
nyiy elektroliz splavov. Kiev: Naukova
dumka. 1996. 206p. [in Russian].
Bersirova O.L., Byik S.V.,, Kublanovs-
kiy V.S. Elektroosazhdenie serebra: Mono-
grafiya. Kiev: MITs Medinform. 2013.
168 p. [in Russian].

Bersirova O.L. Elektrohimichne formu-
vannya funktsionalnih pokrittiv dlya
mikroelektroniki. Doctor disertatsiya:
05.17.03. Dnepropetrovsk : Ukrayinskiy
derzhavniy himiko-tehnologichniy uni-
versitet. 2011. 40 p. [in Russian].
Delimarskiy Yu.K., Gorodyiskiy A.V. Elek-
trodnyie protsessyi i metodyi issledovani-
ya v polyarografii. Kiev: Izd-vo AN USSR.
1960. 294 p. [in Russian].

Gorodyiskiy A.V., Shvab N.A., Kazdobin
K.A. Massoperenos k POE. Elektrohimiya.
1986. 22(2): 147-151. [in Russian].
Kazdobin K.A. Raspredelenie polyarizatsii
po vyisote POE. Ukr. him.zh. 1981. 47(6):
690-692. [in Russian].

Shvab N.A. Sobkevich V.A., Kazdobin K.A.

https://ucj.org.ua

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Izvlechenie metallov iz rastvorov na POE.
ZhPH. 1983. 5: 1070-1074. [in Russian].
Kublanovskiy V.S., Nikitenko V.N., Ruden-
ko K.P, Energiya reorganizatsii pri razry-
ade gidroksietiliminodiatsetatnyih kom-
pleksov palladiya (II). Dopovidi natsion-
alnoyi akademiyi nauk Ukrayini. 2014. 3:
126-132. [in Russian].

Vasko A. T. Elektrohimiya molibdena i
volframa. Kiev: Nauk. dumka. 1977. 170 p.
[in Russian].

Vasko A. T., Kovach S. K. Elektrohimiya
tugoplavkih metallov. Kiev: Tehnika. 1983.
160 p. [in Russian].

Vasko A.T. Elektrohimiya volframa. Kiev:
Tehnika. 1969. 164 p. [in Russian].
Ivanova N. D,, Ivanov S. V., Boldyirev E. 1.
Soedineniya ftora v galvanotehnike. Kiev:
Naukova dumka. 1986. 240 p. [in Russian]
Ivanova N.D., Ivanov S.V., Boldyirev E.I
Ftorsoderzhaschie rastvoryi dlya osazh-
deniya splavov i obrabotki materialov. Kiev:
Nauk. Dumbka. 1987. 160 p. [in Russian].
Ivanova N.D., Ivanov S.V., Boldyirev E.I.
Galvanotehnika. Ftorsoderzhaschie ele-
ktrolityi i rastvoryi: Spravochnik. Kiev:
Nauk. dumka. 1993. 445 p. [in Russian].
Kudra O.K., Gitman E.B. Elektroliti-
cheskoe poluchenie metallicheskih poro-
shkov. Kiev: 1zd-vo AN USSR. 1952. 144 p.
[in Russian].

Kudra O.K. Doslidzhennia v haluzi elek-
trodnykh protsesiv. Zapysky Instytutu
khimii Akademii nauk URSR. 1947. 4(3):
364-380.

Dumanskyi A.V., Delimarskyi Yu.K.. Is-
toriia instytutu zahalnoi ta neorhanichnoi
khimii Akademii nauk URSR. Zapysky
Instytutu khimii Akademii nauk URSR.
1947.4(3): 295-314.

45




®I3UYHA XIMIA

22.

26.

46

ENEKTPOOCAZIXEHHSI METANIB | CMJIABIB I3 BOAHWUX PO34MHIB.

0rnaa HANPALHOBAHD CNIBPOBITHUKIB I3HX IM. B. I. BEPHAZICbKOI0 HAHY

Instytut zahalnoi ta neorhanichnoi khimii
im. V.I. Vernadskoho AN Ukrainy. Kyiv:
Naukova dumka. 1971. 40p.

. Razvitie neorganicheskoy himii na Uk-

raine. Kiev: Naukova dumka. 1987. 224 p.
[in Russian].

. Delimarskiy Yu.K., ZaEts A.I. Rozvitok

elektrohimiyi na Ukrayini. Kiiv: Vid-vo
AN URSR. 1967. 49 p. [in Russian]

. Chernenko V.I., Litovchenko K.., Pa-

panova LI. Progressivnyie impulsnyie i
peremennotokovyie rezhimyi elektroliza.
Kiev: Nauk. dumka. 1986. 176 p. [in Rus-
sian].

Kolbasov H.Ia., Kublanovskyi V.S., Ber-
sirova O.L., Sakhnenko M.D., Ved M.V,
Kuntyi O. I, Reshetniak O.V., Posudi-
ievskyi O.Iu., Elektrokhimiia funktsional-

27.

28.

29.

nykh materialiv. Ukrainskyi khimichnyi
zhurnal. 2021. v. 87. Ne 3-4. P. 61-76.
Tsyntsaru N., Dikusar A., Cesiulis H.,
Yapontseva Yu., Bersirova O., Kublanov-
skii V. Tribological and corrosive characte-
ristics of electrochemical coatings based
on cobalt and iron superalloys. Powder Me-
tallurgy and Metal Ceramics. 2009. 48(7-
8): 419-428.

Kozin L.F. Elektroosazhdenie i rastvorenie
mnogovalentnyih metallov. Kiev: Naukova
dumbka. 1989. 464 p. [in Russian].
Omelchuk A.O. How to isolate radionu-
clides? On the electrochemical purifica-
tion of technological equipment from ra-
dionuclide contamination - development
by chemists of the academy. Ukrainian
Chemical Journal. 2021. 87(3-4): 111-116.

Crartsa Hapginmnora 15.07.2021.

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



UDC: 549.641.1+621.315.61:66.065.2 doi: 10.33609/2708-129X.87.07.2021.47-60

CARBONATE PRECURSOR ROUTE FOR PREPARATION OF CaCu,Ti,0,,

O.Z. Yanchevskii, O.1. V’yunov*, T.O. Plutenko

V.I. Vernadsky Institute of General and Inorganic Chemistry
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A simple CaCu,Ti,O
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synthesis method by carbonate precipitation has been developed,

which is not inferior to the known methods of precipitation from solutions. The optimum
temperatures for the synthesis of powder (850 °C) and sintering of ceramics (1080 °C) have
been found. The CCTO ceramic prepared has stable and fine electrical properties. In the fre-
quency range of 1 kHz to 1 MHz, the ¢’ value always is higher 10* with the dielectric losses,
tan § ~ 0.05-0.08. Such CCTO ceramic prepared by the carbonate co-precipitation method
with good electric properties should find applications in electric devices.

Keywords: calcium-copper titanate, high dielectric constant, co-precipitation, carbonate

precursor.

INTRODUCTION. In recent decades, cal-
cium-copper titanate, CaCu,Ti,O , (CCTO) has
attracted theattention of researchersasamateri-
al with a high dielectric constant (¢’ ~ 10*-10°),
low dielectric losses (tan & < 0.15), photoca-
talytic and sensory activity in a wide temper-
ature range (100-600 K). These facts make it
possible to consider CCTO as a material with
a wide potential for practical application as su-
percapacitors, dielectric resonators, chemical
and photocatalytic sensors [1-5]. CCTO has
a pseudocubic ABO, perovskite structure with
space group Im3 [6]. The Cu** and Ca*' ions
are located in A sublattice of the crystal lattice,
but occupy the positions with different coordi-
nation numbers (4 for Cu?** and 12 for Ca?*) due
to the inclination of TiO, oxygen octahedra.

Various CCTO preparation methods with
their advantages and disadvantages are known.
The method of solid-phase reactions has been
widely used industrially [6-8]. The disadvan-
tages of this method are the contamination
during grinding, several stages of grinding, and
prolonged high-temperature heat treatments.
Wet (or soft) chemistry methods are of interest
because of greater purity, better granulometric
characteristics, higher reactivity of synthesized
powders, and as a result, significantly lower
temperatures of ceramic sintering. Among wet
methods, namely hydrothermal mehod [9, 10],
combustion synthesis techniques [11, 12], sol-
gel [13-16], and co-precipitation [17-21], the
last one is the most economical and effec-
tive method.
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The characteristics of CCTO ceramics syn-
thesized by co-precipitation methods (Table 1)
show the mainly used precipitants (oxalate and
hydroxide ions); significant differences in the
conditions of heat treatment, dielectric losses,
and dielectric constants. So, the particularity

of carbonates impact on properties of such ce-
ramics has a great interest and formed the pur-
pose of these studies - to develop a method for
the synthesis of CCTO by precipitation using
carbonates.

Table 1

Heat-treatment conditions and dielectric characteristics at room temperature
for CaCu,Ti, O, ceramics sintered from powders deposited by various methods.

Precursor- Temperature/ Temperature/ g tan 0 Year and

precipitant duration of duration of (1 kHz) (1 kHz) reference
synthesis,’C/h sintering, °C/h

HCO, 900/10 1050/24 23000 0.12 2006 [17]

HCO, 700/- 1000/- 20000 0.20 2009 [18]
(spark plasma)

H,C,0, 950/10 1100/24 115000 020 2009 [19]

NaOH 850/2 1050/4 10700 0.15 2011 [20]

NH,OH 850/2 1050/2 3100 0.05 2015 [21]

EXPERIMENT AND DISCUSSION OF THE
RESULTS. Pure Cu,(OH),CO, and analytical
grade CaCO,, K,CO,, KOH, TiCl,, and HNO,
were used as starting reagents. The aqueous
solution of titanium tetrachloride (TiCl,) was
prepared. Cu,(OH),CO, and CaCO, were dis-
solved in dilute HNO, to form solutions of
Cu(NO,), and Ca(NO,),, respectively. Solutions
of Ca(NO,),, Cu(NO,), and TiCi, were mixed in
the stoichiometric ratio Ca: Cu:Ti=1:3:4.
Aqueous solutions of K,CO, and KOH were
used as precipitants. Precipitation was carried
out in a reactor with a magnetic stirrer. Solution
of precipitant and Ca**, Cu*, Ti* -cations-con-
taining solutions were added at a constant rate.
The flow rate of KOH solution was controlled
to maintain pH = 10, and prevent the forma-
tion of partially soluble calcium bicarbonate.
After precipitation, the precipitate was heated
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with stirring to 60-70 °C and left for 24 hours
for stabilization. The suspension was filtered,
and the precipitate was washed free of K*, CI,
NO," ions by double distilled water with an
amount of water 5 I for 0.04 mol CaCu,Ti,O ..
The content of K* ions in the washed water was
controlled by a photoelectric flame photometer
and did not exceed 1:10° g/l. The precipitate
was a green paste of the general composition
CaCO,1.5Cu,(OH) CO 4Ti(OH),nH,O. This
paste was dried at 110 °C to form a dispersed
powder. Powder of CCTO precursor was syn-
thesized at 750-900 °C for 4 h. The synthesized
powders were ground in an agate mortar with
a pestle, mixed with a 5 % aqueous solution
of polyvinyl alcohol and passed through a 150
mesh nylon sieve. Disc-shaped specimens with
a diameter of 8.5 mm and a thickness of 2 mm
were pressed under a pressure of 120 MPa.

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



0.Z. Yanchevskii, 0.1. \’yunov, T.0. Plutenko

UCJ N2 7 / Vol. 87

| TiClssolution |

| Cu(NOs3), solution | | Ca(NOs3); solution |

T

!

| Mixed solution with Ti:Cu:Ca = 4:3:1 |

K,CO; solution

|

| KOH solution |—>|

Mixing and Stirring

| Precipitation and aging I

v

| Filtration and washing I

Y

Drying

v

| Synthesis |

]

| Granulating and pressing |

!

| Sintering of CCTO ceramic |

Fig. 1. The process of CCTO preparation.

Ceramics were sintered at 1080-1100 °C for
10 h. Fig. 1 shows a schematic diagram of the
process for CCTO fabrication. The phase com-
position of the products was determined by
X-ray diffractometry (XRD) on a DRON-4-07
diffractometer (40 kV, 20 mA) using CuKa
radiation and Ni filter. Certified standards,
NIST SRM640e-SiO, (2@ standard) and
NIST SRM1976-ALO, (intensity standard)
were used. The relative X-ray impulse count-
ing error did not exceed 0.5 %. The unit cell
parameters of the samples were determined
using FullProf software by the whole-pattern
profile-matching Le Bail procedure [22]. The
crystallite sizes of etched ceramic samples
were studied using a scanning electron micro-
scope JEM 10CX II (JEOL). The average grain
diameters were measured by at least 50 grains
from 3 different areas using Image] software

https://ucj.org.ua

[23]. The density of ceramics was determined
by Archimedes principle. To deposit the sil-
ver electrodes on polished ceramic samples,
Ag-containing paste was burned at 600 °C for
0.5 h. The complex impedance of the samples
with a diameter of 7.3 mm and a thickness of
1.6 mm was investigated using a 1260 Impe-
dance/Gain-Phase Analyzer (SolartronAna-
lytical). The measurements were carried out in
a dry atmosphere to avoid the contribution of
water vapour [30]. The equivalent circuit and
the value of its components were determined
using the ZView® software (Scribner Associ-
ates Inc., USA). Measurement error for € and
tan § in the frequency range 10°-10° Hz does
not exceed 2 %.

Fig. 2 shows the diftraction patterns of the
precipitated CCTO precursor after drying at
100 °C and after heat treatment at 750-1100 °C.
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50 60 70  20,°

Fig. 2. Powder diffraction patterns of CCTO precursor dried at 100 °C (1) and synthesized at tem-
peratures of 750 (2), 800 (3), 850 °C (4) and CCTO ceramic sintered at 1100 °C (5). Second phases:
*=CaCuTi0,,z=CaCO,r= TiOZ, t= CaTiO3, # = CuO.

4712’

Fig. 2 shows that in the precipitate dried at
100 °C, copper and titanium compounds are
in an X-ray amorphous state and only weak
reflections of CaCO, (ICDD PDF-2, card
Ne 76-0606) are observed. At 750 °C, perovskite
phase, CaCu,Ti,O , becomes the dominant
phase (Ne 75-2188), and a trace amount of in-
termediate phases CaTiO, (Ne 78-1013), CuO
(Ne 89-5899) and TiO, (Ne 21-1276) are ob-
served. At 1100 °C, single-phase CCTO ceram-
ics were sintered: all diffraction reflections in-
dexed in Im3m space group with the parame-
ter of the cubic unit cell a = 7.3939(1) A; unit

cell volume V = 404.23(1) A was determined.

To determine the optimal mode of heat
treatment, the temperatures of powder syn-
thesis and CCTO ceramic sintering were var-
ied (Table 2). Table 2 shows that the relative
density of ceramics depends on the synthesis
temperature. The sample 800/1080 synthesized
at 800 °C and sintered at 1080 °C has the maxi-
mum density (93%). The decrease in ceramic
density with an increase in synthesis tempe-
ratures can be explained by the loss of powder
activity and the improvement of the particles
crystal lattice.

Influence of temperature regime on the density of polycrystalline CCTO samples. fable 2
Sample Synthesis, Sintering, Apparent density, Relative
designation °C/h °C/h g/cm’ density, %
750/1080 750/4 1080/10 4.46(3) 88(3)
800/1080 800/4 1080/10 4.71(8) 93(2)
850/1080 850/4 1080/10 4.43(8) 89(2)
900/1080 900/4 1080/10 4.30(5) 85(3)
800/1100 800/4 1100/10 4.62(8) 91(2)
900/1100 900/4 1100/10 4.15(9) 82(2)
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SEM microstructure of ceramic samples
800/1080, 900/1080, 800/1100, and 900/1100
are shown in Fig. 3. Fig. 3 shows that the
smallest grains (5 = 3 um) occur at the synthe-
sis temperature of 800 °C. With an increase in
the synthesis temperature to 900 C, the grain
size increases to 7 + 3 pm. Large grains have

a smaller surface area, closed porosity remains
at the sintering stage, which leads to a decrease
in the apparent density of polycrystalline sam-
ples. Thus, the optimal synthesis and sintering
temperatures of the CCTO ceramics should
not exceed 850 and 1080 °C, respectively.

Fig. 3. SEM microstructure of the CCTO ceramics at different synthesis and sintering temperatures,
°C: 800/1080 (a); 800/1100 (b); 900/1080 (c); 900/1100 (d).

https://ucj.org.ua
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Fig. 4. a - Complex impedance diagrams at room temperature and an equivalent circuit (insert) for
CaCu,Ti O, ceramic sample 850/1080 °C. R and CPE are resistance and constant phase element. Sub-
scripts indicate grain (G), grain boundary (GB) and the interface between sample and electrode (SE).

b - Capacity and resistance of grain boundary (1, 1°) and sample/electrode interface (2, 2) depending

on synthesis temperature.

CCTO ceramics are electrically heterogene-
ous with low grain and high grain boundary re-
sistance [24, 25]. Fig. 4a shows a room-tempe-
rature complex impedance diagram of CCTO
ceramic synthesized at 850 °C and sintered
1080 °C. As can be seen from Fig. 4a, the de-
pendence Z" = f (Z') is described by two sem-
icircles, that indicates the presence of two re-
laxation mechanism in the structure. These two
mechanisms are also observed on the depen-
dencies €'(f) and tan 8(f) (Fig. 5). The equivalent
circuit for the complex impedance of CCTO
ceramics (Fig. 4a, insert) is composed of R
(resistance of grain), R, and CPE_ (resistance
and constant phase element of grain boundary),
R, and CPE, (resistance and constant phase
element of interface between sample and elec-
trode) [26, 27]. As can be seen in Fig. 4b, with
an increase in the synthesis temperature, the
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grain boundary resistance and the sample-elec-
trode resistance of the samples almost does
not change, while the capacitance at the grain
boundary and the sample-electrode area passes
through a maximum. The maximum value of
capacity is observed for the sample synthesized
at 850 °C and sintered 1080 °C.

Fig. 5 shows the results of frequency measu-
rements €' (f) and tan § (f) at room temperature
of the CaCu,Ti,O,, ceramics prepared by depo-
sition methods in this work and the works of
other authors. As can be seen from Fig. 5a, the
g’ (f) dependence of synthesized in this work
ceramic (curve 1) demonstrates a decrease
with frequency and is 11400 at 1 kHz. The sam-
ple synthesized in this work is characterized by
a low dielectric loss tangent (tan 6 < 0.2) in
a frequency range 10°-10° Hz and a high di-
electric constant € > 10* in a wide frequency

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



0.Z. Yanchevskii, 0.1. \’yunov, T.0. Plutenko

UCJ N2 7 / Vol. 87

range 10°-10° Hz. These characteristics agreed
well with the data of Ref. [20] (curve 4), exceed
values shown in Ref. [21] (curve 5) and low-
er than that showed in Refs [17, 18] (curves 2
and 3). In a frequency range of 0.1-100 kHz,
CCTO ceramics with the lowest dielectric loss-
es, tan 6 ~ 0.05-0.08, are demonstrated the low-

2.
—
Fmdem e —k—k .h“"‘-—___.

ek
f e L
h =k
4 *k

——
L]

104+

*
V_'———-v—____‘,
—_— v

5
103+
102 SUE— v S . .
102 10  10* 10° 10° fHz

est dielectric constant, 2500-3000 (curve 5).
At frequencies above 10 kHz, the dielectric
loss of the investigated ceramic (tan & ~ 0.11
+ 0.14) exceeds the analogous (curves 2 and
4) and becomes close to the data in curves 3
and 5. Above 1 MHz, dielectric losses increase
sharply.

tan & b
0.3
0.21
0.11
0.0 : . : .
102 100 10* 10° 10° fHz

Fig. 5. Frequency dependences of ¢’ (a) and tan & (b) of CCTO ceramics at room temperature: this
work, synthesized at 850 °C and sintered 1080 °C (1) and Refs [17] (2), [18] (3), [20] (4), [21] (5).

Dielectric parameters obtained are charac-
teristic of the CCTO prepared by deposition
methods (Table 1) and are mainly explained
by the small size of the ceramics grains and
consequently a larger number of interfaces
between grains [15, 28]. Namely, according to
the model of internal barrier layer capacitor
(IBLC) structure, the effective dielectric con-
stant (e ) can be estimated by the following
equation [29]:

€= ang(dg + dgb) / dgb

wheree , is the dielectric constant of the grain

boundary, d_is the average grain size, and d  is
the thickness of the grain boundary layer. This

https://ucj.org.ua

equation shows that the value of ¢_is deter-
mined by the ratio of (d_+d,) / d,. Therefore,
the increase in grain size and the thickness of
the grain boundary layer increases the € _ value
of CCTO ceramics.

CONCLUSIONS. Carbonate precursor can
be successfully used to synthesize CaCu,Ti,O,,
powders by precipitation from solutions. The
sample synthesized at 800 °C and sintered at
1080 °C for 10 h has the maximum density
(93%). The smallest grains (5 £ 3 um) occur
at the synthesis temperature of 800 °C and in-
creases to 7 £ 3 pm at 900 °C. The optimal syn-
thesis and sintering temperatures of the CCTO
ceramics should not exceed 850 and 1080 °C,
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respectively. The complex impedance diagrams
of CCTO ceramic indicate the presence of two
relaxation mechanisms in the structure. These
two mechanisms appear due to the difference
in electrical properties of grain boundaries
and interfaces between ceramic sample and
electrode. With an increase in the synthesis
temperature, the resistances of grain bounda-
ries and the sample-electrode interfaces almost
do not change, while their capacitances pass
through a maximum. The maximum value of
capacity is observed for the sample synthesized
at 850 °C and sintered 1080 °C. The sample
synthesized is characterized by a low dielectric
loss (tan 6 < 0.2) and a high dielectric constant
(€' > 10%) in a frequency range of 1-100 kHz.
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Tutanar KabI[ifo-Mimi CaCu,Ti O,
(CCTO) mae 3HauHMIT TOTEHIIia/l MPAKTUYHO-
TO 3aCTOCYBAHHSA I CTBOPEHHS CYTEPKOH-
JIeHCAaTOPiB, pPe30HATOPIB, XiMiYHNX i PpoTOKa-
TaJIITUYHNUX ceHcopiB. CHiBOCaJKeHHA € Off-
HVM i3 Hail6ibIIl €KOHOMIUHUX i JOCTYIHUX
MeTofiB «Bonoroi xiMmii» orpumanua CCTO,
AKUI 3a0e3nedye BJMCOKY YNCTOTY, AMCIIEp-
CHICTDb i 3HIDKEHHS fAK TeMIepaTyp CUHTe3y
IIOPOWLIKY, TaK i CIiKaHHA KepaMiku. JInsa oT-
pumanHa CCTO MeTomoM criBocaji>KeHH:A K
BuxifgHi BukopucroBysamu Cu(OH) -CuCO,,
CaCO,, K,CO,, KOH, TiCl, i HNO,. ITicna
posunnenns (CuOH),CO,, CaCO, B HNO,
posunnn Ca(NO,),, Cu(NO,), i posuun TiCl,
3MILTyBa/IM B CTEXiOMETPUYHOMY CIiBBiJfHO-
meHHi Ca:Cu:Ti = 1:3:4. OcajkeHHA IPOBO-
mvnm 3a nocrirtnoro pH = 10 3 ogHOYacHOIO
Ioflayero Ipy IlepeMillyBaHHI B peaKkTop
HITPaTHO-XJIOPUJHOTO PO3YMHY 1 PO3YMHIB
ocamkysauiB — K,CO, i KOH. Ocan 3enenoro
KO/IbOPY, 1[0 BiANOBifgae 3arajnbHiil popmyti
CaCO,Cu(OH),-CuCO4Ti(OH),'nH O,
peTenbHO MPOMMBAIM, CYIIMIN i CMHTE3yBa-
m 3a 750-900 °C ynpognosx 4 rog. 3a 750 °C
nominyiodoro (asoro 6yma CaCu,TiO,, i3
MiHIMaJIbHOIO KiNbKicTIO TpoMDKHUX a3
CaTiO,, CuO i TiO,. Cnevena sa 1060~
1100 °C/ 10 rog. xepamika CCTO 6yna ogHo-
¢dasnomw (p. rp. Im3m). BigHocHa miinpHicTH
KepaMiKM CYTTEBO 3ajie)Kajla BiJj TeMIIepaTy-
pu cuHTe3y. MakcuManbpHy WibHICTD (93%)
IIPOJIEMOHCTPYBaB 3pa30K, CMHTE30BaHMII 3a
800 °C i cneuennit 3a 1080 °C. ITpn npomy Ke-
pamika mana api6bHi (5 + 3 Mxm) 3epHa. [Ipn
HiABUIEHH] TeMnepaTrypu cuHTedy 1o 900 °C
po3Mip 3epeH 30inbuIyeThcs 0 7 + 3 MKM, a
yABHA I'yCTYHA KepaMiKy 3HIDKYETbCA 10 87 %
BINIIOBIMHO. 3a/IeXKHICTh KOMIIJIEKCHOTO iMIIe-
pancy Z" = f (Z') orpumanoi kepamikn CCTO
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MO>KHa OIMCaTy JBOMa HalliBKO/IaMM, 10 BKa-
3y€ Ha HAABHICTb y CTPYKTYpi ABOX pelaKca-
OiTHMX MeXaHi3MiB. JIoCmimKeHH 3a/IeXXHOC-
Teit €' (f) i tan O (f) 3a xiMHaTHOI Temmepary-
Py 1OKa3aso, Mo & 3HIUKYETbCA 3 YaCTOTOIO
(11380 3a 1 Ity Ta 8050 3a 100 xIir), a tan o
craHoButhb 0,11-0,14 3a wacror f = 10 kI
i3 mimBuUIeHHAM 4dacToTH no 1 MHz pienek-
TPUYHI BTpaTy pi3Ko 3pocTaroTb. OTpuMani
Hie/IeKTpUYHI IapaMeTpu € XapaKTepHUMMU
nna CCTO kepaMiky, oTpuMaHOI MeTOaMU
OCA/[)KE€HHA 1 MOACHIOITBCSA, B IIEPIIY Yepry,
Ma/IIMI pO3MipaMu 11 3epeH i BeINKOIO Ki/lb-
KICTIO IpaHULIb PO3/IiITy 3€PEH.

KnrouoBi cmoBa: TuUTaHAT Kajbllilo-Mifi,
BJICOKaA Jjie/IeKTpUYHA IIPOHUKHICTD, CIIJIbHE
OCaJ>KeHHs, KapOOHATHMII OTIepeJHYIK.
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