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The review analyzes issues related to the reactivity of nucleophiles and the manifestation of the
a-effect in substitution processes at electron-deficient centers. The fundamental aspects of this phe-
nomenon, as well as the possibilities and prospects of using a-nucleophiles in systems for the highly
efficient degradation of substrates - ecotoxicants of various natures, are discussed. In the first part of the
review such aspects were observed: inorganic a-nucleophiles as the most effective class of reagents for
the decomposition of organic phosphorus compounds, hydroxylamine, its N-alkyl derivatives, oximes,
and hydroxamic acids, reactivity of the HOO™ anion in the processes of acyl group transfer, reactivity of
oximate ions, inorganic a-nucleophiles as the basis of formulations for the degradation of neurotoxins,
vesicants, and organophosphorus pesticides, design of inhibited acetylcholinesterase reactivators based
on hydroxylamine derivatives, ways of structural modification of a-nucleophiles and systems based on
them. The data on the reactivity of typical inorganic a-nucleophiles in the cleavage of acyl-containing
substrates, including phosphorus acid esters, which provide abnormally high reaction rates in com-
parison with other supernucleophiles, are analyzed. Various types of such a-nucleophiles, features of
their structure and reactivity are considered. It was shown that an important feature of hydroxylamine,
oximes, and hydroxamic acids is the presence of a fragment with adjacent O and N (-N - O - H) atoms
containing one or more lone electron pairs, which determines their belonging to the class of a-nucleo-
philes. It has been shown that a many of factors can be responsible for the manifestation of the a-effect
and its magnitude, the main of which is the destabilization of the ground state of the nucleophile due
to repulsion of lone electron pairs, stabilization of the transition state, the unusual thermodynamic
stability of reaction products, solvation effects of the solvent, type of hybridization of the electrophilic
center, etc.

Key words: functionalized surfactants, a-nucleophiles, micellar systems, hydroxylamine, oximes,
amidoximes, hydroxamic acids, peroxides.
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INTRODUCTION. The first publication re-
lated to the phenomenon, which later became
known as the a-effect, dates to 1947. Only
15 years later, Edwards and Pearson [1], having
analyzed and generalized a significant amount
of experimental material, introduced this term
into physical organic chemistry. In its most
general form, the essence of the a-effect can
be represented as an abnormally high nucleop-
hilic reactivity of a number of compounds,
which cannot be predicted from the Bronsted
dependence for “normal” oxygen-containing
nucleophilic reagents (arylate and alcoholate
ions). It was in [1] that compounds contain-
ing an electronegative atom with one or more
lone pairs of electrons near the nucleophilic
center (in the a-position) were isolated from
the group of nucleophiles and were called
a-nucleophiles (supernucleophiles). Their ba-
sic structure is schematically presented below:

X-Y

Typical a-nucleophiles include hypochlo-
rite, hydroperoxide anions, hydroxylamine
and its derivatives (oxymate, hydroxamate,
amidoximate ions), etc. [1, 2, 6, 9, 10, 12-15].
There are two equivalent approaches to assess-
ing the magnitude of the a-effect: as the ratio of
the rate constantsk__ /k_ _or as the difference
lgk -lgk (k_ _ andk__are, respectively,
rate constants characterizing the reactivity of
an a-nucleophile and a “normal” nucleophile)
at pK “™¢ = pK ™*. Usually, on the Brensted de-
pendence, in reactions with electrophilic sub-
strates, the points for such typical a-nucleop-
hiles as ClO-and HOO" ions deviate upwards
by 2-3 logarithmic units [1, 2, 6, 9, 10, 15, 16].
In this regard, when creating reagents that ef-
fectively break down ecotoxicants (mainly es-

ters of phosphorus and sulfur acids), the main
efforts of researchers were focused on studying
the nature of the a-effect [1, 2, 6,9, 10, 12-15],
which remains one of the intriguing problems
of modern physical organic chemistry.

Numerous studies of the anomalously high
reactivity of a-nucleophiles indicate that there
is hardly a single reason for the realization of
the a-effect. At present, it is believed that a-ef-
fect can be responsible for: a) destabilization of
the ground state of a nucleophile due to the re-
pulsion of lone electron pairs [17], b) stabiliza-
tion of the transition state [18, 19], ¢) unusual
thermodynamic stability of the reaction prod-
ucts [20-23] and d) differentiating solvation ef-
tects of the solvent [10, 24-27]. The magnitude
of the a-effect can be influenced by a number
of factors, including the nature of solvent [10,
24-28], the sensitivity of the standard series
reactivity (“normal” anionic nucleophiles) to
basicity (B_ ) [8-20, 23], type of hybridization
of the electrophilic center [16, 24, 29, 30].

As was demonstrated [10, 24-28], the role
of the solvent is extremely significant here.
Bunsel et al. [24] showed that in nucleophilic
substitution reactions involving p-nitrophenyl
acetate and related esters, the magnitude of the
a-effect strongly depends on the composition
of the solvent. The existence of the a-effect in
the gas phase was questioned from the begin-
ning [25, 26], however, later works [31] made it
possible to demonstrate convincingly that the
a-effect in the gas phase nevertheless manifests
itself.

The B value [18,20-23] and the basicity of
the a-nucleophile [1, 4, 9, 10, 12, 27] also affect
the magnitude of the a-effect. The a-effect is
small or absent for reactions with low values of
B,.. [1-4, 9, 10-12, 27] or for reactions involv-
ing highly basic a-nucleophiles [27, 31].
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The type of hybridization of the electro-
philic center can play a dominant role in the
magnitude of the a-effect. Thus, small (or
practically absent) a-effect usually occurs for
reactions at the sp’-hybridized carbon atom
[24, 29], while in reactions at the sp*-hybrid-
ized carbon atom the reaction rate with partic-
ipation of a-nucleophiles usually increases in ~
50-100 times [24]. At the same time, the mag-
nitude of the a-effect is extremely high for re-
actions in the sp-hybridized carbon atom. For
example, HOO™ ion is (2 - 6)'10* times more
reactive than, HO™ anion with respect to the
sp-hybridized carbon atom of benzonitriles in
50% aqueous ethanol and water [24, 28].

The result of the study of the abnormal-
ly high reactivity of a-nucleophiles was not
only the expansion of ideas about the factors
influencing the rate of reactions, but also the
discovery of a fairly wide field of practical ap-
plication of these compounds as the basis of
formulations for the effective destruction of
ecotoxicants [4, 5, 7,9, 12].

1. Inorganic a-nucleophiles - the most effec-
tive class of reagents for the decomposition of
organic phosphorus compounds (OPC)

Analysis of data on the reactivity of typical
inorganic a-nucleophiles in the processes of
degradation of acyl-containing substrates [1-7,
9, 12-14, 34-36], including esters of phospho-
rus acids [4-7, 9, 12-14, 34-36], indicates that
inorganic anions - H NO-, HOO, ClO-, BrO-,
HCO,, CO,* - provide abnormally high reac-
tion rates as compared to other supernucleo-

philes. A special place among them belongs to
hydroperoxide anion, since it is on its basis that
highly effective “green” systems can be created
for the decomposition of ecotoxicants.

In the considered reaction series, the value
of the a-effect for the hydroperoxide ion, de-
fined as the k,"°/ k,"" ratio, reaches 10 + 10°
times, however, it should be even higher, since
the acid ionization constant of hydrogen per-
oxide (~ 11,5 - 11,6 [37]) is approximately 4
unitslower than thebasicity of H O (15.74 [38]),
and therefore the nucleophilicity of HOO" (in
the absence of the a-effect), calculated on the
basis of the Bronsted dependence, should be
10> - 10° times lower than the nucleophilici-
ty of HO". In this case, the magnitude of the
a-effect will be ~ 10° - 10° times’.

The nature of the ester’s acyl group has lit-
tle effect on the a-effect magnitude of the hy-
droperoxide ion. In the case of a carbonyl car-
bon atom, the change in the electrophilicity of
the electron-deficient center under the influ-
ence of the electronic effects of the acyl group
is satisfactorily compensated in the values of
k"% 1 k" ratio. For some acyl-contain-
ing substrates such compensation is not ob-
served, but the magnitude of the a-effect is
significantly higher. It should be noted that
for them, the change in k" / k" ratio is
to a greater extent associated with the low-
er rates of alkaline hydrolysis than would be
expected. A detailed study of nucleophilic
reactions with the participation of hydroper-
oxide ion and 4-nitro- and 4-methylbenzo-
ates demonstrated the important role of the
nature of the leaving group [33].With fair-
ly easy leaving groups, the a-effect is clearly

' The use of the k,"°°7/k,"" ratio to estimate the magnitude of the a-effect is also due to the fact that, for most
substrates, there are no experimental data for standard reaction series (interaction with arylate and alcoholate ions).

https://ucj.org.ua
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manifested. With more complicatedly leaving , . yIX + ClO

groups it sharply decreases, and in the case of
decomposition of 2-fluoroethyl and methyl
ethers it has a minimum value. Such a strong
dependence of the magnitude of the a-effect
on the substrate structure was interpreted by
the authors of [33] by differences in the po-
sition of the transition state on the reaction
coordinate in accordance with Hammond’s
postulate (Fig. 1).

r\ ,«"lO"'.

Reaction coordinate

Fig. 1. The energy profile of the interaction of
a-nucleophile with substrates containing easily
(solid line) and complicatedly (dashed line) leaving
groups; O - speed determining the transition state

Hypohalogenated acids (HHalO) - a unique
class of reagents; depending on the acidity of
the medium, solutions of these acids contain
HHalO, hypohalogenite anion (HalO".) or
HHalO / HalO". In this case, hypohalogenite
ions are typical a-nucleophiles [1-7, 9, 12, 13],
and their conjugated acids are effective ox-
idants. The attack of the hypochlorite ion on
the electron-deficient centers of the substrates
leads to the formation of acylhypohalogenites,
which rapidly hydrolyze to the corresponding
acids (Fig. 2).

oW AcylOCT + X

H,O | fast

AcylOH + CIO”

0 (|f O
Il Alk oAlk. ! .
- -C— - “p—; P— ;Ts- other
Aeyl = AK=C=2 ook ™ ° 0AKK”
X =F; 'O—@—NOZ other.

Fig. 2. Reaction of hypochlorite ion with a num-
ber of substrates

Consequently, in these reactions ClO™ acts
as a nucleophilic catalyst [39]. Although the
magnitude of the a-effect is less than that for
the HOO™ ion, nevertheless, taking into ac-
count the difference in the basicities of hydrop-
eroxide and hypochlorite ions, which reaches
~ 10 times (pK "“° = 7,2 + 7,4 [12, 40]), hypo-
chlorite ion should be classified as one of the
most effective a-nucleophiles.

2. Hydroxylamine, its N-alkyl derivatives,
oximes and hydroxamic acids

Hydroxylamine derivatives have found
wide application in various fields of chemistry,
including as cleaving agents in the destruction
of ecotoxicants and, first of all, organophos-
phorus compounds [4, 10, 12, 19, 35, 43-46].
The structure of typical representatives of this
class of substances is shown in fig. 3.

HO—NH, R, 0o o
R—/< R1—<

HO—NHR NOH — OH N — OH

HO—NRR, R2 H R

Fig. 3. Hydroxylamine and its N-alkyl derivatives
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An important feature of hydroxylamine,
oximes and hydroxamic acids is the presence
of a fragment with adjacent O and N atoms
(-N-O-H) containing one or more lone pairs
of electrons, which determines their belonging
to the class of a-nucleophiles [4, 10, 12, 19, 35,
43-46].

In hydroxylamines (ambident nucleop-
hiles), in nucleophilic substitution reactions at
electrophilic centers, both nitrogen and oxy-
gen atoms can act as attacking atoms (left side
of fig. 4) [43, 44, 47).

a negatively charged atom of the second period
(an oxygen atom); (ii) there are no substituents
near the nucleophilic center that provide ster-
ic obstacles to the attack on the electrophilic
center of the substrate; (iii) the nucleophile
contains a catalytically active group capable of
exerting a stabilizing effect on the transition
state of the reaction. Finally, in the hydroxy-
lamine molecule there is an electronegative
nitrogen atom with a lone pair of electrons in
the a-position to the reaction center, which
can destabilize the initial state of the reagent

and stabilize the transition

+
H+ HsN—OH state of the reaction. Indeed,
% the authors of [12] were able
1 . .
___________________ : to demonstrate convincing-
: S : Ke uili i - : 1 1
P, NH,OH | quilib  HN—O P, | ly that the ?nmfnc form (?f
! Ony N (T O PP T +  hydroxylamine is responsi-
: e ble for a significant increase
: Nu ' Kaz  H*[| Ka2 :
. : a S in the rate of transfer of the
: : H* H,N—O0 ——» P, acyl group in alkaline media.
: P ! This point of view was fur-

S = substrate
P4, P2 = reaction products

Fig. 4. Scheme of the reactivity of hydroxylamines

In aqueous solutions, depending on the
acidity of the medium, hydroxylamine (like
its N-alkyl derivatives) can exist in the form of
four particles - NH,OH, *NH,O", NH,O~ and
*NH,OH, the first three of which are potential
nucleophilic reagents (fig. 4). Nevertheless, it
was considered generally accepted that in re-
actions involving acid halides and esters of car-
boxylic, phosphoric and phosphate acids, hy-
droxylamine interacts with these substrates in
the neutral form [48]. However, if we proceed
from the definition of the a-effect [1, 2], the hy-
droxylamine anion meets all the requirements
for a-nucleophiles: (i) a nucleophilic center is

https://ucj.org.ua

ther confirmed by studies of

reactions of bis (2,4-dinitro-

phenyl)-phosphate [43, 44],

2,4-dinitrophenyl  diethyl
phosphate with anionic forms of hydroxy-
lamine, N-methylhydroxylamine and N, N-di-
methylhydroxylamine, which appeared as typ-
ical a-nucleophiles [35].

Even more unusual is the kinetic behavior
of the neutral form of hydroxylamine in re-
actions of acyl group transfer. Points on the
corresponding graphs for NH OH in reactions
with 4-nitrophenyl ether of diethylphosphoric
acid (NPDEP), 4-nitrophenyl ether of dieth-
ylphosphonic acid (NPDEPS), 4-nitrophenyl
ether of toluene sulfonic acid (NPTS) and p-ni-
tro-phenylacetate (NPA) significantly positive-
ly deviate not only from the standard reaction
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series (A =1g kzNHZOH -lg kK7 = 9.0 (NPA),
A = 6.0 (NPTS), A = 6.0 (NPDEP), A = 6.1
(NPDEPS)), but also on the Bronsted depend-
ence for a-nucleophiles (A = 3.4 (NPA), A =
1.6 (NPTS), A = 1.6 (NPDEP) [12]. Obviously,
the neutral form of hydroxylamine exhibits an
abnormally high reactivity even among inor-
ganic a-nucleophiles and reacts with the stud-
ied substrates as a hypothetical a-nucleophile
with cpK =1 -5.

If we evaluate the value of the a-effect of the
neutral form of hydroxylamine by the ratio and
take into account that the basicity of the oxy-
gen atom in NH OH is unlikely to exceed that
for water, then the differences in basicities are
~ 16 orders of magnitude, and the a-effect for
NH,OH is one of the most important among
inorganic a-nucleophiles.

The data on the reactivity of the neutral
form of hydroxylamine indicate that the mech-
anism of transfer of the acyl group on NH,OH
is fundamentally different from that for inor-
ganic a-nucleophiles. However, there is still
no common point of view on the mechanism
of acylation of hydroxylamine. Based on the
analysis of kinetic isotope effects, the following
mechanism of the reaction of hydroxylamine
with NPA was proposed [47]. At the first equi-
librium stage, subject to basic assistance from
the amino group of hydroxylamine, a tetrahe-
dral intermediate adduct (I) is rapidly formed.
Then, at the rate of the determining stage, un-
der the influence of total acidic catalysis, inter-
mediate (I) slowly decomposes with the forma-
tion of O-acetylhydroxylamine. The considered
mechanism of O-acylation remains controver-
sial, since it cannot explain either the behavior
of N, N-dialkylhydroxylamines in this reaction,
or the existence of a single Bronsted depend-
ence for the interaction of hydroxylamine and

its N-alkyl- and N, N-dialkyl derivatives with
NPA. Apparently, the transition states (II - IV)
are more preferable in comparison with (I),
and a necessary and sufficient condition for
this is the participation only of the hydrogen
atom of the OH group of hydroxylamine in the
formation of a hydrogen bond [12].

+ JH., + _H.
A~n:_ O AN
NCH H™ i
0—C 0---C- -OAr
N\
/ OAr
I II
+ H. H
H\ ” \O H + el N
N ' ~NnN~
HTN HoN
O"‘Si\“OA’ O- - -R---OAr
o /\
111 v

The appearance in the transition states of
the anion-like form of hydroxylamine and the
presence of a general basic and general acidic
assistance should reduce the free energy bar-
rier of the reaction and, therefore, ensure high
rates of transfer of the acyl group not only to
hydroxylamine, but also to its N-alkyl- and N,
N-dialkyl derivatives.

Jencks [40] proposed a different explanation
of the O-nucleophilic reactivity of the neutral
form of hydroxylamine, based on the possibil-
ity of the formation of a bipolar ion NH,*O"
(Fig. 4). Subsequently, the author considered
it unlikely that such particles in sufficient con-
centrations would be generated in solution
[15]. Nevertheless, Kirby et al., based on the
formation of products corresponding to the
O-attack of electron-deficient centers (phos-
phorus, carbon), crystallography data, and
quantum-chemical calculations, believe that
it is NH,*O™ form is responsible for the abnor-
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mally high nucleophilicity of hydroxylamine
in neutral media [35, 45, 46]. Nevertheless, at
the moment it is hardly possible to consider
as strictly proven the formation of NH,;*O™ —-
ions in aqueous solutions and the supposed re-
action mechanism.

In conclusion, it should be noted that hy-
droxylamine is a unique a-nucleophile, and its
neutral and anionic forms cause high transfer
rates of the acyl group in a wide pH range, with
which none of the known a-nucleophiles can
compete.

3. Reactivity of the HOO- anion in the process-
es of acyl group transfer

The anomalously high reactivity of the
HOO-" anion in the processes of acyl group
transfer is usually interpreted from the point
of view of the general acid catalysis [38, 40].
Stabilization of the V and VI transition states,
due to the formation of a hydrogen bond with
the equatorial oxygen atom of the acyl group,
will contribute to the rapid elimination of the
4-nitrophenolate ion.

H, H.
O/ \‘o O/ 0
- b
O---P---OR  0O---S:--
/\ AN
\Y% VI

The higher nucleophilicity of the HOO™ ion
as compared to the CH,COO" anion in reac-
tions with monoanionic forms of 4-nitrophenyl
sulfate szOO_ / kZCH‘COO_:: 30) [34] and 4-nitro-
phenylmethyl phosphate (k" / k “° = 50)
[50], as well as with triacetylethylenediamine
(k" 1k %)= 20) [51] is consistent with the
presence of a hydrogen bond in the transition
states of types I and II. However, in reactions

https://ucj.org.ua

with aryl esters of carboxylic acids, the impor-
tance of such an interaction is apparently small,
since the nucleophilicities of the ions HOO™ and
CH,COO- differ only by a factor of ~ 3. There-
fore, the presence or absence of general acid ca-
talysis is hardly the only factor controlling the
supernucleophilic properties of the HOO" ion.
Indeed, HOO™ ion reacts anomalously quickly
with alkyl halides [2, 6, 38], although this type
of catalysis does not play a significant role in the
reactions of alkyl group transfer. It is also unlike-
ly that the high rates of acid-catalyzed addition
of the HOO" ion to aldehydes are a consequence
of the formation of an intramolecular hydrogen
bond in these processes [52]. It is possible that an
important role in the reactivity of the HOO ion
is played by the stability of the reaction products
and the transition state, i.e. the nucleophilicity
of the HOO" ion is largely controlled by ther-
modynamic factors. Apparently, the possibility
of implementing intramolecular acid catalysis
and the relatively high thermodynamic stabili-
ty of the transition states are responsible for the
observed a-effect of the HOO" ion in the trans-
fer of the acyl group.

The manifestation of the a-effect in the reac-
tions of hypohalogenite ions with acyl-contain-
ing substrates can be explained by the formation
of a transition state at the rate of the determin-
ing stage, in which there is an interaction of the
oxygen of the acyl group with unoccupied d-or-
bitals of the hypohalogenite ion (VII) [38, 40].
In fact, hypohalogenite ions, being Lewis acids,
can provide the same assistance in acyl transfer
reactions as Bronsted acids. Nevertheless, as in
the case of the hydroperox-

ide anion, this factor is hard- Hal--- -0

ly the only one that provides O---P---OR
the a-effect of hypohalogen- / \

ite ions. VII
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Fig. 5. Bronsted dependences for the reaction of a-nucleophiles (®) and arylate ions (A ) with 4-nitro-
phenyl acetate (a); 4-nitrophenyl diethyl phosphonate (b); 4-nitrophenyl diethyl phosphate (c); 4-nitro-
phenyl tosylate (d) [12]; 2,4-dinitrophenyl diethyl phosphate (e) [35]>

> Attention is drawn to the behavior of the fluorine anion, which, exhibiting an abnormally high affinity for the
electron-deficient phosphorus atom, behaves in nucleophilic substitution reactions like an a-nucleophile. One of the
possible explanations for this phenomenon is the successful overlap of the orbitals and the high electron-negativity
of fluorine, which makes it possible to form a “one and a half” F P bond.
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4. Reactivity of oximate ions

The particular interest that has been shown
for many years to the study of the nucleophilic
reactivity of oxymate ions (Ox") is primari-
ly due to the fact that it is among this class of
a-nucleophiles that effective antidotes have
been found - acetylcholinesterase reactivators
[10, 53-60], the search for and design of which
continues intensively at the present time. There
is no doubt that this property of oximate ions
is associated with their anomalously high re-
activity, and therefore the establishment of the
factors controlling the a-effect of Ox- anions is
a rather urgent problem.

Extrathermodynamic analysis of the oxi-
mate ions behavior in the transfer reactions of
aryl sulfonyl, acetyl, phosphoryl and other acyl
groups [10, 24, 61, 62] indicates that the sol-
vation effects of water play an important role
here. Indeed, the reactivity of typical a-nu-
cleophiles - oximate ions cannot be described
within the framework of a unified Brensted
equation, and the existence of nonlinear Bron-
sted dependences (Fig. 6) for the transfer of
acyl groups is a consequence of energetically
unfavorable effects of solvent [10, 24, 61, 62].

Analysis of the Bronsted dependences for
reactions of oximate ions and standard reac-
tion series (arylate and alcoholate ions) [10,
24, 61, 62] makes it possible to establish reg-
ularities in the nature of the change in the k,
and a-effect values at varying the structure of
the oxime. First, Ox™ ions in acyl group trans-
fer reactions act as typical a-nucleophiles,
and the magnitude of the a-effect, defined as
the k" /KM RO ratio at pK>* = pK MO ®O),
significantly depends on the oxime structure.
As the acidity of the oxime decreases (< 9.0),
the a-effect, within the reaction series, persists

https://ucj.org.ua

at ~ 10? - 10’ times. Although a further increase
in the oxime basicity (> 9.0) leads to a slight
increase in the k,°*values, the value of the
a-effect begins to decrease in this case (Fig. 6).
And, finally, oxymate ions with pK>* > 12.0 in
terms of reactivity no longer exceed high-ba-
sic alcoholate ions (&, /ky° = 1.0), i.e. the
a effect disappears. Moreover, they form one
Bronsted dependence with highly basic alcoho-
late ions, i.e. for all substrates, regardless of the
nature of the electrophilic center, the limiting
reactivity of Ox™ ions in water is comparable
to that for highly basic alcoholate ions [63, 64].
Particularly noteworthy is the effect of “leve-
ling” the reactivity of Ox ions, noted already
pK¥ > 9.0, leading to a decrease in the value of
the a-effect with an increase in the basicity of
the oxime and, finally, to its disappearance (at
pK*>12.0). Secondly, for processes with the
participation of Ox ions, an extremely early
break in the Bronsted dependence is observed,
which occurs at pK, = 8.0 - 9.0, while for ar-
ylate and alcoholate ions it occurs in the region
of pK =12.5-13.0 [6

The curvature of the Bronsted dependence
for the reactions of anionic nucleophiles -
arylate, alcoholate, oximate ions, etc. [10, 24,
61-67] with substrates containing electron-de-
ficient centers of carbon, sulfur and phospho-
rus, can be associated not only with the ener-
getically unfavorable solvation effects of the
solvent, the contribution of which becomes
more and more significant as the basicity of the
nucleophile increases [63, 65-67], but also with
a change in the structure of the transition state.
Nevertheless, it is unlikely that for the reaction
series under consideration, with an increase in
the basicity of Ox" ions, such a strong change
in the structure of the transition state occurs.
So, for example, for the reactions of NPA,
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Fig. 6. Bronsted dependences for the reaction of oximate- (®) and arylate-(alcoholate-) ions (A ) with
4-nitrophenyl acetate (a), diisopropyl fluorophosphate (b), 2,4-dinitrophenyltosylate (c), 4-nitrophenyl-
tosylate (d), 4-nitrophenyl diethyl phosphate (e), 4-nitrophenyl diethyl phosphonate (f) [61, 62].
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DNPTS, NPTS, NPDEP and NPDEPS with
oximate ions, regardless of the nature of the
electron-deficient center of the substrate and
the leaving group, the sensitivity of the reac-
tivity of a series of a-nucleophiles (in this case
oximes) to basicity (f,) varies from 0.5 - 0.6
(pK2¥<9.0) to 0.1 - 0.2 (pK ¥> 9.0), despite
the fact that the maximum difference in reac-
tivity when passing from NPA to NPDEP is ~
10° times. In addition, a break in the correla-
tion dependences occurs at pK_ = 8.0 - 9.0, and
its position is practically independent of the
structure and reactivity of the substrate. This
once again confirms that the nonlinear Bron-
sted dependences for reactions with Ox™ ions
reflect rather the differences in the nature of
the solvation states of low-basic and high-basic
oximate ions in water, as it is interpreted for
the reactions of the transfer of the acyl group
to arylate and alcoholate ions [63-66], as well
as to neutral and anionic nitrogen-containing
reagents [67].

5. Inorganic a-nucleophiles - the basis of
formulations for the degradation of neurotoxins,
vesicants and organophosphorus pesticides

Inorganic a-nucleop-
hiles - HOO- and ClO-
ions, exhibiting anom- 7
alously high reactivity,
are of interest as the
basis of formulations for
the decomposition of
ecotoxicants. For quite
understandable reasons,
detailed studies of the
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mechanism of reactions with the participation
of a-nucleophiles and the design of recipes
based on them have been carried out for chem-
ical warfare agents [68-71].

In an alkaline medium, organic substances,
such as sarin (GB), are rapidly destroyed due
to the nucleophilic attack of the hydroperoxide
ion on the phosphorus atom with the forma-
tion of peroxy acids, which quickly decompose
to the corresponding phosphonic acid (Fig. 7)

5, 69-71].
0 0
A b e
o7 \F -F o” \Nor
N‘LOO' o /
-F )\ Il:l) -02
O/ \\OO'

Fig. 7. Scheme of GB degassing in an alkaline
medium by hydroperoxide ion

In this case, the reaction rate is ~ 50 times
higher than the rate of alkaline hydrolysis [32].

VX peroxyhydrolysis proceeds according to
the scheme in Fig. 8, with the formation of eth-
ylmethylphosphonic acid. N-oxide of VX is an-
other reaction product, which later, in a slower
stage, undergoes a nucleophilic attack with the
formation of an acid. In this case, the released
thiol undergoes oxidation to sulfonate [5].

Fig. 8. Scheme of VX degassing with peroxyhydroxide ion
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The reaction of VX with HOO™ anion pro-
ceeds approximately 40 times faster than with
the more basic HO™ ion ((t, = 45 s, 23°C,
[HOO"] = 0.1 M), which allows to carry out ef-
fectively the destruction of VX in alkaline me-
dium by the nucleophilic mechanism. In neu-
tral and acidic media, concentrated solutions of
hydrogen peroxide, exhibiting oxidizing prop-
erties under these conditions, oxidize mustard
gas and V-gases. Since pK':%= 11.5 - 11.6,
then to ensure the decomposition of ecotox-
icants by both the nucleophilic and oxidative
mechanisms, the pH of the medium will be of
great importance (and the optimal conditions
for carrying out these reactions are different),
and, therefore, hydrogen peroxide is hardly can
be considered a universal degassing substance.
Nevertheless, intensive studies of the reactivity
of hydrogen peroxide and its activators (car-
bonates, molybdates, phthalates, etc.) have led
to the creation of universal formulations of the
nucleophilic-oxidative mechanism of action,
which are quite effective in relation to the main
types of organic substances [72, 73 ]. Thus,
the activation of H O, by sodium bicarbonate
leads to the appearance in the reaction mix-
ture in weakly alkaline media of HCO,™ anion,
which is a more powerful oxidizing agent than
H,0,, and this makes it possible to destroy tox-
ical agents not only of the GB and VX type, but
also HD (Fig. 9).

H,O H,0,
HCO5 HCO4
o)
s !
a” NN a” TN TN

Fig. 9. Scheme of HD degassing using HCO4™ anion
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The use of potassium molybdate as an acti-
vator of hydrogen peroxide in microemulsions
of the oil/water type makes it possible to de-
sign universal systems for the destruction of
ecotoxicants of various nature [73]. The ad-
vantage of this system is that the oxidation of
HD mainly leads to the formation of sulfoxide
(HDO) rather than the highly toxic sulfone
(HDO,) [73].

Chloric acid salts are widely used in the
decomposition of ecotoxicants [5]. Hypochlo-
rites are universal degassing substances and
are used to detoxify human skin, equipment,
and territory [5]. In reactions of nucleophilic
substitution at the tetracoordinated atom
of phosphorus, the CIO" ion acts as a true
nucleophilic catalyst and decomposes the
GB type of subtanses to phosphonic acids
(Fig. 10).

- CIO”

Fig. 10. Scheme of GB degassing using hypo-
chlorite anion

The high oxidative activity of hypochlorous
acid plays an important role in the degassing
of mustard gas, which in alkaline media un-
dergoes destruction with the formation of a
number of oxidation and elimination products
(Fig. 11). It should be emphasized that at the
first stage of this rather complex process, sul-
foxide is formed, which is subsequently con-
verted into other products.
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Fig. 11. Scheme of mustard gas degassing using hypochlorite anion
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Fig. 12. VX degassing scheme using hypochlorite anion

Hypochlorite solutions can also be used
for degassing of VX, especially in the low pH
range (Fig. 12). In this case, for the destruction
of 1 mole of VX, only 3 moles of “active” chlo-
rine are consumed. For the oxidation of 1 mole
of VX in alkaline media, more than 10 moles of
“active” chlorine are required.

Despite the fact that hypochlorites are pro-
duced on a large scale and are relatively inex-
pensive, they, as degassing substances, have a
number of significant disadvantages: 1) low
stability during storage; 2) strong corrosive
action on the surface during storage and use;
3) relatively high toxicity, etc. Softer agents
for degassing of organic matter are N-Cl de-
rivatives of ammonia, amines, amides, ureas,
hydantoins, urethanes, etc. [5], the so-called
chloramines, which can be considered as de-
rivatives of perchloric acid amide (HCIO and
R(R’) N-Cl). However, these compounds are
not devoid of certain disadvantages: 1) lack of
universality of action; 2) weaker action at low
temperatures; 3) high consumption of solvents
for non-water-soluble reagents, etc.
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A brief analysis of data on the use of in-
organic a-nucleophiles as the basis of for-
mulations for the breakdown of ecotoxicants
allows us to draw an important conclusion:
the use of “green” systems hydrogen per-
oxide - activator for the destruction of toxic
substrates on an industrial scale and treat-
ment of surfaces of considerable area is un-
doubtedly more preferable than systems con-
taining “active” chlorine, since the former are
not toxic, are not corrosive and do not pose
a threat to the environment. As for minimiz-
ing the consequences of emergency situations
and terrorist acts associated with the spill of
toxic agents, the most expedient is the use of
systems based on “active” halogen. These have
an extremely successful combination of oxi-
dizing and nucleophilic properties, allowing
their use not only for the destruction of sub-
strates of various chemical natures, but also
for the destruction of dangerous biological
objects (pathogenic bacteria and viruses), i.e.
using the same system to solve the problems
of chemical and biological protection.
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6. Design of inhibited acetylcholinesterase re-
activators bhased on hydroxylamine derivatives

The fact that some phosphate esters have
insecticidal properties (found at the begin-
ning of the twentieth century) opened up
broad prospects for the use of this class of
compounds and a
number of their ana-

(0]
H,C=NO"
logs in agriculture to ’ P\‘/lp!\ _,[
: CH0” \~O-SerE
control insect pests CHy
[75, 76]. The high ot e
toxicity in relation to lB

mammals, which was
discovered somewhat
later for many of
these substances, not
only made it necessary to take a more careful
approach to the selection of compounds rec-
ommended for practical use, but also made it
possible to create a new generation of chem-
ical weapons - neuroparalytic chemical war-
fare agents [77, 78].

A detailed study of the nature of the biolog-
ical activity of organophosphorus substances
of this group showed that all of them are in-
hibitors of acetylcholinesterase (AChE), an en-
zyme that plays a key role in the transmission
of neuronal signalings [75-78]. Inactivation of
AChE by these compounds occurs due to acy-
lation of the HO-group of serine in the active
center of the enzyme [77, 78].

When searching for antidotes for these
acetylcholinesterase inhibitors, oxymates, as
well as hydroxylamines and hydroxamates,
have become of paramount importance, since
under mild conditions they can remove the
acetyl group from the active center of the en-
zyme and thereby restore its activity [10, 55,
77, 78].

CH;0" CHy

16

H2C=NO--/-P- - -O-Ser-El e

i i i
[H20=N0'---'P—O-Ser-E — [HZC=NO—P—O—Ser—El — [HZC=NO—'P- -:O—Ser»El

Modeling the process of oxime-induced re-
activation inhibited by the organophosphorus
compound AChE using the Density Function-
al Theory (DFT) approach [10, 54] showed
that of the two possible reactivation pathways
(A and B) shown in Fig. 13, preference should
be given to a two-stage mechanism (B):

o

o)
I

|
R + E-Ser-O
H,C=NO~" \™OCH,

CHs P eakTnBUpOBaHHbIN

Docd opunnpoBaHHbIi $ epmenT
oKeuM

!

CH;0  CH,

CHyO'  CHy CHy;O  CHy

Fig. 13. Scheme of the reactivation process of
acetylcholinesterase inhibited by organophospho-
rus compound.

It is important to note that the calculation
of the potential energy surface indicates that
the reactivation process proceeds easily, with
low energy barriers both in the gas phase and
in an aqueous solution [54]. This is consistent
with the results of the experimental study of
oximates as reactivators in the treatment of the
aftermath of poisoning with organophospho-
rus neurotoxins [10].

The structures of the most commonly used
antidotes VIII - XXV, including pyridini-
um aldoximes [10, 55, 61, 77-79], are given
below. It should be especially noted that for
X - XVI, the presence of a quaternized pyrid-
injum fragment gives an advantage in solu-
bility, and also reduces the pK_ of the oxime,
which leads to a higher reactivity of such
antidotes under milder conditions (at low
pH values).
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Fig. 14. Structures of the most commonly used antidotes VIII - XXV.

A similar series of reactivators of inhibited (BNPMP), 4-nitrophenyl phosphonate NPP),
AChE, which has some advantage over pyrid- fenitrothion, etc.). [53-62, 80-88].
inium derivatives, contains a diazolyl ring

O
XXVI - XXIX [80]. Ph/H;oQNoz
Ph

BNPMP

NOH NOH
R X7//< N/X%
RO 2N 0
N—N N oN 0—p—0 NO,
CH
R : NPDPP
XXVI X=0 XXVII X=0
XXVII X=8 XXIX X=$ 0
The literature contains data on the reactivi- OH NPP
ty of oximates with respect to various organo-
phosphorus compounds, such as phosphinates, s
phosphonates, phosphates and their thioan- Moo NO
. . . L 2
alogues (4-nitrophenyl diphenylphosphinate SMe o
Fenitrothion

(NPDPP), bis-nitrophenyl methylphosphonate CH
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At the moment, the reactivators of inhibited
AChE (in combination with anticholinergics)
recommended for use make it possible to neu-
tralize the effect of at least two lethal doses of
neuro paralytic agent [77-79]. Compounds VIII
- XXV and a number of their structural analogs
eliminate the symptoms of acute poisoning,
however, the level of their activity does not al-
low us to consider the problem of searching for
new, more efficient reactivators as solved [55, 56,
61, 77]. Experiments carried out on animals and
humans have shown that in a number of cases
using VIII - XXV it is not enough to restore the
required level of enzyme activity, and this leads
to the development of undesirable consequenc-
es in the coming months after poisoning [77,
89-93]. That is why the problem of searching
for new AChE reactivators remains in the center
of attention and, undoubtedly, the works aimed
at solving it are urgent [53 - 61; 92; 93].

7. Ways of structural modification of a-nu-
cleophiles and systems based on them

The fulfillment of the Bronsted dependenc-
es for the reactions of inorganic a-nucleophiles
with electron-deficient substrates (eq. 1-6) [12]
indicates that the basicity of the a-nucleop-
hile can serve as a characteristic on the basis
of which it is possible to predict the reactivity
new a-nucleophilic reagents

lgk N =-2.2+0.5 pK, (1)
lg k,N"5= - 5.5 + 0.45 pK, (2)
gk O= 721 046pK, ()
gk 028K, (0)
lg k,NPPEP = — 2.9 4 0.25 pK_ (5)
Ig k," = 6.1+ 041 pK, (6)
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Another important conclusion following
from the analysis of the Bronsted dependences:
the NH, O™ anion is the most powerful accep-
tor of the acyl group in the series of a-nucleop-
hiles. Since pK " = 13.8 [12], it is difficult to
imagine the structure of a-nucleophile, which
in water has a basicity comparable to or high-
er than the hydroxylamine anion. Therefore,
based on the basicity of the NH,O™ anion, it is
possible to postulate the value of the limiting
reactivity of inorganic a-nucleophiles in each
reaction series. Nevertheless, this fact does not
mean that the design of new a-nucleophiles or
their structural modification is not an urgent
problem. The focus of researchers is on the de-
signing nucleophilic or universal systems that
are not only highly efficient in the decomposi-
tion of ecotoxicants, but also have sufficient sta-
bility during storage, are safe for storage, do not
pose a threat to the environment and etc. The
main ways to solve this problem are as follows:

1. Search for new activators of hydrogen
peroxide. The use of H O, activators, leading
to the generation of new nucleophilic and ox-
idizing particles in the reaction system, allows
fast and irreversible splitting of eco-toxicants
of various chemical nature under milder con-
ditions.

2. Creation of new sources of “active” hal-
ogen. It seems promising in this direction to
obtain organocomplexes of tribromide ion [4],
the use of which should ensure overcoming a
number of disadvantages inherent in existing
systems based on “active” chlorine [5].

3. Obtaining low-basic oximes. As discussed
above, understanding the reaction mechanism
with the participation of oximate ions and the
patterns in their reactivity change makes it
possible to explain the nonlinear form of the
Bronsted dependence.
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The Bronsted dependences for the reactions
of oximate and arylate ions with organophos-
phorus organic substances - sarin, soman, and
diisopropyl fluorophosphate - have a charact-
feristic feature: the reactivity of oximate ions
at pK>* > 8.5 is straightening [61]. The same
kind of dependences was established earli-
er for other acyl-containing substrates [12].
Obviously, the observed “saturation” effect, in
the case of organophosphorus poisonous sub-
stances, is of great practical importance since
the detoxification process will be effective both
when using highly basic and relatively weakly
basic oximate ions. This factor determines the
ways of scientifically grounded modification of
the structure of oximes.
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B orsapi mpoaHanisoBaHO NUTAHHS, TIOB -
3aHi 3 peaKTMBHICTIO HyK/Ie0(Di/TiB Ta IPOSBOM
a-edeKTy B IpoIlecax 3aMillleHHS B eJIeKTPO-
HemedinuTHNX neHTpax. Ob6roBopeHo ¢yH-
JNAMEHTAJIbHI aCIIeKTV IIbOTO ABMINA, a TAKOX
MO>K/IMBOCTI Ta MEPCHEKTUBY BUKOPUCTaHHA
a-HyK/IeoiiB y cucTeMax ajsa BUCOKOedek-
TUBHOI ierpajjanii cyocTpaTiB- eKOTOKCUKaH-
TiB Pi3HOI IpyUpoau. Y Mepurii YaCTUHI OINALY
0y/10 pO3IVIAHYTO TaKi acIeKTH: HeopraHiuHi
a-HyK/1eodinu K HarieeKTUBHIIINIT KJIac pe-
areHTiB JI pO3K/IaJJaHHA OPraHiYHMX CIIONTYK
docdopy, rigpokcmnaminy, vioro N-ankinb-
HUX IIOXiIHMX, OKCUMIB Ta Tif[pOKCaMOBUX
K1cnoT, peaktuBHicTb HOOanioHa B npoie-
cax IlepeHeCeHHsA alWIbHOI IPymy, peaklyiii-
HOI 3[JaTHOCTI OKCMMAaTHMX iOHIB, HEOpraHiy-
HUX 0-HYK/Ieo(iTiB K OCHOBU PeLenTyp s
Jerpajanii HeMpOTOKCHHIB, BE3VKAHTIB Ta OP-
raHoQocHOpHUX MeCTULUAIB, HPOEKTyBaH-
Hs IHTIOITOPHMX peakTMBATOPIB alleTUIXO-
JliHecTepasy Ha OCHOBI MOXIZHUX TiPOKCU-
NaMiHy, Coco6iB cTpyKTypHOI Mopudikamii
a-HyKIeoQim Ta CUCTeMHU Ha IXHIil OCHOBI.
[IpoaHani3oBaHO JaHi PO peakLiliHy 37art-
HIiCTb TUIIOBVIX HEOPTaHIUYHUX a-HyKIeo(iniB
IpY PO3LIEIVICHHI alVJIBMICHUX CyOCTpaTiB,
BK/IIOYatoun cknapHi edipu dpochopnoi kumc-
JIOTU, SKi 3a663He‘IYIOTb aHOMAaJIbHO BMCOKI
HIBUJKOCTI peakIiil MOpiBHAHO 3 iHIIMMM Hafl-
HyKneodinamm. PosrasanyTo pisHi T Takmx
a-HyK/1eodiiB, 0cOOMMBOCTI IXHBOI CTPYKTY-
pu Ta peaxliliHol 3laTHOCTI. byno nmokasaHo,
1[0 BAXK/IMBOIO OCOOMMBICTIO rifpoKCcuIaMiny,
OKCHMIB Ta TipOKCaMOBUX KUC/IOT € HasiB-
HicTh parmeHTa 3 cyciguimu atomamu O Ta
N (-N - O - H), mo mictaTh ogHy uu 6inbiue
IApHUX €JIEKTPOHHUX Iap, 110 BU3HAYA€E IXHIO
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HO, 1110 32 NTPOSB a-eeKTY Ta JI0TO BeTNIMHMA
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QoToKaraniTNYHe OKMCHEHHA € JOCUTb MOJIOAVM HAIIPSMOM, ajI€ BOJHOYAC OJHVM i3 Hall-
OB TTePCIIeKTUBHYX, Oe3leYHNX i eeKTMBHMX MeTOJiB BU/IQJIeHHS OpraHiuHuX 3a0pyp-
HIOBauiB (30KpeMa OGapBHUKIB i MiKpOOHUMX MaTOreHiB) i3 BOZHOrO cepemoBuina. B ormsai
IIpOAaHaji30BaHO 3arajabHi BiIOMOCTI PO MiOKCUJ, TUTAHY, IVKIOAEKCTPUH Ta M1OTO MOXIJHI.
HaBezeHo pe3ynbpraTyt OCTaHHIX JOCI/KeHb B 00/1aCTi IPAKTUYHOTO 3aCTOCYBAHHS JIOKCUIY
TUTAHY Y UUKIOLEKCTPUHIB JI/IA OYMIIEHHA CTIYHNUX BOJ, Bifl OpraHiyHMX 3a6py,uHIOBaqu pis-
HOI IIPUPOAN METOfAMM TeTepOTeHHOr0 (OTOKATAIi3Y, eTaTbHO PO3IJIIHYTO MPVHIINII J10TO
pobotn sk doTokaTamizaTopa. A/pKe 3aBISKM CBOIM HAIiBIPOBiHMKOBUM B/IACTUBOCTSIM,
HETOKCMYHOCTI, XiMi4Hiil cTabiIbHOCTI, BUCOKiil QOTOKATANTITUYHIN aKTUBHOCTI BiH SBJISIE

co6010 iHTepec 3 TOITIAAY i HAayKOBOTO MOIIYKY, i IPAKTUYHOTO 3aCTOCYBAHHA.

Knio4oBi cmoBa: IMK/IOAeKCTPUH, AiOKCKU] TUTAHY, poToferpananisa, ¢orokaranis, opra-

HiuHi 3a6pyHIOBaYi.

BCTYII. Huni mBupxuii nporpec B ypba-
Hi3alil Ta iHAycTpiamisamil KpaiH, a TaKOX
3HaYHe 3pOCTaHHA HacCe/IeHHA IIPU3BOJATD [0
3abpynHeHHs HOBITps i Bomoiim. TepminoBa
norpeba B JpKepenax 4MCTOI BOAM IIpUBep-
Ta€ BENMKY yBary B yCbOMY CBiTi. O4nieHHA
CTIYHMX BOJ CIOCOOOM PEeLMPKY/IALil MoXe
BUPILINTY L}0 IpoO/IeMy, TOMYy iHTepec Ha-
YKOBL[iB [JO LIbOTO METOAYy OYMIIEHHS 3PO-
crae [1-4]. Ockinpkn pisHOMaHITHi opranivyHi
CIIONYKM, SIKi CKUJAIOTh Y BOJY, € CK/IaJHUMMU
(Hanpukiay, opraHiyHi GapBHUKM, (eHONM,

32

[IOBEPXHEBO-aKTUBHI PEYOBMHMU, MECTULUN,
aHTMOiOTUKY 11 apMaleBTUYHI Ipemaparn),
menaii Bakuye SHaXOQUTH YHiBepCaIbHMIA CII0-
Ci6 OYMIIEeHHs, 1[0 MOXKe MOBHICTIO YCYHYTH
Bci Buay Takux 3abpynHioBadis [1, 3]. Hapasi
BifloMi pi3Hi ctoco6m i1 TeXHOMOTil OYNIIeHHS
NPUPOJHMX BOJOVIM BiJi OpraHiYHUX BiIXOAiB.
[x Mo>xHa yMOBHO KnacudikyBatu K (isnuHi,
6ionoriuHi, XimiuHi, }pisuko-ximiuHi Ta KOM6i-
HOBaHi MeTomu [2, 5, 6]. Pisuko-ximMiuHi Me-
TOJY, TaKi AK KOAry/Anis, GproxynAwisa, Mmemo-
paHHe po3/iiIeHHs i aicOpO11isi 3 aAKTUBOBAaHUM
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BYI'/I/IAM, HajIeXXaTb JO HEPYMHIBHUX, IIPOTE
He yCYBalOTb IP00IeMy BTOPMHHOTO 3a0py-
HeHHA [3]. Hanpukmag, npu koarynAnii pos-
YJHHI MOJIEKY/IN 3a0pYAHIOBA/IbHUX PEYOBVH
BUJJATIAIOTBCA IIJIAXOM  €EKTPOCTATUYHOTO
IPUTATaHHA X [JO IPOTUIEKHO 3apAIKeHNX
MOJIEKY]I ITOJIIMEPY, Y P€3y/IbTaTi 3a/IMIIAEThCA
BeJIMKa Ki/lIbKiCTh 3a0pyJHEHOTO OCafy, KU
HeoOXimHO momaTkoBO Bupansatu [6]. Ilo He-
IOJIKIB 3a3Ha4YeHMX CIIOCOOIB MOXKHa BinHe-
CTM BMCOKY BapTICTb IIPOLECiB pereHeparii
3a0pygHeHNX copOeHTiB i MeMOpaH, a TaKoX
YaCTKOBY BTpATy IX Iij| yac pereHepauii [7].

YacTo BUKOPUCTOBYIOTS i 6io/moriyni MeTo-
IVl — €KOJIOTiYHO 4MCTi, ePeKTUBHI, BifHOCHO
HEJIOPOri, AKi TeHePYITb MeHIe ocany. AJe,
Ha >Kajab, BOHM MAalOTh IIeBHi TeXHOJIOTiYHi
obMmexxeHHs1 (bionoriuHe OUYMIIEHHS TPUBAE
IOBTO 11 e(peKTUBHE JIMIIE Y BEIMKUX BOJO-
JIMax), a fiesiKi 3 HUX Yy T/IUBI 10 TOKCUYHOCT]
3a0pyIHIOBa/IbHUX PEYOBMH (HANIPUKIIAZ, iH-
CeKTULMAIB a060 anTudioTukis) (7, 8]. Binbi
TOTO, JesAKi 3a0pymHIOBaui 3a BUKOPUCTAHHSA
6107IOTIYHMX METOJiB TOBI/IPHO PO3KIaja-
10Tbcs [6, 8]. OTxe, 3 OIIARY Ha Il IPUYVHA
IIpY OYMIIEHH] CTIYHUX BOJ, BUKOPUCTOBYIOTh
Oi7bII TOTYXHI CIIOcOOM, TaKi K elIeKTPOXi-
MIiYHUII CIIOCIO, O030HYBaHHH, dborokaramiTny-
He OKIMCHeHHA [1, 6].

dorokaTa/NiTUYHE OKNCHEHHS € OJHUM
i3 HajOiNbII TepCHeKTUBHUX, Oe3leYHux i
eeKTVBHUX METOJiB BUJa/JieHHs OpraHiu-
HUX 3a0pyfHIOBa4iB (30KpeMa pi3sHOMaHiT-
HUX OapBHMKIB i MIKpOOHMX IaTOreHiB) i3
BopiHOTO cepenoBuiia. [3, 9-11]. EdexruBue
3aCTOCYBaHHA (DOTOKATaNi3y 3a/leXUTh Bif
6aratpox ¢akTopiB, 30KpeMa BiJi AKOCTi BOfy,
BUOOpPY BIANOBIZHMX OKMCHMKIB, mXepena
Y®-BunpomiHoBaHHA, TEXHONOTIYHMX IIa-
paMeTpiB Ipoluecy OKucHeHHA. [IopiBHAHO 3
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iHmmmu npouecamn oToKaTami3 37iliCHIO-
€TbCA, AK MPABUIIO, 32 TEMIEPATYPU I TUCKY
HaBKOJIMIIIHbOTO CEPEeJOBUILA 1 Y IiJCYMKY
BiZIOYBA€TbCA IOBHE OKVICHEHHS OPTaHiYHMX
peuosuH o CO, i H,O [12].

Cepen HamiBIpOBiTHMKOBUX (OTOKATAIi-
3aTOpIB JiOKCHU]] TUTAHY (TiOz) BUKJ/INKAE Be-
NMYE3HY 3aljiKaB/IEHICTb AK IE€PCIEeKTUBHUI
Marepiajl 3aBASAKM HETOKCUYHOCTI, XiMIi4HIi
cTabiIbHOCTI, BUCOKIiil (POTOKATAITUYHII aK-
TuBHOCTI [13-15].

TiO, ichye y Burnazi Tppox noniMophHux
KpUCTaTiyHUX Moaudikailii: aHatasy, pyTury
i 6pykiry [16]. Hajtnommpeninroro i Hait6ibuI
crabinpHoro popmoro TiO, € pyTusn, xo4a aHa-
ta3 TiO, 3 nornaAxy hoToKaTamTMYHOI AKTUB-
HOCTI € Oi1bII akTMBHOIO popMoro [17-19].

OcKinbKM JiOKCKJ, TUTAHY € HaIliBIPOBifl-
HJKOM, KOXXHa JIOr0 KpUcCTa/li4Ha Mo;qmbiKa—
i XapaKTepU3YETbCA IIEBHUM 3HAYEHHAM
mMMpVHK 3a00poHeHOI 30HM: pyTut — 3,0 eB;
aHatas — 3,2 eB; Opykir - 3,3 eB. Orxe, Bci
BOH! TIIOITIMHAIOTh BUIIPOMiHIOBaHHA Ti/lb-
K B yabTpadioneToBilt [iMAHLI CIeKTpa
1o 380 HM.

Bigomo [16], mo TepmopuMHaMi4HO Hail-
crabinpHimow Mopudikauiero € pyrmr. Ilpn
HarpiBaHHi aHaTa3 i OPyKiT HE3BOPOTHO Iie-
pexonaTh y mio Momudikanio (temmeparyp-
HMII IHTepBasl Iepexofy CTaHOBUTD Bif 400 1o
1000 °C). Cnig 3a3HaumuTH, 110 CTAOIIBHICTD
KpUCTaTiyHUX MopgudiKaliil 3a/1eXKUTh TAKOX
BiJj pO3Mipy HaHOYAaCTMHOK. ABTOpM IIpali
[20] excnepuMeHTaIbHO TIOKA3a/IN, IO AHATA3
Mae OibpIIy TepMOAMHAMIYHY CTabilbHICTH
3a posmipy yactunok TiO, He 6inbuie 35 HM,
Opykit - y Mexxax 11-35 HM, a pyTun — mo-
Hajm 35 HM.

®orokaraniTnani peakuii B TiO, iHimito-
I0TbCSI IIPY NOI/IMHAHHI OTOHIB 3 eHeprielo,
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10 JOPiBHIOE a00 IepeBUIYE BeIMYNHY IIN-
punK 3ab6oponeHoi 30uK. Lle TpuU3BOAUTD 110
IIepeXofly eleKTpOoHa 3 BajieHTHOi 30HU (B3)
HaIliBIIpOBigHNUKa B 30HY nposigHocTi (3I1) 3
YTBOPEHHAM €/IEKTPOH-IipKOBOI IIapu, puc. 1.

hv
% A<390 um

Agisn

[ \

_e@| B3

TiO,

Puc. 1. Cxema ¢ororeneparii HociiB 3apsay [21]

OTpuMaHi TakMM YMHOM HOCII 3apAny
3mari [21]:

— pexoM6iHyBaTy 3 po3CirOBaHHAM IIOIIN-
HEHOI eHeprii y BUITIAZI TeIIa;

— 3aXOIUIIOBATUCA MeTacTabiIbHMMU IIO-
BEPXHEBMMM CTaHAMIU;

— BIJHOBJIIOBATH CIIONYKM — QAKLENTOpU
€JIEKTPOHIB, 11]0 MalOTh ITIOTEHI}ia/l BiJHOBJIE€H-
Ha Hpkue 311;

— OKNCHIOBATU PE€YOBVHM, AKi € JOHOPAMMU
€JIEKTPOHIB 1 MalOTh IOTEHIIia/l BiJHOB/IEHHA
Buie B3.

TakuM 4mMHOM, Wif Ai€l0 mKepena BUIIPO-
MiHIOBAaHHS 3 IOBXXMHOIO XBUJIi He Oinbire 390
HM Y JOKCUJI TUTAHY YTBOPIOETHCA €JIEKTPO-
HHO-ZIiPKOBa Iapa 3 IOJAJAbIIMM BUXOLOM
HOCIiB 3apAly Ha MOBEPXHIO YacTMHKM. Taki
dororeHepoBaHi Hocii 3apAmy MOXyTb Mi-
TPyBaTH! IO IIOBEPXHi i 6paTy y4acTb y Ximiu-
HUX peakuiax. Ile mpusBoguUTh N0 yTBOPEHHA
BiIIPHUX PaJMKa/iB, AKi MOXYTb OKUCHUTU
IPAaKTUYHO OY/b-AKYy OPraHiuHY CIIONIYKY.

34

Sk Bimomo [20], porokaramiTMIHa aKTUB-
HIiCTb BM3HAYAETHCA YaCOM XXUTTS (poToreHe-
POBaHMX HOCIIB 3apAAY i IBUAKICTIO IXHBOTO
IIepeHeCeHHA 110 IIOBEPXHi HaIliBIIPOBIJHMKA.
SIKIIO e/IeKTPOHHO-AIpKOBa Iapa peKoMOiHy-
€Tbca mocuTh mBuako (<0,1 HC), To HOCII 3a-
psny He 6epyTb y4acTi B (pOTOKATaIITUIHOMY
nporeci. OT>xe, HaBiTh BeIMKUIl BUXix GoTo-
reHEepPOBaHNUX HOCIIB 3apsAAy He rapaHTy€ BHU-
COKY e(peKTUBHICTh (POTOKATATITUYHOTO IIPO-
1jecy, AKINO HIBUKICTh peKoM6iHalii HOCIiB
3apAny BelMKa 4YM YCKIaJIHEHUM iXHiN TpaH-
CIIOPT 110 IIOBEPXHI MaTepiay.

B mioxcupi Tutany ¢ororeHeposani Hocil
3apsAy MalOTh BeMKMIL 9ac XUTTA (~250 Hc)
[21].

3a mpoBefieHHA (OTOKATATITUYHUX pe-
akuin i3 sacrocyBanuam TiO, BCTaHOB/IEHO
[20-22], w0 KII0OYOBUM IapaMeTpPOM aKTUB-
HocTi € ¢asoBuit ckmaz. Haibinpury xarai-
TUYHY aKTMBHICTb Mae Mopmdikamis aHaTaszy
ab0 KOHTPO/IbOBAaHA CyMIIl KPMCTaIiYHUX
¢as TiO,, manpuxmag, Degussa P25 (75:25
a"artas:pyTwi) [22, 23]. BupinAaiors Takox it
IHIII MMapamMeTpy, 10 BIUIMBAKOTH Ha KaTasli-
TUYHY AKTUBHICTh: PO3MIp YaCTUHOK, CTYIIiHb
KPUCTAIIYHOCTI 1 HAABHICTb pO3BMHEHOI IN-
TOMOI IIOBEPXHI.

I pipkodasHMxX KaTaiTUIHMX IIPOLieciB
ONTVMMAa/IbHUI pO3Mip YaCTMHOK MiCTUTbCA B
niamasoHi Big 15 go 110 M. Hait6insury goro-
KaTaJdiTUYHY aKTUBHICTb y IPOLIECi OKMCHEH-
HSI MYpalIMHOI KVUCIOTM BUABIAIOTH ApiOHI
JacTUHKYU po3mipom 15 HM, a 3a ¢orokara-
JITUYHOTO OKVICHeHHS ¢eHonmy - 25-40 HM.
[Ipote B TOMy >X mporeci (OTOOKMCHEHHA
deHONy mif Yyac ofep>KaHHA TIOKCUIY TUTAHY
peakniero TiOCl, i mepekucy BofHIO MaKcu-
MaJIbHy HIBUJKICTh OKMCHEHHSA CIIOCTepiranam
Ha yactuHKax TiO, posmipom 60-110 um [16].
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Bigomo [16], mo HasgBHICTb pPO3BMHEHOI
IIATOMOI ITIOBEPXHI 1 BUCOKA KPUCTAMIYHICTD —
1le B3aEMOBMK/IIOYHI YMHHUKMY, AKI BU3HAYa-
10Tb (POTOKATAJIITNYHY aKTUBHICTh MaTepiay.
Kpucraniuna mopndikaris DIOKCUZLY TUTaHY
nopisHAHO 3 amopduum TiO, Mae 3Ha4HO
MeHIIe AedeKTiB, IO 3HIDKYe JIMOBIpHICTH
nporeciB pekom6OiHanii Ta cupuse 6esmepe-
IIKOJHOMY IepeMillleHHI0 (oToreHepoBa-
HVIX HOCIIB 3apsy B 00'eMi HaniBIpoBigHM-
ka. OKVCHO-BifHOBHI peakuii BinOyBalTbCA
Ha IIOBEPXHI HAHOYACTMHOK, TOMY OJHI€I0
3 OCHOBHMX XapaKTEPUCTUK aKTUBHOIO Ka-
Tajli3aTOpa € pO3BMHEHA NNUTOMA IIOBEPXHA.
BomHoyac 1e o03Hayae HaABHICTb BEIMKOL
KifbKOCTi JedeKTiB y CTPYKTYpi, HU3BKUI
CTyNmiHb KpucTamivHocTi. OTxe, mna 3a6e3-
IeYeHHs BUCOKOI (pOTOKaTamiTMYHOI aKTHB-
HOCTi BaYK/IMBO HOTPUMYBATUCS OalaHCy MiX
3a3HaYeHVMY YMHHUKaMu [24-27].

Bucoka momynAapHiCTh 3aCTOCYBaHHA [ii-
OKCHJy TUTAaHY B PiSHMX Tramy3sax IpPOMINC-
JIOBOCTi TIOSICHIOETBCS He TiMbKM (i3yyHUMM
IapaMeTpaMy, a ¥ JOCTYIIHICTIO, IIPOCTOTOO
CMHTe3y, HeTOKCcHuHicTio [28]. Vimepme pgi-
okcup, TuTaHy Bukopucranu S. Frank i A. Bard
IS OYMIIEHHsA CTIYHMX BOJ, Bifi LMaHily B
1977 poui [29]. Y pesynbrari mocimifyKeHHA
0y/10 3anpONOHOBaHO BuKopucroysatn TiO,
I OYMILEHHS NOBKI/IA Bifi TOKCUYHUX JIO-
MIIIOK 3 BUKOPUCTAHHAM €HEeprii COHAYHOTO
cBiTma. Byno foBemeHo aHTMOaKTepianpHy Ta
NpOTUBIpyCHY aKTUBHICTh TiO,, 1m0 3HaifII0
3acTOCyBaHHA B MeguiuHi [30].

TiO, nopiBHAHO 3 IHIIVMU HaTiBIIPOBif-
HuKoBuMy poTokaranisaropamu (Zn0O, ZrO,,
CdS, WO,, MoS , Fe,O, i in.) € ebexTupHimmm
i crTabinpHIMM i3 IUIMHOM vacy. Enepris,
HeoOXifHa 11 mepebiry QorokaTamiTHaHMX
peakuiii B TiO,, Mae mopiBHIOBaTM 41 mepe-
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BUIIYBaTy HIVPUHY Or0 3a00pOHEHOI 30HMU.
B anarasi mmpnuHa 3a60pOHEHOI 30HM CTAaHO-
BUTDH Omu3bko 3,2 eB, Tomy moBxuHa XBMII
cBiTla moBuHHA OyTym MeHme 390 M (Y-
minaHKa cnekrpa) (puc. 2). IIpn npomy Big-
OyBaeThbCs Iepexij] eNeKTpoHa e 3 BaJIeHTHOI
30HM B 30HY IIPOBiIHOCTI i reHepanis gipku h*
Y BaJIEHTHIN 30Hi:
. P
TiO, +ho — hy, +e,

ITi HOCii 3apA/y CTAIOTh BiIIbHMMM i MOXKYTb
a00 OCATTY IOBEPXHi YaCTMHKM i MOTpanuTn
B macTky tuny Ti**i O, abo pexombiHyBaTNH.
Enextponu i fgipku, 10 JOCATAIOTH IIOBEPXHI
TiOz, € Ha[3BMYAHO peaKLilfHO3[JaTHUMY, i
32 HAsABHOCTI B HaBKOJIMIIHbOMY CEPENOBM-
11i MOJIEKY/T KMCHIO /1 BOJY iHILIiIOI0OTh peaKIIil
OKVCHEHHS i BifHOB/IeHHs [31]:

ez +0, >0,

— — 2— — —
O, +e, >0, -0 +0,
O; +2H" - H,0,,

H,0, +e, — 'OH + OH,

— — 2—

O +e, >0,

O +H" — "OH,

e +H,0— OH+"H,
ho+H,0— "OH +H".

CxeMaTN4HO JiesIKi 3 KX MpoleciB 306pa-
JKEHO Ha puc. 2. YtBopeHi pagumkamu O i
‘OH, BnacHe, i € TMMM XiMiYHO aKTMBHUMMU
CIIOJTyKaMU, 3aBJsIKM SIKUM Ipalioe GpoToKa-
TaJiTUYHE OUYUINEHHS - 34 IXHbOI HasABHOCTI
OpraHiyHi MOJIeKy/IN-3a0pyAHIOBadi, a TAKOX
Bipycum 71 OakrTepii OKMCHIOIOTbCA [0 Hell-
TPpa/IbHUX MOJIEKY/I BOAY 1 BYITIEKMCIIOTO rasy:

O™ + opeaniuni cnonyku — H,0+ CO,,

*OH+ opzaniuni cnonyku — H,0 + CO,.
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A <390 HM

x\)a
OH’

H.0

Puc. 2. Cxema dorokaranidy Ha 4YacTMHI

TiO,[31]

EdextuBHicTb ¢oTOKaTanmisy Xapakrepu-
3y€TbCA KBAHTOBMM BUXOOM peakliii — Bifi-
HOIIIEHHAM KiZIbKOCTi MOJIEKY]l YTBOPEHOTO
IPOAYKTY O KiJIbBKOCTi IOITIMHEHUX KBaHTIB
BUIIPOMiHIOBaHHA:

D =71,

Jie 1, — KUIbKIiCTb HOCIiB 3apsiy, 110 AiCTancsa
HOBePX‘Hi, an - Ki)‘[b‘KiCTb HOCIiB 3apaApny. 3a
PO3MipiB YaCTMHOK JIOKCHy TUTaHy MEHIIe
2,5 HM BCi HOCII 3apAAy JOCATAIOTh IIOBEPXHI.
OpHak y pasi BMCOKOI IIBUJIKOCTI ITOBEPXHe-
Boi pekom6inanii V _ nopiBHsAHO 3i mBUAKi-
CTI0O KOPUCHOI peakuii V KBaHTOBMIT BUXif
peaxIii Mo>Ke 3HaYHO 3HUSUTUCS:

=TI

v+,

Taxum unHOM, i3 Iponiecamn GoTokaramisy
3HAYHOIO MipOI0 KOHKYPYIOTh IIpoLiecs 06’ eM-
HOI Ta IOBepXHeBOi peKoMO6iHallii, 3a SKuX
¢dboTOiHAYKOBaH] e/IeKTPOHM i IipKY ITOT/INHA-
I0Tb €HEPrilo CBiT/Ia, ajie He BUKOHYIOTh HiKOI
KOPUCHOI poOoTH. [I/1s1 3HVDKEHHS MIBUAKOCTI
pekoM6iHanil Hait6ibII ePeKTUBHUM € MPO-
CTOPOBE pO3[IiJIEeHHA HOCIIB 3apAnY.

OpHak He TiIIBKM €NeKTPOHHA CTPYKTY-
pa TiO, BrMBae Ha fioro GoToKaTaMiTUIHY

n,
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aKTUBHICTD. fIK y>Xe 3a3Hayasocd, He MEHUI
BU3HAYAIBHVMMIU I TIpolieciB ¢oTokaranizy
€ 11 TaKi BIaCTUBOCTI 3pasKa, AK pO3Mip 4ac-
TUHOK, IOPYBaTiCTh, KoHLeHTpauia OH-rpym,
[IOBEPXHEBMUII 3apsifi, IHTEHCUBHICTb a6COPOIIil
i mecop6ii [32]. Ockinpkn peakiiii OKMCHEH-
Hs1 OPTaHIYHMX 3a0py/HIOBauiB 3aBX U BifOy-
BalThCA Ha moBepxHi TiO,, € oueBMaHNM, 110
npy BuOOpi Mopdororii 3paskiB mpiopureT
HeOOXiHO BigmaBaTu CTPYKTYpaM i3 BEIMKOI0
NATOMOKI0 TIOBEPXHEK — HANPUKIAJ, HAHO-
JacTMHKaM. Bennka momia noBepxHi y Takmx
3paskiB 3abesmeuye OakaHy BUCOKY KOHI[EH-
Tpallil0 IIOBEPXHEBO-aKTVBHMX LIEHTPiB Ha
opuuanio Macu TiO,. OgHak npy 3MeHIIEeHH]
pO3Mipy YacTMHOK HeOOXiTHO BPaxoBYBaTU
HEeMJHYYe 3pOCTaHH: LIBUAKOCTI pekoMObiHa-
11ii poTOoreHepoBaHNX HOCIIB 3apsAxY, 1[0 MOXKe
3HiBEJIIOBAT MTO3UTUBHUI BIUIUB 30i/TbIIIEHHS
IIOBEPXHI 1 B KIHIJ€BOMY IiZICYMKY YIIOBi/IbHM!-
T porokaranis. KoHmeHTpauis mopepxHeBUx
TiIPOKCUJIBHYX TPYIl € BaXK/IMBUM YVHHMKOM
dboTokaTamiTMYHOI aKTUBHOCTI TiOZ, OCKi/b-
KV BIUIMBAE He TilbKM Ha yTBOpeHHs ~OH -
pajiuKalTiB yHACHIiJoOK 3axorieHHs ¢$oTo30y-
JDKEHNX eIEKTPOHIB, a 11 Ha afcopOiito opra-
HiYHUX MOJIeKy/I-3a0pynHIoBayis [28].

OpHUM 3 OCHOBHMX 0OMe>KeHb IPaKTUYHO-
ro Bukopuctanns TiO, sx dpoTokaranisaTopa,
TopsiJ| i3 BUCOKOIO IIBMU/KICTIO peKOMOiHaIlii
doToiHyKOBaHMX 3apAfiB, € HeoOXigHicTh
BUKOPUCTaHHA YD-BUIIPOMiIHIOBAaHHA BHACII-
JIOK Be/MKoi mpunu saboponenoi soun TiO,.
ConsiuHe CBIiTIO BUABIAETbCA HENPUAATHUM
s edeKTMBHOI reHepalil BiIbHUX HOCIIB
3apAfy, OCKi/IbKM 4YacTKa YIbTpagioneToBMx
IIPOMEHIB y JI0TO CIIeKTpi Bkpan Mama (~5%
Biff KiZTbKOCTi KBaHTIB).

Huknopexctpuuu (LJ]) - ne mnpupopHi
LMK/Ii4Hi Olirocaxapuam, 10 CKIaJalTbeA i3
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D-rmokonipaHosHux (parMeHTiB, 3 €JHAHNX
a-(1, 4)-rriko3ugHumu 38 s13kamu (puc. 3 a, 6).

Puc. 3. Cxema 6yfoBM LMK/TOAEKCTPUHY:

a) CTPYKTypHa pOpMY/Ia IMKIOAEKCTPUHY;
6) popma 3pizaHOrO KOHYCa;

B) KOMIUIEKCH BK/IIOUEHHS

Hait6inpur nommpenvmu € o, p i y-LI1,
AKi MICTATh BigmoOBigHO IIiCTh, CiM i Bi-
ciM DIOKOmipaHO3HMX opvHUIB [33, 34].
[uknogeKcTpuHY, 1O MICTATH MeHIIe 6 3a-
JMUIKIB ITIIOKOIIIpAaHO3M, HE ICHYIOTb 4epes
CTeXiOMeTpUYHI IPUYMHIL.

Monekyna 11]1 mae popmy Topa, 110 Hara-
nye 3pisannit konyc. L1a popma crabinizoBana
BOAHeBVMM 3B s13Kamyt MK OH-rpymamu i ri-
KosyupgHuMu yrpynysansaMu. Bci OH-rpynn B
IJI MicTATbCA Ha 30BHIlIHIN MOBEPXHI MOJIe-
kymu. Tomy BHyTpimHa nosepxsa ]I e rig-
podo6HOIO Ta 37aTHOIO yTBOPIOBATY Y BOSHUX
pO3uYMHaX KOMIUIEKCU BK/IIOYEHHS 3 iHIIMMU
MOJIEKY/IaMM OpPraHiYHOI Ta HeOpraHiYHOI
npupopu. Y Takux cucremax Kinoue L] € «mo-
JIEKY/IOK0-TOCIIOfAPEM», a BK/IIOYEHA PE€YOBMU-
Ha Ha3MBAETHCA «TocTeM» (puc. 3 B) [34-38].

[uknogekcTpuHM 3[aTHI IO pereHepauii 3
BiilpallbOBaHMX CUCTEM 1 JO 6ioneCprKui'1'
6e3 YTBOpPEeHHs TOKCUYHUX BiXOHiB, TOMY
JIOTO IIVPOKO 3aCTOCOBYIOTH Y pisHUX cepax
HAILIOTr 0 XKUTTSA — Hall4acTille B Xap4yoBill IIpo-
MICIOBOCTI, Map¢ymepii, kocMmeTui, papma-
eBTUII, MEAUINHI 1 TEXHOOTiSIX OUYMIIleHH
Ta 3HE3apAKEHHA HABKOMMUIHBOIO Cepefo-
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Buma [39-42]. KpiM 11boro, IMK/I0eKCTPUHA
MO>KHa 3aCTOCOBYBATM Ipu 006poO/IeHHi TKa-
HUH, B OKpeMUX 00/IacTsAX aHaIITUYHOI XiMil,
xpomatorpadii, Karami3y, HAHOTEeXHOJIOTIiT Ta
B iHImX cdepax [36, 43].

YHikanbHa 30aTHICTD JO CEMEKTUBHOTO II0-
rimHaHHA 1]l 3a0pynHIOBaIbHMX pEeYOBUH
TIO/IATAE NIePEeBaKHO Y POpMyBaHHI KOMIIIEK-
CiB BK/IIOUEHHA «TOCIOfIap — IiCThb» MiX MojIe-
Ky/JTaMy-MillleHAMM BiJJIIOBIJHOrO po3Mipy Ta
nopoxxuuHamu LT [44].

Monexymu L1]] MOXyTb yIOBIIOBAaTH HeAKi
OpraHiyHi CIIONYKM Kpallle, HDK aKTMBOBaHE
BYTi/I/IA, IKEé BUKOPMCTOBYIOTb JI/IA OYMIIEH-
HA CTiYHMX BOZ. Jlo TOro > rOJIOBHUM HEZO-
JIIKOM aKTMBOBAHOTI'O BYTi//IA € IOBi/IbHE I10-
[JIMHAHHA i BTpara cOpOLiiiHOI 3aTHOCTI 3a
Be/IMKMX 00 '€MiB OpraHiyHux 3abpygHIOBadiB
(110, 3arajzioM, € XapaKTepHNM JJIA BCiX aficop-
6entiB). LI]] six copbeHT nobpe mie y BUrsAzi
TOHKOTO IIOKPUTTA HAa HOCIAX, 0cOO/MMBO Ha
HOPUCTUX NOBEPXHAX, BiH MOXKe BUJALATH 3
Boau 710 90% 3a6pynHeHb (CTepOIfHIX TOPMO-
HiB, XiMiKaTiB, 6iceHony A I MMITHUX 3aco-
6iB). 3 ypaxyBaHHSM LIi€] 3JaTHOCTi CTBOPEHO
GbinbTpy IS OYMIEHHA BOAY HA OCHOBI ITO-
puctux B-II[I-BMicHux monimepis, oTpuma-
HUX LIUIAXOM HYK/IeO0(iTbHOTO apOMaTUYHOTO
3aMilleHHA rigpokcunpHux rpyn B-IIJT Te-
Tpadroprepedranonitpmiom. Maroun gyxe
PO3BUHEHY NUTOMY IIOBEPXHIO 1 3[JaTHICTH
IO KOMIUIEKCOYTBOPEHHS, BiH e]eKTMBHO
3B’s13y€e 3a0bpynHIoBadi (ynpomosx 10 cexyHp
BifdineTpoBye 3 posumHy 95% 6GicdeHo-
ny A) [45]. ABropu npans [46-51] pocnignmm
BIUIMB LIVMKJIOAEKCTPUHY Ha (OTOmerpajaliio
6ic (4-rigpoxcudenin)erany ta 1,1-6ic (4-rig-
POKCcUQEeHIT) IMK/IOTeKCaHY 3 BUKOPUCTAHHAM
TiO,. 3anponoHoBaHO MOJENb B3aEMOIi 6ic-
denon-B-uuxnonexctpun-TiO,, ne opraniyna
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CIIOJTyKa CIIOYATKY BCTYIIA€ Y B3aEMOJIII0 TUITY
«TOCIIOAAp — TiCTb» 3 P-LMKIOfEKCTPUHOM, a
norim aficopbyerbcsa Ha mosepxHi TiO,. To6To
P-IVIK/IOBEKCTPUH € MOIOMDKHOI pPedYOBU-
HOIO /I OPTaHIYHMX CIONYK IpM amcopOuii
TiO, [52].

Y npangx [36, 51] aBTopamu HOCIiI>KeHO
IIOJIiMep, OTPUMMAHMI NUIAXOM 3mmuBaHHA L]]
i3 MoTiKapOOHOBOI KUCIOTOIO, A/IsI OUMILEH-
HS CTiYHMX BOJ, 11O MiCTWU/IV MeTasaN, ITOIilIN-
K/IMYHI apoMaTH4Hi ByI/IeBOAiHi i ankindeHo-
7N 3 KOHLIEHTpPALi€ OO KiIbKOX MilirpaMis
Ha 71iTp. Marepian mokasaB BUCOKY aficop6-
LiHY 3[aTHICTb: BUjaseHo moHayg 99% Co*,
Ni*"i Zn*', Bix 65 10 82% apoMaTN4YHNX BYyIIe-
BOJIHIB, a TaKOX Biff 69 10 90% anxindenomnis.

Hanoxommnosut Ha ocnosi B-IIJ-rrinua-
TiO, mpomeMoHCTpyBaB 3a/[0BiNbHI afcop6-
Li/Hi XapaKTePUCTUKU IJIS1 BUJIAJIEHHSA 10HIB
Zn*, Cd**i Pb** i3 BogHUX pO3YMHIB 3a TaKMX
ymoB: pH 7, TpuBanicTh KOHTaKTy 1 rop., Ha-
Ba’kKKa ancop6eHTy 0,01 1, moyaTKOBa KOHIIEH-
Tpauis ioHiB MeTany 20 Mr ', TeMueparypa
25 °C. [lns onucy agcop6uiitHUX XapaKTepyc-
TUK BUKOPUCTOBYBa/IM MOJeNb JIeHrMIopa, mjo
HallKpallle BifiloBifjasa eKCIepUMeHTa/IbHUM
IaHuMM. 3a pes3y/nbTaTaMy OOYNCIEeHb Mak-
CMMaJIbHA aJCcOpOIiliHa €MHICTb CTaHOBWJIA
147,1, 158,7 1 200,0 mr r! mna ionis Zn**, Cd**
i Pb?" BignmosimHo [52].

Y poborax [53-55] moka3aHO BUCOKY ce-
JIEKTUBHICTBb 6i0po3kmagHoro, 6iocymicHoro,
HETOKCUYHOTo aficopbenty Ha ocnosi L] go
ionis Pb*" y mpucyrHOCTI ioHiB iHIIMX MeTa-
niB. [Ipu 11boMy BiH MO>ke 6yTU JIeTKO pereHe-
posanmit posunnamu HCI, HNO, a6o etunen-
IiaMiHTEeTPAaOLTOBOI KUCIOTH i IOBTOPHO BU-
KOPUCTAHMII YIPOROBX IPUHAVIMHI IT ITbOX
IUKTB 6e3 3HauYHOI BTpaTM afCcopOLiitHOI
30aTHOCT. ABTOpM poboTu [49] 3asHavaroTh,
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mo micna onpoMiHeHHA 250 Br ranoigHoro
nammom 1,1-6ic(4-rigpokcudenin) nukmiorex-
CaHy yIponoBx 12 roy epekTuBHicTb poToxe-
rpafanii B mpucytHocTi a-, - i y-IIJI it TiO,
carae 49, 90 i1 86% BifMmoBigHO, a 3a BifICyTHO-
CTi IMK/IOAEKCTPUHY GoTOoAerpasalLlisa cTaHO-
Buta nuuie 20%.

B-1111, ancopboBanmit Ha moBepxHi ¢oro-
KaTajli3aTopa, BMKOHYE BaXX/IMBY (QYHKIIiIO:
BiH YTBOPIO€ KOMIUIEKC BK/IIOUEHHA 3 OapBHU-
KOM i 3abesneuye Ge3nocepenHIo OMM3bKICTD
no ¢doTokaTamizaTopa, a TaKOX 3amobirae
yTBOpeHHIo arperariB 6apBHuka. B-11J1 Takox
nocuaoe (GOTOKATAMITUYIHY aKTUBHICTD ¢o-
TOKaTasnizaropa [56-58].

Y npani [59] HaBefeHO pe3ynbTaTy MOAU-
dikamii TiO2 LIVIKJIOAEKCTPUHOM JJ1A IIOCUJIEH -
HS CeleKTMBHOI fmerpajanii 6icdenony-A Ta
popaminy b mpu onpominenHi BUgMMuUM CBiT-
JIOM. ABTOPY BCTaHOBW/IN 3B 130K PeaKIliiTHOI
smaTHOCTI Ti6puanux Marepianis TiO,/B-111,
CMHTEe30BaHMX MeTOIoM i3nuHoi Ta POTOiIH-
IyKoBaHOI afcopOuil (3a onpoMiHeHHs 1aM-
oo 254 HM), i3 MMTOMOIO IIJIOIIEI0 OBEPXHi
YaCTVHOK 1 IPOCTeXWIN nepebir poToKaTari-
TUYHOTO PO3KIafjaHHsA bicheHony-A ta popa-
MiHy b. Byno BusAB/ieHO nocuneHHaA gerpaja-
11ii 000X MOMIOTAHTIB I 3pasKa Ofjep>KaHOTrO
npyu YO-onpoMiHeHHi i TiIbKM i1 POJAMiHy
npu Buxkopucranni TiO, 3 disudno agcop6o-
BaHVM IVIK/IOJEKCTPUHOM. 3p06/IeHO BUCHO-
BOK IIPO BIUIMB METOHY CHHTE3Y i IIIOII I10-
BepxHi TiO,, mongndikosanoro L.

ABTtopu pobit [60, 61] mpoBenu gocimxeH-
HA Tpolecy ¢oTroperpafanii MeTUIOPaHXy
B nipucytHocti TiO, Ta B-IIJ] i ftoro moxip-
HIX. BCTaHOBJIEHO, 1[0 3HAYHO IiBUIIYIOTH
IHTEHCUMBHICTb LIbOTO IIPOLECY aKpuaaTH Ta
maneinatu [B-11[] (maibke B 1,5-2,0 pasm).
HocmimxkeHno dbakTopy, 110 BIVIMBAIOTH Ha I1e-
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pebir mpouecy ¢oromecTpykuil 6apBHUKa, a
came: pH-cepenoBuina, KOHIEHTpaLlid Ta IO-
BepXHeBO-aKTMBHI BrnactuBocTi B-11]] Ta itoro
noxifuux. OTpuMMaHi pesynbTaTy CBiJy4arTh,
mo A epekTuBHOI oTomecTpyKuii MeTn-
JIOpaHXXy onTuMMasnbHi 3HauyeHHs pH cepepo-
BUILA IIOBMHHI 3HAXOAUTUCA B iHTEpBaIi Bif
3 1o 5. BcTaHOBIEHO NMPAMY 3a/IEXKHICTD MIX
OKpeMMMM ITapaMeTpaMMi IIOBEPXHEBO-aKTB-
HuXx xapaktepuctuk 3-11]] Ta itoro noxigHux.

Y mpausx [62, 63] BuB4amm mocuneHHs Go-
Tomerpaganii 6icheHony-A y BomgHOMY poO3-
YMHI Y HOPUCYTHOCTI P-IMKIOAEKCTPUHY IIif
Y®-nmammoro noryxsictio 30 Br. Ilokasano,
110 IMIBUAKICTD IIPOLIECY 3ajIeXKasia Bifl BEM4n-
Hu pH i xonnentpanii B-1J] i1 6ichenomy-A.
[Tocunenns  ¢oroperpaganii  6icdenony-A
aBTOPYM IOSICHIOIOTH II€PENyCiM 3HIDKEHHIM
eHeprii 3B’A3Ky MDK JeAKVMHU aTOMaMU MO-
nexymu 6icheHonmy-A BHACTIIOK B3aeMOpIl 3
B-LI. Takox 6ymo mocmimkeHO ¢oToKaTai-
TUYHY jerpagario 6icgenony-F 3 -1 y Box-
Hiit gucnepcii TiO, mij raoiIHOK TaMITOK 110~
Ty>xHicTIo 250 Bt (A > 365 HM). [IBMAKicTD do-
Topierpaanii 6icgenony-F y BogHUX po3unHax,
1o mictsate B-I11]T i TiO,, Oy1a BUILOI0, HDK ITpK
TiO,. Lle noB’A3aHO 3 MOCKU/IEHHAM aficOpOIii
6icdenony-F na nosepxni TiO, i BKoueHHAM
6icpenomny-F no moposxuuum B-1111.

Ponp (-] y mocunenni dorokaTamiTnd-
HOT'O OKVICHEHH1 a300apBHIIKIB 32 JJOIIOMOT 00
TiO, iy sinnoBnenni Cr** y BogHMX posumHax
nocrimkeHo B mparni [64]. IlIBuaxkicts doTo-
IleKoopu3anii a300apBHYKIB 30i/1bIIyBamacsa
y cim pasiB y posumHax, mo mictvmm 0,8 v 1!
TiO,14-10"* mr ' B-1I/I. ABTOpHU 3aNTPOTIOHY-
Ba/IM MeXaHi3M IIbOTO IIPOIIECY.

Brmms 1] va doromerpaganito docdo-
pOpraHiyHuUX NEeCTULMIB Y T'YMiHOBII BOAi
focmimpKkyBanmu B mpani [58]. ABTopu BuABM-
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7V 3HA4YHe 301/IbIIIeHHs KOHCTAaHTY IIBUAKOCTI
dboroperpapanii i moscHuM itoro edexkTom
BK/IIOYEHHA B LMKJIONEKCTPUH PeaKIiiftHO3-
JaTHUX pajyKasliB, TeHEPOBAaHUX (POTOCEHCH-
6inizaTopoM ryminy.

Astopn mpani [65] mopiBHsIM oToka-
TAITUYHY Jlerpajjalliio 6apBHMKA KICIOTHO-
ro opamxkesoro mif giero TiO, i TiO,/B-1II.
3pificHeHo  QoTrokaTanmiTMYHEe  BUFAJICHHS
6apsHuKa 3a gornomoroxo TiO /B-1IJT mpu Bu-
OVIMOMY CBIiT/Ii Ta MijJj pi3sHUMM J[KepenamMu
sunpomintopanns. TiO,/B-11]] nokasas Haii-
B (DOTOKATAMITUYHI BIACTMBOCTI 3a BCiX
BUAIB onpoMiHeHHA. [lifTBepmKeHo, 1m0 4ac
KUTTS 36YI[)KCHI/[X CTaHIB HepeaKIifTHO3/jaT-
HiX 6apBHUKIB ITOJJOBXXYETHCA P BK/TIOYEHH]
IX y IOPOKHUHY LMK/IOLEKCTPUHY i IIOJIErury-
€TbCS TIEPEHECEeHHs eIeKTPOHIB i3 6apBHUKA B
30HY IIPOBIAHOCTI TiOz, 10 MificCUIIoE Jerpa-
Haliio 3a6pyIHIOBaTbHOI PeYOBUHIL.

Y pobori [57] 6yno BcTaHOBIeHO edeKTUB-
Hy i IIOBHY Jerpajaliiio 6apBHMKa HiJTbCBKOTO
4epBoHOro npu Bukopucransi TiO,/B-uuxmo-
HNEKCTPMHOBMX KOJIOI[iB Yy BOJHOMY PO3YMHI
3a ONIPOMiHEHHA BUAVMUM CBiT/IIOM. BuBYeHO
BIUIMB KOHIIEHTpaLil KaTajisaTopa it 6apBHMI-
Ka Ha WIBUJKICTh mporecy. Bcranosneno, 1o
dorokaranituyna edpexrusnicts TiO, /-1
Oyna y 1,8 pasa 6inbLIoro, HDK 11 Hemonydi-
kosaHoro TiO,.

AsTopny mpani [66] BuBumM QoTokaTati-
TaHy akTuBHicTh TiO, i3 fogasanmam B-1I /1
114 3HeOapBiIeHHs 6apBHMKa (pioseToBOro oc-
HOBHOTO IIiJj BININBOM Y Q-BUIIPOMiHIOBaHHA.
Jlocmip>keHO BIUIMB PiSHUX TEXHOJOTIYHUX
[IapaMeTpiB, TaKUX AK IIOYATKOBUI BMICT
6apBHMKa, TPUBAIICTb OCBiTIeHH:, pH i KOH-
IleHTpallisl KaTajisaTopa Ha eQeKTUBHICTb
doTokaranmiTuyHoro 3HeOapBmeHHs. DakT
KOMIIIEKCOYTBOPEHHsSI Oy/I0 IMiATBEPKEHO
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manuMu  YO- i IY-Dyp’e-cnekrpockomii.
Bsaemopito TiO, i B-LIJ] xapaxrepusysamm
METOfIaMil CKaHYBa/lbHOI €/IeKTPOHHOI Mi-
KPOCKOIIil, PEHTTeHOCTPYKTYPHOIO aHali3y
11 criexTpockomii gudysHoro Bin6urtsa B YO-
minsaHLi. Y npani [67] 6yo onjiHeHO eeKTUB-
HicTh poTOREKONMOpU3alii bapBHMKa (ioneTo-
BOT'O KVICJIOTHOTO IIijj BIVIMBOM y/lbTpadiose-
TOBOTO BUIIPOMiHIOBAaHHA NPV BUMKOPMUCTAHHI
TiO, i TiO,/B-L . JocnimkeHo TaKoX BILIUB
KOHLIeHTpalii 6apBHUKa, pH i kinbkocTi kaTa-
nizaTopa Ha e(eKTUBHICTh (HOTO3HEOAPBIICH-
HA. BusBneno, mo edexTuBHIicTh doTOREKO-
7opM3allil MOABOIETHCA IPU BUKOPUCTAHHI
TiO,/B-I][I mopisHAHO 3 HeMoAMQiKOBAHUM
TiO,. 3ampononoBaHo MexaHisM ¢oTozexo-
nopusanii 6GapBHUKa (ioIeTOBOrO KUC/IOT-
HOTO MiJl BIUIMBOM YIbTPagioneToBOro BM-
IpOMiHIOBaHHA. Taki >XK pe3y/nbTaTu aBTOPU
OTPUMaIY NP BUBYEHi POTOKATATITUIHOTO
3HebapBeHHs Pomaminy b npu BukopucraH-
1i TiO, i TiO,/B-LI [l miz BI/IMBOM COHAYHOTO
CBiT/Ia.

Y npaui [68] 6yno spobneno crnpoby min-
BuIUTY oToKaTaniTuuHy aktuBHicTb CeO,
A (oToseKonopu3anii MeTM/IEHOBOIO CH-
HbOTO Yy BOJHMX pO3YMHAX 3a JJOIOMOTOI0
B-LII mix mieto Bupmmoro citia. byno gocri-
IP)KEHO BIUIMB OCHOBHMX IIapaMeTpiB, TaKUX
SK TI0YaTKOBMIT BMicT GapBHMKa, pH i xoH-
uentpauis CeO,, a TaKOXX TPUBATICTD OMPO-
MiHeHHs Ha CTYHIiHb 3HeOapBieHHs. pH pos-
YIHY BifiirpaBaa BayKIMBY PO/b A1 GOTOKa-
TanitnaHoi akTuBHOCTI CeO,. MakcumanbHy
IIBUAKICTb POTOREKOMOpU3ALil JoCATaM IPK
pH11.

Y pobotax [69, 70] gocnifyKeHo HmifiBAIIIEH-
HA OTOKATATITUYHOI aKTMBHOCTI KOMIIO3M-
1iB ZnO/TiO,, mogudixosanux B-1IJ, y mpo-
neci poropexonopusanii Pogaminy b y Boa-
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HOMY pO34YMHI IIpM ONPOMIHEHHI BUSVMUM
ceiTiom. Onrtuyni Bractusocti ZnO/TiO, i
xomnosutis ZnO/TiO, /B-1I]T 6yno oxapaxre-
PM30BaHO 3a JOIOMOrow Y®-CcIeKTpOCKOMIii.
BuBueHo BB pisHUX pobounx mapamerpis,
TaKUX SIK KOHIIeHTpalisg 6apBHuKa Pomaminy
b, xinpKicTb KaTanizaTopa, TPUBAJIICTh ONPO-
MiHeHH:, T0YaTKoBu piBeHb pH i cniBBifgHO-
menHa ZnO/TiO,. MakcumanbHe BujaieH-
HA cnoctepiram npu pH 12. 3pobneno no-
piBHAHHA (OTOKATATNYHOI eeKTMBHOCTI
ZnO/Ti02/B-11[1 i3 ZnO/TiO,, ZnO i TiO,.

Y mpaui [71] 6ymo focmimpkeHo CTPyKTypy
1 aicopOLiiiHI BTaCTUBOCTI CUCTEeMM TTiLIMH/
B-11JI/ByrneneBi HAHOTPYOKY IS BUIATECHHS
METU/IEHOBOTO CMHbBOIO, KMCIOTHOTO CMHbBOTO
113, METUIOPAHXXY i JUCIIEPCHOIO Y€PBOHOIO
1 ipu pH 8. [Toka3aHo, 11J0 TOBHOT'O OYMIIIEH-
Hs cTiuHOI Boau (06’eM mpo6u 100 M1, HaBaXK-
K1 Katayisaropa 0,1 1) gocsranm 3a KiMHaTHOT
TeMIIepaTypy IIpU TPUBAIOCTi KOHTAKTy 10 XB.

Karamitumany aktusHicTe TiO /rpaden
OKCUJI/TeMiH OLiHIOBa/IM IUIAXOM Jerpajauii
Pogaminy b mif BimmBoM ynbTpadioneroBoro
OIIPOMIHIOBAHHA Ta 33 IIPUCYTHOCTI IIEPEKUCY
BOAHIO. IToTpiliHMII KOMIIO3UT NPOABIAE 4Uy-
[OBY aKTMBHICTb y HIMPOKOMY jianma3oHi pH
Bil 3 mo 11, a TakoX CTabiIbHY KaTaliTMYHY
aKTUBHICTDb YIIPOZOBXK I’ATHOX IUK/IB OYM-
mieHHs [72].

3araioM Ha edeKTUBHICTb ancopOIii 3a-
OpyIZHIOBaJIbHUX PEYOBMH BIUIMBAIOTH TaKi
Y HHUKU:

1. KnmoyoBum umHHUKOM € pH, Bif sAxo-
IO 3a7eXUTh MBUJKICTH 1 AKICTb IIpolecy.
Uumano pocmigpKeHb IOKasamy, IO ONTH-
MasibHi 3HaYeHH:A pH yexarhb y Mexxax Bif 2,5
mo 5 [73].

2. IlouyaTkoBa KOHIIEHTpalis 3a0pyRHIO-
BaJIbHUX PEYOBVH (74, 75].
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3. JlosyBanHs agcop6eHTiB [73, 76, 77].

4. TpuBamicTh KOHTAaKTy: 3a/l€XUTh Bif
TUITy afcOpOeHTy i 3a0pymHIOBaJIbHUX pe-
YOBMH. Y OIIBIIOCTI JOCTIIHKEHNX BUIIAIKIB
HOBiTOM/ISIETBCS, IO 3i 30iIbIIEHHAM TpPU-
BAJIOCTI KOHTAKTY BiICOTOK aficopO1ii TakoXx
301/IbIIYETHCS 1O JOCATHEHH piBHOBary [78].
Hanpuknan, mis Pb? * piBHOBarm pocsraioTb
yepes 60, 50 i 20 XBM/INH 3a ITOYaTKOBOI KOH-
nenTtpauii 30, 20 i 10 ppm BigmosigHO [73].

5. HaaBHICTb KOHKYpPEHTHUX IOHiB: BU-
ABJIEHO, 1[0 HAa €MHICTb afCcOpOEHTy BIUIN-
Ba€ IPUCYTHICTb CTOPOHHIX ioHiB (Hamp., Cl,
NO,, SO, Ta in.) y po34nsi 3a0pyHIOBaIbHO]
peuoBuHM [78, 79].

6. Temmeparypa: 3arajzioM CIIOCTepiraeTbcs
€HJOTEPMIUYHMII IIpOLIeC 4Yepe3 IiIBUILEHHA
TeMIepaTypy 3 MiABUIEHHAM aficopOLiitHOT
3patHoCTi [78]. Hanpuxnan, normuuansas Pb**
€ eHJIOTEPMIYHMM IIPOLIECOM Y€epe3 HIBUIKY
nudysiro ioHiB MeTasIiB Yepes po3unH, 0 BI-
HIIKA€E 3a BUCOKOI TEMIIEPATYPH, O 3HVDKEHHA
B’SI3KOCTi po3unHny [73].

7. Tun omnpominennsa. Hanpuknap, pia
nocwieHHs1 e(eKTMBHOCTI TeTepoKaTanizy
3aCTOCOBYIOTh YD-/1aMIN 3 JOBXWHOK XBUIIi
Bizm 200 mo 320 uMm [80].

BJICHOBKJ. Ilonpu Benukuit o6¢sr mpo-
BelleHUX AOCTiI>KeHb 3alliKaB/IeHIiCTh [0 [i-
OKCUZy TUTaHY HpojoBXye 3pocTtatu. lle
IOB’A3aHO 3 HEOOXITHICTIO IIOLIYKY HOBUX
NOCTYIHMX (PYHKIiOHa/IBHUX MaTepiasiB s
OulllleHHsA CTiYHuX BoA. Tomy 3asHaueHUIt
HaIpAM CYYacHOI XiMii aKTMBHO pO3BMBA€Th-
cs 1 Mae BeM4ue3Hi epCIeKTUBI.

https://ucj.org.ua

NCNoJib30BAHWUE LINKNOAEKCTPUHOB
Ans YCUNEHUA 3O DEKTUBHOCTH

AUOKCUAA TUTAHA B NNPOLIECCAX
FETEPOrEHHOI0 KATAJIU3A

IO. B. Bapoaovim, C. M. Kobununcvkuii,
J1. B. Ko6puna, C. B. Ps6os

Mucmumym xumuu 6b1cOKOMONEKYNAPHBLX
coeounenuit HAH Yxkpaunot, Xapvkosckoe uio-
cce, 48, Kues, 02160, Ykpauna

*e-mail: yuliia.bardadym@gmail.com

DoTOKaTanUTNYECKOe OKUC/IEHNE SABJAET-
Cs1 JOCTAaTOYHO MOJIOAbIM HaIlpaBJI€HMEM, HO
OJJHOBPEMEHHO OJTHVM 3 CAMBbIX IT€PCIEKTIB-
HBIX, 6e30macHBIX ¥ 3¢ (PEKTUBHBIX METOJOB
yHaleHns OpTaHNYeCKUX 3arpsAsHuUTesnei (B
JaCTHOCTY, KpacuTeseil ¥ MUKPOOHBIX IaTo-
reHOB) 13 BOJHON cpefibl. B 0630pe mpoaHa-
NM3MPOBAHBl OOIUE CBENEHMS O JUOKCUJEe
TUTAHA, LVKIOJEKCTPUHE M €ro IpPOM3BOJ-
HbIX. [IprBenensl pe3ynbTaThl IOCTEIHNX MCC-
JIefOBaHMIT B 00/IaCTY IIPAKTIYECKOTO IIpUMe-
HeHUA JUOKCHUIa TUTAHA U LIMKIOLEKCTPUHOB
I/1A OYMCTKU CTOYHBIX BOJ, OT OPraHMYeCKUX
3arpASHUTENEN PA3NAUYHON IPUPOABI METO-
IaMu reTeporeHHoro ¢gorokarannsa, mogpoo-
HO PacCMOTpeH IPUHIMII ero paboThl Kak
¢dorokaranusaropa. Begp Omaromaps cBouMm
IIOJTyIIPOBOJHMKOBBIM CBOJCTBAM, HETOKCHY-
HOCTM, XMMIYECKOI CTabMIbHOCTH, BBICOKOI
¢doToKaTaMUTIYECKUIT aKTVBHOCTY OH IIpefi-
CTaB/IsAeT MHTEpeC KaK /i1 Hay4HOIO IOMCKA,
TaK ¥ IPaKTUYECKOTO PVMEHEHNA.

KimioueBble cmoBa: ILMKIONEKCTPUH, V-

okcup turaHa, ¢otoferpaganus, GoTokaTa-
13, OpraHNYeCKIe 3aTPSI3HUTEI.
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THE USE OF CYCLODEXTRINS
TO INCREASE THE EFFICIENCY

OF TITANIUM DIOXIDE IN THE
HETEROGENEOUS CATALYSIS

Yu. V. Bardadym, S. M. Kobylinskyi,
L. V. Kobrina, S. V. Riabov

Institute of Macromolecular Chemistry at
the National Academy of Sciences of Ukraine,
48, Kharkivske Shosse, Kyiv-160, Ukraine,
02160

*e-mail: yuliia.bardadym@gmail.com

Photocatalytic oxidation is a very young
direction, but in the same time it is one of the
most promising, safe and effective methods
of removing organic pollutants (in particular
dyes and microbial pathogens) from the
aquatic environment. General information
on titanium dioxide, cyclodextrin and its
derivatives is presented in this literature
review. The results of recent studies regarding
the practical application of titanium dioxide
and cyclodextrins for the treatment of
wastewaters and purification them from
organic pollutants of various nature by the
methods of heterogeneous photocatalysis
are given, the principles of their work as a
photocatalytic system are discussed in detail.
These compounds are of interest in terms of
both scientific search and practical application
due to their semiconductor properties, non-
toxicity, chemical stability, high photocatalytic
activity.

Key words: cyclodextrin, titanium dioxide,

photodegradation, photocatalysis, organic
pollutants.
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[TpencraBieHo pe3yabraTi poOiT i3 cMHTe3y BUCOKOe(DeKTUBHIX HAaHOKOMITO3UIIIIHUX IIATUHO-
BMicHUX KaTajizatopiB Pt(40 %)/XC-72 eneKTpOBiZHOB/IEHHS KMCHIO IIO/TiON-METOROM JiIsI BOJHE-
BO-KMCHEBMX ITa/INBHYX €JIEMEHTIB Ta PO3IIAHYTO NULAXY MifiBUIEHHA IXHbOI aKTUBHOCTI. IlokasaHo,
IO 3HIVDKeHH:A TeMItepatypu Big 160 go 75 °C i Bukopucranusa nonisininmiponigony (IIBII) ta popm-
aZnbJeTifly MiIBUILYIOTh eIeKTPOKATaIiTU4HI XapaKTepUCTUKY Ofep>KyBaHUX MaTepianiB. IIpoBeneni
¢isuko-ximMiuHi ZOCTIHKEeHHS MOKasany, M0 BUKOPUCTAHHA i 4ac cuHTe3y Karayisaropis IIBII y
KinbKocTi 110-330 Mr/100 MJI € TU/IEHIJIIKOJIIO CIIPUAE YTBOPEHHIO HAHOYACTVHOK IJIATVHU PO3MipoM
1.7-5.7 1M i3 piBHOMiIpHMM PO3IIOAI/IOM IX II0 IIOBEPXHi BYITIEL}€BOI0 HOCIiA, 1110 TO3UTUBHO BIUINBAE
Ha KaTaJiTUYHy aKTUBHICTDb Oflep)KyBaHMX MaTepiaiB. 3a JOIOMOroI0 IJIaBAI0YOro ra3ofudysiiitHoro
€/IEKTPOJia Ta METOMY CTALliOHAPHUX MONAPU3ALNHNAX KPUBUX JOCTIJPKEHO KiHETUKY €NeKTPOXiMiy-
HOTO BiJHOBJIEHHA KMCHIO Ha CMHTE30BaHMX KaTanlizaTopaX. OTpMMaHi KiHeTUYHi XapaKTepUCTUKI
€/IEKTPOBiTHOB/IEHH KMCHIO Ha JOCTIPKEHNX KaTali3aTopax CBi[4aTh, 1[0 MEXaHi3M IIbOTO IIPOLECY
3a7IEXKUTD SK BiJl TyCTMHU CTPyMY, TaK i BiJi METO/ly CMHTe3Y KaTajli3aTopis.

Knio4oBi croBa: HAaHOPO3MipHi IVIATMHOBI KaTa1i3aTopy, eIeKTPOBifHOBIEHHA KUCHIO, IIa/IMBHNUII
€/IEMEHT.

BCTYII. Cepen pisHUX CUCTEM TIeHepa-
il enexkrpoeneprii manusHi enementu (I1E)
€ HalOiIbII TepCIeKTUBHUMY i eKOTOTiYHO
Oe3neyHVMM. BOHM MOXYTb ITpanioBaTy 3 BI-

KiB, fo3Bonmumu ctBoputu nporotunu IIE i3

BpPaKaIOUMMU XapaKTepuctukamu [1].
OCHOBHOIO TIPO6/IEMOIO, KA CTPUMYE LIN-

pOKe BUKOPMCTAaHH: Na/JIMBHUX €/I€MEHTIB, €

COKOI0 e(PeKTUBHICTIO 3a pi3HUX TeMIlepaTyp,
YTBOPIOIOYM HU3BKY a0 HY/IbOBY KilbKiCTh
LIKiIMBYX BigXofiB. [JocmimKeHnHs, MpoBee-
Hi y CBIiTi BOPOJOBXX OCTaHHIX JBafuATU PO-

CIIOBI/IbHEHICTDb peakljii BiJHOB/IEHHA KVCHIO
10 BiJHOIIEHHIO IO CYIYyTHbOI peaKilii OKuc-
JIEHHA BOJHIO, 1110 3YMOBJIIO€ BUCOKY II€peHa-
IIPYTy Ha KaTOAi i, AK HAC/MiIOK, HEJOCTATHIO
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npopyktusHicTy IIE. Jlna BupimeHHA wiel
npo6nemu HeoOXinHi HOBi eeKTVBHI KaTari-
3aTOpPU €NeKTPOBITHOB/IEHHS KICHIO, SIKi OY-
OYTb BifTIOBifaTV CYBOPMM BMMOTIaM IIiJjBJ-
I[eHHA IPONYKTUBHOCTI. BoHN moByHHi 6yTH
Ay>Xe NOBTOBIYHMMM i NPUFATHUMU IJIS BU-
POOHMIITBA y BeMMKUX 00CATax i3 BUCOKMMU
BIUXOMaMI 1 BUHATKOBOIO AKicTI0. Takum Bu-
MOraM BifITIOBi[Jal0Th IUIATHOBI €JIEKTPOKaTa-
ni3aTOpy, AKiI HA CbOTOJHI MAIOTb Kpalli I10-
Ka3HMKM Cepefl IHIINMX KaTajli3aTopis, 10 3a-
CTOCOBYIOTbCA B HM3bKoTemneparypHux IIE.
[IpoBeneni pocmipKeHHsA IIOKasaay, L0 Xa-
PaKTEPUCTUKY IJIATUHOBUX €/IeKTPOKaTasi3a-
TOPIB 3a/1€XXaTh BiJl METO/IIB Ta YMOB IXHbOTO
oTpuMaHHs [2-4]. Biomo, 1110 aKTUBHICTb Ka-
TaJIi3aTOpiB MOXKe 6yTM OiIBUIEeHA IIISIXOM
TNOCATHEHHA PiBHOMIPHOTO PO3IIOAiNTYy HaHO-
PO3MipHUX aKTMBHUX 4acTMHOK Pt i Bucokoro
3aBaHTa)XeHHA IX Ha BYIJIEL|€BUII HOCIiI 3 PO3-
BMHEHOIO TIOBEpXHeo [5-7].

Ha cporogui pospobneno pisHi meromu
OTpMMaHHA IUIATMHOBMX KaTa/li3aTopiB, Taki
SIK BifIHOBJ/IEHHsI TIatMHU Ooprigpumom [8] i
Mikpoemybcieo [9], momion-cunTes [10-11],
enekTpoxiMmivamii [12-13] i konoigamii [14-15]
metony, QorosigHoBIeHHs [16-17]. Opnak
OinpuIicTh BifOMMX MeTOfiB He 3abe3medye
OTPUMMAHHA BUCOKOAMCIIEPCHUX HAHOYACTH-
HOK Pt, 1jiTbHO 3aBaHTa)XeHUX Ha IIOBEPXHIO
Hocia [18]. Tomy BAOCKOHATIEHHA iCHYIOUNX i
PO3BUTOK HOBMX METO[iB OTPMMAHHA TAKUX
KaTaJli3aTOPiB TPUBAIOTD.

Bukonanmit B po6oti [19] cuHTe3 HaHO-
YaCTMHOK IIJIATVHY HA CaXKi 3 BUKOPUCTAHHAM
nonisinimmiponigony (I1BII) Ax xomMmoHeHTa,
AKUI CcTabinidye YacTMHKM IUIaTVHM, ITOKa-
3aB, IO TaKMM YMHOM MOXHa OTPUMYBaTU
OHOPiJiHI 3a pO3MipOM HaHOpPO3MipHi Yac-
TuHKY Pt, aHanoriyni TiM, AKi GopMyoThCA
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B KOJIOITHMX pO3YMHax 6e3 MPMUCYTHOCTI Ha-
HOJMCIIEpCHOI caxi. Enexrpoximiuni xapax-
TEPUCTUKM BiJJHOBJIEHHSA KMCHIO Ha TaKMX
KaTasi3aropax Oy HabaraTo BUIIMMU 3a Xa-
PaKTEPUCTUKM, JOCATHYTI IIPY 3aCTOCYBaHHI
KaTasli3aTopiB, CMHTE30BaHUX 0e3 MOoflaBaHHS
I1BII. OgHaKk BUKOPUCTAHHA MiJi 4aC CMHTE3Yy
BUCOKUX KoHLeHTpauiin IIBII moxxe nmpusse-
CTU [IO 3HIVDKEHHA aKTMBHOI IIOBEPXHi KaTa-
Ni3aTOPiB, 10 TIOB’A3aHO 3 OJIOKYIYNM edeK-
toM nonimepis IIBII Ha akTuBHI LIeHTpU KaTa-
nizatopis. Crab6inizatop IIBII micnsa cunresy
3a/IMIIAETbCA Ha MOBEPXHI TOTOBOrO KaTali-
3aTopa i IepelKOoKae JOCTYIy OKMC/IIOBaYa
IO I0TO aKTMBHMX MicCIlb. 3a MacOBOIO CIIiB-
BimHomenHs [IBII : Pt = 0.1 nuTomMa akTuBHa
IIJI0IIa KaTa/li3aTopa € BMCOKOIO i 3a/IMIIAETh-
€A TAKOIO IIpM 3aBaHTaXeHHi Pt > 35 mac.%.

Meroto 1i€i poboTu 6y;10 BU3HaYEeHH:
ONTMMAJbHOIO CKJIaJy PO34YMHY i YMOB Bifi-
HOBJIEHHA IUIaTMHU B pucyTHOCTI TIBII ma
NPUTOTYBAaHHA BMCOKOAKTVBHMX IUIATMHO-
BMX KaTajli3aTOPiB €J1eKTPOBiJHOBIEHHA KIC-
HIO, B SKIX HOCIEM € HaHOJUCIIEpCHA Caka
Vulcan XC-72.

EKCIIEPMIMEHT I OBI'OBOPEHHA PE-
3YJIPTATIB. JIna npuroTyBaHHA Pt-BMicHO-
rO PO34YMHY Ta CUHTE3y KaTaji3aTopiB BUKO-
PUCTOBYBA/IM TE€KCAXJIOPIVIATMHOBY KUCIOTY
H PtCl,, caxxy Vulcan XC-72, AKy nonepegHbo
niggaBanu okucieHHio B posumHi HNO,,
1 M-posunnyu NaOH a6o KOH ta H SO, ana
CTBOpeHHA HeobximHoro pH cepemosua,
ermnenrnikonp (EI) y pisHomMy cniBBigHO-
IlIeHHi 3 MIeiOHi30BaHOI0 BOAOI0 Ta €TUJIOBUIL
crupt. SIK crabinizaTopy 4aCTMHOK IUIATVHU
oyno Bunpo6bysanHo mo6asku IIBIT i dopm-
anpperigy (CH,0).

byno ompanpboBaHo 6 MeTORMK INPUTOTY-
BaHHA Pt/C karanisaTopis, y pesy/brari 3acTo-
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CyBaHHA AKUX Oy/lIO Ofiep>kaHO 6 TPyI KaTa-
7Mi3aToOpiB (IO3HAYeHHA i YMOBY CMHTE3y JVB.
B Tabn. 1). [IpuroryBanns karanmizaTopis A i
B mpoBopguim HaCTYIIHMM YMHOM: [0 3.6 M
PO34MHY IeKCaxXIOPOIIATVHOBOI KMC/IOTH, 1[0
mictuB 18.8 mr Pt/mn, momaBanu 100 M eTtn-
JIEHITIKO/II0 260 Jioro cyMiui 3 eioHi30BaHOIO
Bogoio (3 : 1) i gucnepryBanyu B yJIbTPasByKo-
Bii1 BaHHi yripozioBX 30 xB. /][54 cuHTe3y KaTa-
nizaropis C i D y peakuiliny cymim fogaBanm
110 a6o 330 mr I1BII, a mna cuHTe3y KaTasisa-
tTopa E momarkoBo Bukopuctamm 60 mn ¢op-
Manbperiny. IIpu orpmmanni karamisaropa F
peakuiifHa cymimn MicTuna ¢popManbzerif, of-
Hak He MicTuia [IBII. IToTim y Bci posunnm fo-
masaau 100 mr okucneHoi caxi Vulcan XC-72,
IepeMillyBaay MarHiTHOK MillIa/IKOK YIIPO-
noBX 10 XB, IiC/IA YOTO AMCIEPIYBaIN B yib-
TPa3BYKOBIill BaHHi ynipofosx 1 rog. Orpuma-

HY AucIiepcito HenTpanisyBamm 1 M posunHoM
NaOH i goBogwmu i pH po 11 3a 6esnepeps-
Horo nepemimysaHHAa. OTpuMmaHy CyMill Ha-
rpiBa/M Ha BOAAHIN OaHi ynpomosx 3 rog. 3i
3BOPOTHUM XOJIOAV/IBHUKOM 32 Oe3IepepBHO-
ro nepemimysaHHA. IIpy oTpuMaHHi Karanisa-
Topa F micna oxonmomkeHHA cyMilni mpoBoay-
M IIPOMMBKY OCaJly BOJIOI0 i IeHTpudyryBaH-
H, a IIpY OTPMMAHHI BCIiX iHIIMX KaTasisaTo-
piB goBomvm pH cymiwi 1o 2, gopawoyn 1 M
posunn H SO, i perenpHO mepeminrysanu cy-
minr Ilortim ogaBanm o cymimen eTUaIOBUIA
CIMPT y PO3PaxOBAaHMX KITBKOCTAX 1 aBaIn
M BifcroATNCca ynpoposx 1 rop. ITicia nporo
BIINIAIM OCafiy Bifi pO34MHY Ha ueHTpM(bysi
i KiZIbKa pasiB peTeIbHO IPOMUBAJIN iX €TUJIO-
BJM CIIMPTOM i JieioHi30BaHO0 Bofow. Haganmi
Oca/iy BUCYILIYBa/y, IiCAA 4YOrO pO3TUPANN B
SIIMOBIN CTYIIL.

Tabnuus 1.
ITosHaueHHA OTPMMAaHUX eleKTpoKaTanizaropiB Pt(40 %)/XC-72 Ta yMoBHU IXHBOTO CUHTE3Y
Karanizarop EI go6aBka, M Temmnep aTZp a Bukopucrammit HobaBku
cunresy, °C YT
A 100 ET 130 1 M NaOH -
B 100 ET 160 1 M NaOH -
C 100 ET +30 H O 140 1 M NaOH 110 mr IIBIT
D 100 ET + 30 H O 140 1 M NaOH 330 mr IIBII
330 mr I[IBIT +
E 100 ET 75 1 M KOH 60 ML CHZO
F 100 ET 75 1 M KOH 60 mn CHZO

PentrenodasoBuit aHasi3 KaTOZHMX KaTa-
N1i3aTOPiB BUKOHA/IY 32 JOIIOMOT'OX0 PEHTI€HIB-
cpkoro audpaxkromerpa JPOH-3M. Bumipro-
BaHHA nnposoaumn y Cu Ka- Bunpominioansi,
3a Hanpyru 30 kB i ctpymy 20 MA npu xpoui
ckanyBaHHA A20 = 0.04, T = 3 c. IIpu 3itom-
i BUKOPUCTOBYBamM TpadiTOBMIT IIOCKUIA
MoHoxpoMaTop. KyToBe monmoxennsa audpak-
LITHUX MaKCUMYMiB YTOYHEHO 32 JOTIOMOT 00

https://ucj.org.ua

METO/ly HalIMEHIINX KBaJpaTiB 3a IIOBHOIIPO-
binpHNMY eKCIIepyIMeHTaTbHUMY JAaHVIMU pa-
30M i3 ntiHi€ro ¢ony, npu oMy npodinb minii
aIlpOKCUMYBaIU 3TOPTaHHAM QyHKIiit [aycca
i Jloperua. O6poOIeHHs MacuBy eKCIepu-
MEHTAa/NIbHUX MAaHUX 3iMICHIOBA/NM 3a [IOIO-
morotw nporpamu PROFILE FITTING V. 4.0.
Axicamit ¢aszoBmit aHani3 3paskiB MpoBOAU-
NN 3 BUKOPUCTAHHAM aBTOMATM30BaHOI 6asu
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panux ICDD PDF-2, a ananis ¢asosoro ckia-
Iy — IIUIAXOM IIOPiBHAHHA 3 JAHUMH €/IEKTPO-
HHoI 6a3u ganux STOE WinXPOW.

Jna BuBueHHA Mopdosorii KaramizaTo-
piB  3aCTOCOBYBaaM METOAM IIPOCBIYYIOYOI
Ta CKAHYIOYOI €JIeKTPOHHMX MiKPOCKOIIIL.
[TEM-300pakeHHsI JJOCTIf)KYBaHUX 3pasKiB
OTpUMYBa/lM Ha PacTPOBOMY €IEKTPOHHOMY
Mikpockomi «Leo Supra 50 VP6» 3a nmpucko-
proroyoi Harpyru 5 kB. CEM-306paxeHHs OT-
PUMYBa/IM 3a JJOIIOMOIOX CKaHYIOUOTO €/IeK-
TPOHHOTO MiKpockora «]SM-6700F» («JEOL»,
AnowisA). 3110MKY IPOBOAMIN 32 IIPUCKOPIOK0-
voi Hanpyru 15 kB, ctpymy 30uay 0.75-10° A
i giameTpa 30HAY 1 MKM.

KaTtamitTmyHy  aKTMBHICTD  Ofep>KaHUX
HAaHOKOMIIO3UTIB y peakliil KaTOZHOIO Bifi-
HOBJIEHHA KJCHIO JOCTI/DKYBany IIJIAXOM
OTPMMAaHHA IOTEHIiOCTATUYHUX IIONApU3a-
LiTHMX KPMBUX Ha IOBepXHeBO MopudikoBa-
HOMY IUIaBAalOYOMY ra3oAMuQys3illHOMY eneKT-
poni [20] B 0.5 M posunni H SO, 3a Temnepa-
Typu 20 °C. 3acTocyBanmu e1eKTpOXiMidyHy KO-
MipKY 3 PO3JiZIeHUMI KaTOSHUM Ta aHOZHUM
npocropamu i morenuiocrar «III-50-1.1».
CrpyM peecTpyBamm 3a JOIOMOIOK MY/IbTH-
Metpa «UNI-T UT-71». EnexrpogoM mopis-
HSHHSA CITY>KVB XTIOPUICPIOHNII eNIeKTPO],.

[TnaBatounit rasopmdysifiHUi enexTpos
(ITITE) maB BuraAnm TabneTKy, BUTOTOBIEHOL
i3 caxi I1-803, rigpodobisoanoi 30 % [o-
6aBkol0 momiteTpadTOpeTUIEHY, IIIIXOM
npecyBaHHA nif Tuckom 2.45 MIla. III'E maB
Macy 200 mr, giamerp 10 MM, TOBIIMHY 2 MM
Ta y#AaBaHy WiIbHICTD 0.95 r/cM’. Y TabneTKy
0y/10 BIIpecOBaHO HiKeleBUII CTPYMOBiMIBif.
Ha noBepxHIo eneKTposia HAHOCKU/I MOHOLIAP
HaHOJVICIIEPCHMX JIOCPKYBaHMX KaTajisa-
TOpiB KinbKicTio He 6ibie 1 Mr/cm? i Hampe-
coByBanu mif Tuckom 4.9 Mlla. Ha enekrpo-

56

IIPOBiJiHIN MOPUCTIN MigKIAfLI KaTali3aTop
YTPUMYBaBCA 3a PaXyHOK CuJI ajresii. MoHo-
1IapoBe IMOKPUTTA KaTajli3aTOPpOM IIOBEPXHi
[ITE 3abe3mnedyBano piBHOZOCTYIHICTb KMC-
HIO /IO 30BHIIIHbOI IIOBEPXHIi 3€peH KaTajisa-
Topa [21].

i

JSM-6700F 15.0kY  X30,000 100nm WD 7.3mm

100 nm
—

Puc. 1.

Mikpodororpadii mmarnHOBMiCHUX
karanisatopiB Pt(40 %)/XC-72: a - CEM-306pa-
eHHS, 6 — [IEM-306pakeHHsL.

Mikpogororpadii cuHTe30BaHMX KaTasisa-
topiB Pt(40 %)/XC-72, orpumaHi 3a moromo-
rOI0 CKaHYI04OTO Ta IIPOCBIYYIOYOTO €1eKTPO-
HHUX MIiKPOCKOIIIB, IPEACTaBAeHO Ha puc. 1.
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BupHo, mo oTpuMaHi KaTaji3aTopy HaHO-
IVICTIEPCHI, pO3Mipy IXHIX YaCTMHOK He Iepe-
BuiyoTh 100 HM. 3rifHo CEM-300pakeHHH,
qactuHku Pt(40 %)/XC-72 moBoni ogHOpigHi
3a posmipaMmy, OfHAaK IIpY 3CUIIAHHI JOKYIIN
ar7IOMepYIOTbCA. YNPOROBX IPUTOTYBaHHSA
KaTaJIiTUYHOTO YOPHWIIA aIJIOMEPATH TIiJl [Ii€0
YIAbTPa3BYKYy PO3JIATbCA HAa YaCTUHKMU 3
posmipamu Bix 20 mo 50 HMm. I3 ITEM-306pa-
JKE€HHS BUIHO, 110 KJIACTepU IIATUHU PO3Mi-
poM 2-5 HM 3HAaXOAATbCA HA NOBEPXHI ario-
MepPOBaHMX YaCTUHOK Caxi, AKi MalOTh pO3Mip
10 50 HM.

3a pesynbTaTaMy peHTreHO]a3oBOro aHa-
M3y 3 BUKOpUCTaHHsAM 6asum pmanmx ICDD
PDEF-2 no Habopy 5 ocHOBHMX TiKiB Ha #nd-
pakTorpami Oy1o BusHaueHo a3y B CMHTE30-
BaHMX Kartamisatopax Pt(40 %)/XC-72.
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0 20 40 60 80 20, rpan.
Puc. 2. [udpakrorpama HAHOKOMIIO3UTIB

Pt(40 %)/XC-72.

[Tliku Ha pudpaxTorpami, HaBefieHilT Ha
puc. 2, BignosigawTh ¢dasi MeTaneBoi maaTu-
HI i MAaIOTh PO3LIMPEHHA BHU3Y, 11O CBiJYUTD
PO HAaHOPO3MIPHICTh IUIATMHOBMX KJIacTe-
piB. 3a BeMYMHOIO [[bOTO PO3LIMPEHH:A OY/I0

https://ucj.org.ua

BU3HAYEHO pO3MipM HaHOK/IACTepiB IUIa-
TMHU Ha ByraeneBomy Hocii Vulcan XC-72
B3[IOBX  KpucTamorpagiuHux  HaNpsIMKiB
<111; 200; 220; 311; 222>. Po3paxyHOK po3Mi-
Py KiIacTepiB BMKOHamu 3a piBHAHHAM llep-

pepa:

d=K-\/B-cosb, (1)

ne K - xoncranra Illeppepa, sHaueHHA AKOI
3aJIeKUTH Bifj popMM yacTMHOK i Bif iHEek-
ciB gudpaxkuiit (y npomy Bumnagky K = 0.97);
A\ — IOBXMHA XBWIi PEHTI€HiBCHKOTO BUIIPO-
MiHeHHA i y IboMy BUIaaKy A = 0.154184 HMm;
f - mmpuHa pedrieKcy Ha HONOBMHI BUCOTH,
pam 0 — xyT mmudpakuii (OperiBcbkmit KyT),
pag. OTpuMaHi po3Mipy HAHOK/IACTEPIiB IjIa-
TUHI Ha IIOBEPXHI BYIJIELIEBOTO HOPCiA CKia-
mm 5.5,4.3, 3.7, 2.1 Ta 1.7 HM, TOOTO BOHM 3Ha-
XOAWINCA B giama3oHi 1.7-5.5 HM.

Inda OniHKM aKTMBHOCTI CUHTE30BAaHMUX
KaTa/li3aToOpiB B €/I€KTPOBIJHOBIEHHI KMCHIO
Ha IUIaBalo4yoMy rasogudQysiiiHoMy eek-
Tponi 6y/M 3HATI NOTEHIiOCTaTUYHI KaTORHI
noNApM3aLiiiHi KpuBi boro npouecy B 0.5 M
posunui H,SO,. Ha puc. 3 orpumani nonsapu-
3a1liiiHi KpMBi npezcraBieHi B TadeneBux Ko-
OpAyHaTax.

[TopiBHAHHSA KpUBUX Ha puc. 3a Ta 36 CBix-
4ITh, 10 noBepxHeBa Mopudikauis [II'E mo-
CIHKEeHUMM KOMMO3UILIITHMMMY HaHOKaTaJli-
satopamn Pt(40 %)/XC-72 npussena 1o 3Ha4-
HOI'O 3MIillleHHA IIOTEHIIia/liB €1eKTPOBiJHOB-
JIEHHS KVICHIO B CTOPOHY IIO3UTVBHMX 3HAaY€Hb
(mpubnmusno Ha 0.5 B), mpm npomy crpymmn
€/IeKTPOJIHOTO IIPOLIeCy 3pOC/y Oi/blI, HDK Ha
nopsAfoK. Po3paxoBaHi KiHeTMYHI TapaMeTpu
€/IEKTPOBIHOB/IEHHA KUCHIO B 0.5 M posun-
ni H SO, Ha xaranisaropax Pt(40 %)/XC-72,
CUHTE30BaHMX i3 3aCTOCYBAaHHAM pi3HNX Me-
TOMMK, HABENEHO B TA0OI. 2.
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-1gj (J, Alr)
2.1}

1.4

S

0.7I1 0.6l9 El ,B
Puc. 3. IlorenniocTatnyHi nomApusaniiiHi Kpusi
BifHOB/IeHHA KucHiO B 0.5 M-posumni H, SO,
Ha HemopudikoBaHomy III'E (a) ta nHa IIIE,
IOBepXHEBO MOAM(IiKOBaHOMY KaTajlisaTopaMu
Pt(40 %)/XC-72, (6): 1 - F; 2 -D; 3-B; 4 - G;
5-A;6-E.

I3 mopiBHAHHA KpuBMX 5 i1 3 Ha puc. 36,
AKi Oy70 OTpUMAHO IPM €IeKTPOBiJHOB/IEH-
Hi KJCHIO, BiITIOBiZHO Ha KaTaji3aTopax A i
B, cningye, mo katanmisaTop A € aKTUBHIIINM
3a Karajisarop B, ockinbku, Hanmpukiaj, 3a
notenniany 0.71 B sHayenHs lgj Ha xarasnisa-
Topi A Ha 0.34 6inbie, HX Ha KaTanmisaTopi
B. IloTeHLianm eneKTPOBiIHOBIEHHA KUCHIO
Ha Karasizaropi A Ginblire 3MileHi B cTopo-

58

HYy MO3UTUBHUX 3HAY€Hb, HDK IOTEHI[Ia/IM HA
KaTtamizaropi B. 3 Tabn. 1 BupHO, 1m0 CUHTE3
Karajisaropa B mposopumm 3a temmneparypu,
Ha 30 °C Bumioi, HbK CMHTe3 KaTajlizaTopa A.
BoyeBusipb, migBuIeHHA TEMIIEPATypy CUHTE-
3y IpM3BeNO A0 30ibIIeHHS arloMepyBaH-
HJ YaCTMHOK KaTajli3aTopa, BHACIIIOK 4Oro
3MEHIINIACA IIJIOIA IXHbOI aKTMBHOI II0OBEpX-
Hi. BurpuMka kaTtanisaropa B micna HarpiBaH-
HA B KUCIIOMY cepenoBuili 3a pH = 2 ympo-
JOBX 24 rof. He MiIBUIIM/IA TOTO aKTUBHICTb.

Tabnuns 2.

KineTnyni mapameTpu e1eKTpOBifHOBICHHA
kucHio B 0.5 M posunni H SO, na IITE,
MOBEepPXHEBO MO (PiKOBAHOMY
karanisaropamu Pt(40 %)/XC-72

Karani- E.B OE/0lgj, B o Ar
3aTop er b, b, 0
— 0.667 | 0.028 | 0.135 | 0.0153
A 0.725 | 0.032 | 0.110 | 0.0182
B 0.716 | 0.033 | 0.140 | 0.0164
C 0.700 | 0.045 | 0.121 | 0.0603
D 0.703 | 0.030 | 0.130 | 0.0141
E 0.725 | 0.028 | 0.120 | 0.0188
F 0.696 | 0.050 | 0.122 | 0.0216

[TopiBHAHHA KpuBUX 4 i 2 Ha puc. 36, Aki
0yZ0 OTpMMaHO TIpU e€/l1eKTPOBiTHOB/IECHHI
KJCHIO Ha KaTanizaropax C i D, cBiguuTs, 1m0
36inpmenHa Kinbkocti IIBII y posunmni npu
cuHTe3i KaTajisaTopis y 3 pasu (guB. Tabm. 1)
IIPU3BENO [0 3HVDKEHHA IXHbOI aKTMBHOCTI.
IToreHIianym BimTHOBIEHHS KMCHIO Ha KaTaJli-
3atopi C 6inbiie 3MillleHi B CTOPOHY ITO3UTUB-
HIX 3HaY€Hb, a CTPYMU €JIEKTPOJHOTO MPOLje-
CY 3a O[JHAKOBMX IIOTEHIIia/liB BUIi, HDK Ha
Karanisaropi D. Crpym o6MiHy Ha Karasnisa-
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topi C nepeBuiye cTpyM oOMiHy Ha KaTaji-
3aTopi D 6inbiie, HDX y 4 pasu (guB. Ta6mIL. 2).
BoueBnnb, nosepxHeBo-akTuBHUII IIBII He
IIOBHICTIO BiJMMBA€ETHCA BiJj CMHTE30BAHUX
KaTasizaTopiB i yacTKoBO 6710KYye ixHi aKTUB-
Hi neHTpu. OTXe, C/liJ YHUKATU HaAMipHOI
kinbkocti TIBII, axmit, Sk mokasaHo B [19],
cTabinisye HaHOpPO3MipHi YaCTMHKM KOMIIO-
3ULIMHNX IVIATMHOBUX KaTaJIi3aToOpiB Mifi 4ac
IXHbOTO CHHTE3Y.

IIns migBUIeHHsT aKTMBHOCTI KaTasmi3aro-
piB, AKi CMHTe3yBa/iyM B PO34MHI, 10 OKpPiM
IHIIVX KOMIIOHEHTIB MIiCTUB 3Ha4YHY KiJIbKICTh
IIBII (330 mr), Bunpo6yBanu fo6aBky Gpopm-
anmpzerigy (60 MT), a TAKOX 3HU3WIN TeMIIepa-
Typy cunTtesy go 75 °C. OTpumaHmuii KaTali-
3arop E npoABMB HalIBMIy aKTUBHICTb cepeq
IHIINX JOCTiPKEHNX KaTajli3aTOpiB €/1eKTPo-
BiTHOBIeHHA KucHIO. [loTeHIliany BigHOBIEH-
Hs1 KVICHIO Ha TAKOMY KaTajli3aTopi Haitbible
3MillleHi B CTOPOHY IMO3UTVBHUX 3HA4€Hb, a
cTpymu 3a (pikCOBaHNX 3Ha4YeHb HOTEHIiany
MaIOTh HaiBUILi 3Ha4eHHs (IuB. puc. 36). Pe-
3y/lIbTaTy €IeKTPOHHOI MiKpOCKOIII ITOKa3a-
I, 10 KIacTepy IUIATVHY HA IOBEPXHI KaTa-
nisaropa E mMamm HaiimeHImmit po3mip i 6ymm
PIBHOMIPHO pO3IIOfii/IeH] IO MMOBEPXHi.

Beenenns mo6aBku ¢popManbpferiny B pos-
uyuH, AKuii He Mictus [IBII, npusseno o 3uu-
JKeHH: aKTMBHOCTI OTPMMAHOr0 KaTanizaropa
(F B Tabm. 11 2). [lonsapusariiina KpuBa enex-
TPOBIHOB/IEHHA KVCHIO Ha TAKOMY KaTaslisa-
TOPi HaliMeHIlIe 3MillleHa B CTOPOHY ITO3UTUB-
HVX IIOTEHIiaJIiB BiJj KPMBOI, 3HATOI Ha HEMO-
nudikosanomy III'E (guB. puc. 3).

Haxmnm nepmmx npAMOMHINHKX [iNAHOK
b, xpusux 2, 3, 5 i 6 Ha puc. 36 Ta KpUBOI Ha
puc. 3a 6muspki 1o 30 MB, mo cBigunTH MPO
Te, IO JIMITyI0O4a CTajiA MMOBIPHOro Mexa-
Hi3MY €/IEKTPOJJHOTO IIPOLIECY Ha BifTIOBIHUX

https://ucj.org.ua

KaTaji3zaTopax € YOTUPbOXe/lIeKTPOHHOW. Ky-
ToBi Tadenesi koedinienTn b, kpusux 114 Ha
puc. 36 cTaHOBIATH BifmosifHO 50 i 45 MB, 110
CBIIYNTD IIPO MOXX/IUBE IIPOTiIKaHHA €JIEKTPO-
BiJJHOBJIEHHA KJMCHIO Ha KaTanisaTopax FiC 3a
3MilIaHUM M€XaHi3MOM i3 IBOX- Ta YOTUPbOX-
€/IEKTPOHHMMM JIIMITYIOYMMM CTaisAMIU.

PisHi MexaHi3sM; BigHOBJIEHHSA KMCHIO Ha
TOCIIPKEHUX IITATMHOBMICHMX KaTali3aTopax
MOXXYTb OyTV 3yMOBJIeHI pi3HMM afcopOuiil-
HJM CTaHOM KJCHIO Ha IIOBEPXHi KjacTepiB
wiatuHy. MoxmBi BapiaHTM XeMocopo6uii
KJ/CHIO Ha IIOBEPXHi €/IeKTPOfla CXEMaTU4YHO
NIpeJCTaB/IEHO Ha puC. 4.

0
0=0 0—0 4
l \ / Olf 120° /0—0\
M M M M M
a o 6

Puc. 4. Moxxnusi mofeni agcop61iil KCHIO Ha
MOBepXHi KaTanizaropa: a — Mmofenb [piddirca, 6 -
Mopienb Ilaysinra, 6 — MicTKOBa Mopienb [22].

[Tpn apmcop6iii 060X aTroMiB KHCHIO, 3
AKUX CK/IAQJA€ThCA JIOTO MOJEKyIa, (MOpenb
Ipidpdirca i micTkoBa Mopens puc. 4a i 48)
BiffOyBaeTbcsA posrAryBaHHs 3B’s3ky O-O, B
pe3y/IbTaTi 40To MOMETIIY€EThCA pO3Na MOJIe-
kymu O, i BifOyBa€eTbCs e1eKTPOBiTHOB/IEHHS
KJMCHIO 32 M€XaHi3MOM i3 JiMiTyH04010 40TH-
PbOXENIEKTPOHHOIO €IEKTPOXIMIYHOIO CTafIi€I0
[22, 23, 24]. bararo HOCTigHMKIB BBa>KalTh,
110 Ha IUIATMHOBOMY €/IeKTPOJi MalOTh Miclie
caMe MiCTKOBMIT i «rpidpdiTcoBCchKMit» TUIN
azgcop6ii [25].

SIK1110 IOBEPXHSI €IeKTPOfia YTBOPIOE 3B -
30K J/IMIlle 3 OHMM aTOMOM KUCHIO (MOfeb
[Tayninra puc. 46), To 38’130k O-O Maibke He
3MiHI0€TbCA. [Ipy IbOMY BiTHOB/IEHHA KUCHIO,
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BOYEBU]b, IIPOTIKAE Yepe3 CTA/iI0 YTBOPEHHA
IIEPOKCUY BOJHIO i HMIBUJKICTD €7IEKTPOSHOTO
IIPOLIECY BU3HAYAETHCSA IIBU/IKICTIO JBOEIEKT-
POHHOI €7IEKTPOXiMi4HOI cTafil.

Ha migcraBi pospaxoBaHMX 3HAa4e€Hb Ky-
ToBuX TadeneBux KoedillieHTiB b, MOXHa
3pOOUTI BVMCHOBOK, IO €/IeKTPOBiJHOBIIECH-
HS KUCHI0O Ha Tas3ofudysiiiHOMy eneKTpopi,
IIOBEPXHEBO MOAM(}IKOBAHOMY IUIATMHOBYMMA
katanmizatopamn Pt(40 %)/XC-72, € 6araro-
CTa[IfIH/M IIPOLIECOM, AKMUI BKJIIOYA€ CTAfil
ayicopo1ii — mecopoOilii, a TAKOX eNeKTPOXiMiu-
Hi cTafii BigHOB/IeHHA KMCcHIO. Ha KaTanisato-
pax A, B, D i E B o6nacTi HEBUCOKUX T'yCTUH
CTPYMY, IIpU AKUX BUABIEHO IEPILi IIPAMOJIi-
HiVtHi ginanky Ha KpuBux 1gj — E, BigHOBNIEHHA
KVCHIO, BOUEBI/Ib, BiflOyBa€TLCA B pe3y/bTarTi
IpUENHAHHSA 4-X e/IeKTPOHIB 10 amcopboBa-
HIX MOJIEKY/T KMCHIO 3 PeaKIIi€ro:

O, T 4H" + 4 — 2H 0.

2(a (2)
Ha karanisaropax C i F peaxuis (2) Hames-
HO CYIIPOBOIKYETbCA PeaKIfi€lo:

O + H" + 2e = HOZ-(

e (3)
i MIBMAKOCTI LIMX peaxiiili MaroTh 6IM3bKi 3Ha-
YeHHS.

3MiHAa HaxwIy NONAPU3ALNHNUX KPUBMUX
BiJHOBJIEHHS KMCHIO Ha MOCAIMKeHMX KaTa-
mi3aropax y TadeneBUX KOOPAMHATAX IPU
Hepexofi B 0671acTh BUCOKUX I'YCTUH CTPYMY
3YMOBJIEHa, BOYEBN[lb, 3MiHOI MeXaHi3My
€/IEKTPOJTHOTO IIpoLleCy. 3HAaYeHHA KYTOBUX
TadeneBux kKoedilieHtiB b, cBigyaTh, 110
HIBUJKICTD €IEKTPOAHOIO IpOoLeCy BU3HAYa-
€TbCA OJHOENIEKTPOHHOKI €IEKTPOXIMIYHO0
CTafi€.

BVICHOBK/. TakuM 41iHOM, Ha OTpMMaHH:A
BUCOKOAKTUBHIUX HAHOKOMITO3UIIIMHUX TIja-
TUHOBMIiCHUX KaTasnizatopiB Pt(40 %)/XC-72
€JIEKTPOBITHOBIEHHA KVMCHIO I10/110/I-METO/IOM

anc)’

60

IIO3UTUBHO BIUIMBAIOTh 3HVDKEHHA TeMIlepa-
Typu cuHTe3y Bif 160 °C mo 75 °C i BBeleHHA
B peakuiitHe cepenosuie [IBII pasom i3 dop-
Masbjerinom. PosMipy oTpuMaHKX K/IacTepiB
IJIATVHY Ha IIOBEPXHI HAHOYACTMHOK Caxi
XC-72 3HaxomATbCA B Aiama3oHi 1.7-5.7 HM
I 3a ONTUMMAJbHUX YMOB CUHTE3y BOHU DiB-
HOMIpPHO 1 LII/IBHO PO3IO/i/IIeH] 10 IMOBEPXHi
BYITIELIEBOTO HOCIifA, 110 CIpUAE BUCOKIi Ka-
TaJIiTUYHI aKTMBHOCTI OJep)KyBaHUX MaTe-
pianiB. OTpuMaHi KiHETMYHI XapaKTepUCTUKI
€JIEKTPOBiHOB/IEHHA KVCHIO Ha JOCTIKEHUX
KaTaji3aTopax CBifiuaTb, [0 MEXaHi3M IIbOrO
IIpOLIECY 3aNIeKUTh fAK BiJf TYCTUHU CTPYMY,
TaK i Bil METO[ly CMHTE3Y KaTa/li3aTopis.

BJUAHWUE NONTUBUHUNNUPPOJINAIOHA
HA CUHTE3 U KATAJIATUMECKMWE CBOMCTBA

NMNATUHOCOAEPXALLIUX KATAJIU3ATOPOB
JJIEKTPOBOCCTAHOBJIEHUSA KUCNOPOLIA
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[IpencraB/ieHbl pe3yabTaThl paboT 110 CUH-
Te3y BBICOKOA((EKTUBHBIX HAHOKOMIIO3M-
IMOHHBIX IJITATMHOCOZIEP)KAIIMX KaTa/an3aTo-
poB Pt(40 %)/XC-72 3/1eKTpOBOCCTaHOBIEHNS
KIC/IOPOZa TIONINON-METOOM [JIsI BOJLOPO.-
HO-KJUCTIOPOJHBIX TOIUIMBHBIX 37IEMEHTOB U
PacCMOTpeHbl IyTM HOBBILIEHUS UX AKTUB-
HocTu. Iloka3aHO, 4TO CHIDKEHME TeMIlepa-
Typbl 0T 160 g0 75 °C u ucnonb3oBaHue Io-
nmuBuHWIIMppougona (IIBII) u popmanbae-
T2 TIOBBINIAIOT  3/eKTPOKATAIMTIYECKEe
XapaKTepPUCTUKM IOTy4aeMbIX MaTepuasoB.
[TpoBeneHHbIe (PU3MKO-XVMUIECKIE JVICCTIe-
[IOBaHUA NOKA3aJi, YTO UCIO/NIb30BaHNUe NP
cuHTe3e Karammsaropos IIBII B xonmmuectse
110-330 mr/100 M1 3TMIEHITIMKOMA CIOCO0-
CTByeT 0Opa3sOBaHMIO HAHOYACTNUI] IUIATVHBI
pasmepoMm 1.7-5.7 HM ¢ paBHOMEPHBIM WX
pacnpefeneHeM IO IOBEPXHOCTU YITIEPOJ-
HOTO HOCHUTENA, YTO IIOJIOKUTEIbHO BIIMAET
Ha KaTa/JIUTUYECKYI0 aKTUBHOCTb IOydae-
MBIX MaTepuanoB. C IOMOILIbIO I/IaBAOIIETO
razofinPysMoHHOrO 9TEeKTpoJa U MeToxa
CTAllIOHAPHBIX MOAPU3ALVOHHBIX KPUBBIX
JICCTIElOBAaHA KMHETMKA STEeKTPOXMMUYeC-
KOTO BOCCTAHOBJIEHUMA KMUCIOpPOfia Ha CUHTe-
3MPOBaHHBIX KaTanusaropax. IlomydenHnbie
KMHeTUYeCcKIe XapaKTepPUCTUKN 3/IeKTPOBOC-
CTaHOBJIEHMS KUCIOpPOJa Ha MCCIeJOBAHHbBIX
KaTa/nM3aTopax CBUAETENIbCTBYIOT, YTO MeXa-
HI3M 3TOTO IPOILECCa 3aBUCUT KaK OT IUIOT-
HOCTM TOKA, TaK ¥ OT METOJIa CUHTe3a KaTaJIu-
3aTOPOB.

KnroueBbie crmoBa: HaHOpa3MepHbIE II/Ia-

TMHOBbBIE KaTa/IN3aTOPbI, ITEKTPOBOCCTAHOB-
JIEHNE K1NC/Iopoja, TOIJIMBHBIN 3/IeMEHT.

https://ucj.org.ua
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OF PLATINUM-CONTAINING OXYGEN
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Results of the work on the synthesis of
highly effective nanocomposite platinum-con-
taining oxygen reduction electrocatalysts for
hydrogen-oxygen fuel cells are presented and
ways of increasing their activity are considered.

Fuel cells (FCs) represent the most promi-
sing renewable and environmentally friendly
energy sources that can operate at low temper-
atures with high efficiency and with low or zero
levels of hazardous waste. The main problem of
tuel cells is that the oxygen reduction reaction
is slowed down in relation to the hydrogen ox-
idation reaction, which leads to an increase in
the overvoltage at the cathode and, as a result,
to a decrease in the productivity of FCs. To
solve this problem, the new methods are being
developed for the synthesis of highly efficient
platinum electrocatalysts, which currently
have the best performance, since platinum has
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the highest specific catalytic activity among
other materials used in low-temperature FCs.

The purpose of this work is to determine
the optimal composition of reaction mixture
and conditions for the preparation of a plati-
num based catalyst for oxygen electroreduc-
tion where Vulcan XC-72 nanodispersed car-
bon black is used as a carrier.

We have worked out 6 methods for prepar-
ing Pt(40 %)/XC-72 catalysts. To evaluate the
activity of the prepared catalysts and to de-
termine the kinetic parameters of the oxygen
reduction on them, cathodic stationary polari-
zation curves were recorded in a 0.5 M H,SO,
solution on a floating gas diffusion electrode
superficially modified by the catalysts.

For preparation of all electrocatalysts we
are used 3.6 ml of a hexachloroplatinic acid
(H,PtCl) solution, containing 18.8 mg Pt/ml,
100 ml of ethylene glycol or its mixture with
deionized water (3 : 1) and 100 mg of Vulcan
XC-72 carbon black, previously oxidized in
HNO3 solution. 1 M NaOH or KOH solutions
were used to create the necessary medium
(pH = 11). Some Pt(40 %)/XC-72 electrocata-
lysts were prepared when additions of polyvi-
nylpyrrolidone (PVP) (100 mg or 300 mg) and/
or 60 ml of formaldehyde were introduced into
reaction mixture. Temperature during synthe-
ses was in the range 75 - 160 °C.

It was shown that reducing the synthesis
temperature from 160 to 75 °C and introduction
of PVP together with formaldehyde into reac-
tion mixture had a positive effect on the activity
of obtained nanocomposite platinum-contain-
ing catalysts Pt(40 %)/XC-72 for oxygen elect-
roreduction. The sizes of the obtained platinum
clusters on the surface of carbon black nano-
particles were in the range of 1.7 - 5.7 nm, and
under optimal synthesis conditions they were
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evenly and densely distributed on the surface of
the carbon carrier. The obtained kinetic charac-
teristics of oxygen electroreduction on the stud-
ied catalysts indicate that the mechanism of this
process depended on both the current density
and the method of catalyst synthesis.

Key words: nanosized platinum electrocat-
alysts, oxygen electroreduction, fuel cell.
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HMocnimkeHo MIaBKIiCTh COMbOBUX CyMilleii y 6e3BopHilt yeTBepHilt cuctemi AlF -KF-NaF-ZrF,.
3’ICOBaHO HANPAMKM 3HIDKEHHS TeMIIepaTypy IUIaBJIeHHA PEYOBMH Y TeTpaefpi CKIamy YeTBepHOI
CHCTEMM, BIUIUB KOMIIEKCOYTBOPEHHA Ha 3HVDKEHHA TEMIEPATYPU IUIABJIEHHA CObOBUX CYyMilleli.
Metopamu TepMiuHOTO (Ha30BOTO aHANI3y Ta PO3PAXYHKY 3a BACTMBOCTAMMU MifCHCTeM BU3HAYEHO
00671aCTb CK/IaiB Y YeTBEPHMX CyMilllaX i3 HalIMEHIIO TeMIIEPATYpPOIO IIaB/ICHHS.

KnrouoBi cnoBa: fiarpama IJ1aBKOCTI, €BTeKTUKA, TBEPAVI pO3UNH, qoasoBMi[ aHasi3, KOMIUIEKCHa

CIIOJTyKa.

BCTYII. ConpoBi posmiaBy 4YOTUPHOX-
xomnoHeHTHOI cucremu AlF,-KF-NaF-ZrF,
BUKOPUCTOBYIOTb Y KOJIBOPOBil MeTamyprii
AK rocu Ta cepefoBmile /A OTPUMAHHSA
AIIOMiHI-IVMpPKOHieBUX cIvtaBiB. Ilepcmek-
TUBHIUM € 3aCTOCYBAHHA LIIX P€YOBUH B aTOM-
Hill eflekTpoeHepreTui [1].

Cepep, B/IacTMBOCTeNl JIOHHMX pO3ILIABiB,
BOK/IMBUX JIIA IXHBOT'O IPAKTUYHOIO BUKO-
PUCTaHH:A, 0COONMBe Miclie 3aiiMae TeMIepa-
Typa IJIaB/IEHHA CyMilIeNt.

Meroto 11i€l poOOTH € TOCTIKEHHs 3aKO-
HOMIpPHOCTEN 3HVDKEHHA TeMIIepaTypy IJIaB-
JIEHHSA COIbOBUX CYMIIIE Y YeTBEPHIiN CUCTe-
Mi, BUSHaYeHH: HU3bKOIUIaBKOI 061acTi B Te-
Tpaefipi CKIaZy CUCTEMU Ta CKIafly YeTBEPHOI
€BTEKTUKI.

[lns cucremMHOro 3’sCyBaHHS IIaBKOCTi
comeil B 4YeTBepHiil cucTeMi € HeoOXiZHOIO
BigmoBigHa iHdopmanis 3 TepmiuHOro (a-

30BOTO aHami3y OiHapHMX i MOTPIMHMX Mif-
CHUCTEM.

JliarpaMy ITaBKOCTI TOABIMHMX CHUCTEM
Oy/no paHille ZOCTIIPKEHO HEOTHOPA30BO [2-
10].

KopoTKy XapakTepuCTHKY B3a€EMOJI1 comen
HaBefeHo B Tao. 1.

Ha migcraBi [JaHuMX IONepefHiX [OCTi-
I>KeHb CIifi BIIMITUTU HasIBHICTb KOMIIJIEK-
COYTBOpEHHA y OiHapHUX CUCTEMAX 3 Y4aCTIO
¢dryopupis amoMiHilo i nMpKoHi. Y cucre-
Max i3 (IyopuaoM IVIPKOHII0 YTBOPIOIOTHCA
KOMIUIEKCHI CIIONYKM 31 3HAaYHO HIMKYOI0, HIXK
Yy BUXiIHMX pe4OBMHaX TEMIIEPATyPOIO IIJIaB-
neHH:A. M crionykamu y 6iHapHUX cucTeMax
Ma€ Miclle YTBOPEHH:A TBEPAUX PO3YMHIB Ta
TBeppodasHi noniMmopdHi nepeTBOpeHHsI.

JUIAHKY liarpaM I/IaBKOCTI ITOAIBiIHMX i ITO-
TPINIHMX CUCTEM, IO MICTATH NnoHaf 70 Mon. %
AlF,i ZrF,, € Mayno IOCTiPKeHNMM Y 3B A3KY 3
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BJICOKOIO TEMIIEPATYPOI0 IUIABJIEHHA LMX pe-
JOBJH Ta IXHBOK CyOniMaliieto npy HarpiBaH-
Hi. ¥ cucremi AlF,-ZrF, Binmiveno miniMym
ipu 4 mon. % AlF i sa remneparypu 913°C [16].

JliarpaMy TIITaBKOCTi IIOTPiifHOI CHCTe-
mu AlF -KF-NaF onucano B pob6orax [8, 10,
11]. Ha piarpami mpucyTHi mons KpucTari-
3allil BUXIZHMX PEYOBMH Ta KOMIIIEKCHUX
CIIONTyK Na3AlF6, K3AIF o fAKi YTBODIOIOTH
CIIi/IbHE TI0JIe KPUCTajli3alil TBepANX pPO3un-
HiB. Ilona xpumcramisanii cnomyk Na A13F14,
NaAlIF,, KAIF, ne Buokpemeno. 3a faHumu
[12] BHacnmimok TBeprodasHUX IEepeTBOPEHb
y Liil cUCTeMi Ma€e Miclie YTBOPEHHsA CIIONYK

Tabmus 1.

K,NaALF i K NaAlF . Minimanbni remnepa-
TypU IUIaB/IEHHS COJIENl € BMCOKVMMI, ITOHAJ
570°C. [liarpaMy IIaBKOCTi NOTpiliHOI cuc-
temyu KF-NaF-ZrF, onmucano B po6orax [13,
14, 15]. ABropamu [15] BigMiueHO yTBOpeHHS
cnonyk Na K.Zr.F , KZr F , NaKZrF, kpim
KOMIUIEKCHIX CIIONYK, IO iCHYIOTb y OiHap-
HUX IIiJCUCTEMAX. HOBerHH MKBigyC i€l
CUCTEMM € YCK/IQJHEHOW. Ii CXeMaTUYHMi
BUIJISIZ, TIPEICTABIeHO HIDKYe Ha PO3TOPTIH
IOBEpXHi TeTpaenpa cknaany. [sa BusHaYeHHS
CKJIaZly 4eTBEPHOI €BTEKTUKM CTAaHOBUTH iH-
Tepec HM3bKOIUIaBKa eBTekTuKa (385°C), 1o

mictuth (Mom. %) 10 NaF, 48 KE 42 ZrF,.

Temmepatypa Ta cK/1a; HOHBapiaHTHUX TOYOK Ha AiarpaMax IIaBKOCTi
OiHapHMX MiICKCTEM Y€ TBEPHOIL CUCTEMU

iﬁf::MH foip;l[qep ;FCH o Cxnan, moi. % Trepni dazn Jliteparypa
EBtekTuka 760 13% ZrF, KF, K, ZrF,
Hucrektuka 900 25% ZrF, K,ZrF,
Ileputexktuka 600  35% ZrF K. ZrF , K ZrF

KF-ZiF, Bprextnka 410 42% ZiF, KZiF, (21, 3], 141
JlucrekTuka 455 50% ZrF, KZrF,
EBtektuka 440 55% ZrF, KZrF,, KZrF,, Z1F,

KF-NaF  EBrekruka 717 40% NaF TB.p-H Ha ocH. KF i NaF  [5], [10]
EBrekTnka 747 20% ZrF, NaF, 3NaF-ZrF,
JlucrekTuka 850 25% ZrF, 3NaF-ZrF,
ITepurektuka 640  34% ZrF, 3NaF-ZrF,, a-5NaF-2ZrF,

NaF-ZrF, Esrexrika 500  40,5% ZrF, y-2NaF-ZrF,,7NaF-6ZtF, [6], [7]
JlucrekTuka 525 46,2% Z1F, TNaF-6ZrF,
EBrekTnka 512 49,5 % ZrF,, 56,5% ZrF, TNaF-6ZrF,, 3NaF-4ZrF,
[epurektuka 537  =57% ZrF, 3NaF-4ZrF,, Z1F,
JlucrekTrka 995 25% AlF, K AIF,

AIF..KF JlnucrekTuka 575 50% AlF, KAIF, (8], [9],

3 EBrexTnka 800 45% AlF3 K3A1F o KAIF . [10]

EBTekTuka 570 6% AIF, KF, K,AlF,
JucrekTuka 1009 25% AIF, Na,AlF,
EBrekTnka 885 13% AIF, NaF, Na,AlF,

AlFNaF Heprexmmka 730 41,3% AIF, Na,AlIF,, NaALF | (6], [10]
EBtexTuka 690 46% AlF, Na A13F1 » NaAlF,
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Hiarpamy mmaskocti cuctemu AlF -KF-ZrF,
HaBefleHO y po6oTi [16]. [ToBepxHI0 /MiKBigyC
IOCTTi/I)K€HO YacTKoBO fio isotepmu 1000°C, y
3B’A3Ky 3 BUCOKOIO TeMIIEpaTypoOIO0 IIaBJIeH-
Ha AlF, i ZrF, Ta cy6nimaniero npu HarpiBas-
Hi. Bugineno nona xpucramisanii KE K3AIF &
K,ZrF, sxi yTBOpIOTb TBEpAi pO3unHY, I0/IE
cnonyku KZrF, i cninbue none AIF,-ZrF,.
JIna BU3HaUY€HHA CK/IaZy 4YeTBEPHOI €BTEKTM-
ku cuctemn AlF,-KF-NaF-ZrF, mae sHaueHHs
MOTpiliHa €BTeKTMKa 3 TEeMIEPAaTypoI0 IIaB-
nenns 380°C, axa mMae cknap (Mo %): 7 A1F3,
53 KE 40 ZrF,.

EKCIIEPMMEHT I OBI'OBOPEHH/ PE-
3YJIPTATIB. ExcniepuMeHTaibHe NOCTi/I>KeH-
Hs IJIABKOCTI CyMillli CO/Ieil IPOBOAVIIA Me-
TOJZOM Bi3ya/lbHO-IIOJITEPMIYHOTO aHANI3Y i
3alNCy KPUBUX OXONOMKeHHA. EnexTpmyna
IIiY IAaXTHOTO TUITY MaJjia IBUAKICTh OXOJIO-
mxeHHa 6°-8°C 3a xBuauHy. Temmeparypy
peecTpyBanu 3a JJOIOMOTIOIO IIATH-
Ha-IUIATMHO-POJIEBOI TepMOIIapu Ta
nipomerpa «OBen TOM 200». Comni
IUIABM/IM B TOLl CYXOro aproHy y
IUIATMHOBMX TUIIAX. Buximni pevo-
BuHm: NaFE KE A1F3, ZrF . K ZrF, i
Na,ZrF, BukopucroByBanu Kpasmici-
kanii YJA. KAIF,, NaAlF, cunresy-
Ba/IM IIJIAXOM CITiIKaHHA B iHEpPTHIN
aTMocdepi y IIaTMHOBOMY IOCYZ.
Temmneparypyu IUIaBlIeHHA  BUKO-
PUCTaHMX COIEN MayKe He BiIpi3HA-
JICA BiJj BilOMUX i3 /1iTeparypu.

JlaHi Ipo fiarpaMy I1aBKOCTi I10-
Tpiitnoi cucremn AlF,-NaF-ZrF, y
niTepaTypi He sHalifeHo. [loBepxHIO

Bcranosneno posramyBaHHsA OB Iep-
BUHHOI Kpucramisanii ¢as, miHill MOHOBapi-
AHTHUX pIBHOBAT Ta IOTPIMHUX TOYOK HA KO-
OpPIMHAaTHOMY TPUKYTHUKY ckiaapy (puc. 1).
[Tonsa xpucranmisanii npencrasneHo ¢asamu
BUXI/IHMX COJEeil Ta CHOMYK, 1O YTBOPIOIOTh-
cs 'y 6iHapHux nigcucremax: NaF, tBeppi pos-
unnyu Na,AlF -Na ZrF, K ZrF, 7NaF-6ZrF,,
3NaF-4ZrF,, 5NaF-3AlF3, A1F3, ZrF,.

[ToBepxHIO JKBiZyC NOTPIfHOI CUCTEMMU
nocnimkeno po 900°C . Ilomsa xpucranisa-
il CXO#ATbCA y ICATH TOTPIMHUX TOYKaX.
XapaKTepUCTUKY MOTPITHUX TOYOK IOJAHO Y
tabn. 3. Crig BigmiTuTH, W0 TBepAi dasu mo-
3HaYeHO HOMiHa/IbHO, (PaKTVYHO BOHU IIpef-
CTaBJIeHi TBepAMMM pPO3YMHAMM Ha OCHOBI
BiMiYeHMX CIIOTyK. YTOYHEHHA (a3oBOro
CK/Ia/ly € MOXX/IBUM Yy Pe3y/IbTaTi IpOBeJieH-
HA JJOTATKOBMX CTPYKTYPHO-(a3oBMUX LOCIIi-
IPKEHb.

AlF,

JIKBIYC CUCTEMM TOCTIHKeHo Hamu  NaF
€KCIIEPMMEHTAJIbHO. Pesynbratn
TepMi4HOTro )a30BOTO aHaIi3y HaBe-

IeHo B TaOmumiyi 2.
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Puc. 1 [liarpama m1aBKOCTi MOTPiifHOI CUCTEMMU
AlF -NaF-ZrF,.
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BNACTMBOCTI PO3N/IABIB YETBEPHOI CONIbOBOI CUCTEMU AIF -KF-NaF -ZtF,
Tabmunsg 2.

Hani Tepmiunoro ¢gasosoro ananisy no giarpamu nnaskocri cucremu AlF -NaF-ZrF,
Cxranx (mon %) Temmneparypa °C Cxran (mon %) Temmneparypa °C
AIF, NaF  ZrF, Jliksizyc Cominyc AIF, NaF  ZF,  Jliksiyc ng{‘;m y 5.
50,00 50,00 - 734 - 19,75 66,75 13,50 651 605, 555
45,00 50,00 5,00 710 464 6,50 79,00 14,50 815 774, 672
40,00 50,00 10,00 668 464 14,50 65,75 19,75 742 626, 560
35,00 50,00 15,00 638 466 11,00 78,00 11,00 782 672
30,00 50,00 20,00 628 465 13,70 72,30 14,00 776 572
25,00 50,00 25,00 600 466 19,00 74,00 7,00 862 566
20,00 50,00 30,00 574 464 37,00 58,00 5,00 715 672
15,00 50,00 35,00 526 464 9,00 75,50 15,50 724 650
10,00 50,00 40,00 466 466 AlF, NaF ZrF, Jliksinye  Cominyc
5,00 50,00 45,00 496 464 - 60,00 40,00 500 -

- 50,00 50,00 525 - 2,00 58,80 39,20 480 478
50,00 50,00 - 734 - 5,00 57,00 38,00 510 473
45,00 51,70 3,30 675 552 10,00 54,00 36,00 532 473
40,00 53,40 6,60 666 549 20,00 48,00 32,00 749 473
35,00 55,10 9,90 662 549 30,00 42,00 28,00 851 468
30,00 55,80 14,20 652 550 - 50,00 50,00 512 -
25,00 57,50 17,50 645 547 2,00 49,00 49,00 508 -
20,00 59,20 20,80 630 550 5,00 47,50 47,50 551 478
15,00 60,80 24,20 603 548 10,00 45,00 45,00 580 482
10,00 62,50 27,50 641 530 20,00 40,00 40,00 784 480
5,00 64,10 30,70 665 488 25,00 37,50 37,50 864 480
- 66,70 33,30 700 - - 57,00 43,00 537 -
2,00 55,90 42,10 520 -
5,00 54,10 40,90 550 498
10,00 51,30 38,70 630 498
20,00 45,60 3440 834 498
Tabmmus 3

HonBapianTthi Toukn y norpiiiniii cucremi AIF -NaF-ZrF .

Cxutag (mon %)

AIF, NaF  ZiF, Temneparypa °C | Xapakrep piBHOBaru PiBnoBaxHi TBepai dazu
42 52 498 [TepurexTuka 3NaF-47ZrF,, Z1F , AlF3
8 48 44 473 EBTekTnka 7NaF-6ZrF,, 3NaF-4ZrF,, AlF,
54 37 466 EBTekTnka NaF-6ZrF,, AlF,, Na,ZrF
13 60 27 549 [Tepurextuka Na ZrF , AlF,, Na ZrF,
34 59 7 672 [TeputekTuka Na AlF,, Na ALF ,, AlF,
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3 aHasli3y pe3y/IbTaTiB JOCTiKeHb B3aEMO-
niii ¢prryopuzis amoMiHilo, OVPKOHi0, Kaiio i
HaTpitoo y 6iHapHMX i MOTPINTHUX MificucTeMax
CIIYE, 1110 SHVDKEHHA TeMIIepaTypy IIaB/IeH-
HA CyMillleil ITOB’A3aHO 3 YTBOPEHHAM KOMII-
JIEKCHUX CIONYK IIEPEBaXHO B IIOABIIHUX
cucremax KF-ZrF, i NaF-ZrF,. 3a posrmany
PO3rOpTKM IOBEPXHI TeTpaefipa CKIaJy YeT-
BEPHOI CUCTEMM BUXOJUTH, IO HAMOiIbII
HM3bKOIUIABKi CONBOBI CyMillli YTBOPIOIOTHCSA
B motTpiitHux migcucremax KF-ZrF -
AlF, i KF-NaF-ZrF, [15,16] (puc. 2).

Cnig mymary, 110 YeTBEPHA €BTEK-
TUKA B YOTMPbOXKOMIIOHEHTHI CUC-
TeMi Oyzie 3MilljeHa B TeTpaepi CKIazgy
caMe [0 HU3bKOIUIABKMUX IOTPiTHMUX
€BTEKTHK.

3rigHo mpaBmma ¢as [i66ca, s
KOHJIEHCOBAHOI'O CTaHy Yy 4YeTBEPHIil
€BTEKTUI|l TIOBMHHI II€peTUHATUCA
YOTUPY MOHOBApiaHTHI JIiHil, AKi TaK
CaMO YTBOPIOIOTBHCSA IIPY NEPETMHAHHI
IUIOIVIH, IO BifNOBIZAIOTh AUBapi-
aHTHIiN piBHOBAa3I.

JIna BU3HaYeHHA PO3TAlIyBaH-
HA 4YeTBEPHOI €BTEKTUYHOI TOYKM B

Mae OOMEXEHHS 3aCTOCYBaHHA Yy BMIAfIKaX
HasIBHOCTI XiMi4HOI B3a€EMOJii KOMIIOHEHTiB
1 IOpyILIEeHHs, AK HACTi/IOK, IPUHIUITY Helle-
PEpPBHOCTI.

Bsaemopiro comeit y 4eTBepHiil cucTeMi
AIF,-KF-NaF-ZrF, yckmaiHeHO KOMIIIEK-
COYTBOPEHHAM CIIOTYK Y OiHapHUX ifcucTe-
Max i HaBiTh MOTpiitHUX cnonyk [12, 15] Ta
NOIMPEHNM YTBOPEHHAM TBEPAMX PO3YMHIB
MDK HUMMU.

AIF,

KF NaF

. . AlF
TeTpaefipi CK/Iafly 4YeTBEpHOI cCuCTe- ’

MU TOTPiOHO BM3HAYMTM HANPSAMOK pO3Ta-
UIYBaHHSA MOHOBApPiaHTHUX JIiHI BiJTHOCHO
YeTBEPHOI €BTEKTMKM 1 3HATU KOOPAVHATU
(cxmap i TeMIepaTypy TO4OK Ha MOHOBapiaHT-
HUX JIiHisAX). 3rifHO 3aIpPONOHOBAHOI HaMMU
METOAVIKM PO3PAXYHKY eBTeKTUK y 6araToko-
MIIOHEHTHMX CHCTeMax [5], M1 BU3HaYeHHS
CKJ/IaJly YeTBEPHOI eBTEeKTVKY HeOOXiJHO MaTh
TeMIlepaTypy IUIaBJIEHHA 1 CKIaj CIopifHe-
HUX [0 4YeTBEpPHOI eBTeKTMKM (3a (a3oBUM
CK/IAfIoM) NOTPIHNX eBTEeKTUK i3 MOTPiTHMX
IIJCUCTEM 1 TeMIleparypy IIIaBIeHHS 4eT-
BEPHOI €BTEKTUKI. 3alIpOIIOHOBaHa METOAMKA
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Puc. 2. CxeMa posropTku TeTpaefipa CKIagy 40TH-
proxkomnoneHTHOi cuctemn AlF,-KF-NaF-ZrF,.

3 MeTOI0 BU3HAYEHH: PO3TalllyBaHH: MOHO-
BapiaHTHUX JIiHili, CIIOPiJHEHNX i3 YeTBEPHOIO
€BTEKTMKOI0, HAMM €KCIIepMMEHTAa/IbHO JOCIIi-
IPKEHO Jiarpamy IUIABKOCTI ABOX BHYTPIIIHIX
IIePETUHIB TeTpaefpa CKIafly YeTBEPHOI CUCTe-
M, a came: KZrF -NaAlF,-(0,5NaF+ +0,5ZrF,)-
KAIF, [17]; K ZrF-NaZrF.- KAIF -NaAlF,
(puc. 3).

Y  neperusni KZrFS—NaAlF 4—(0,5 NaF+
+0,5 ZrF,)-KAIF, 6yno sHalieHo cKiap
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BNACTMBOCTI PO3MJIABIB YETBEPHOI COJIbOBOI CUCTEMMU AIF -KF-NaF-ZrF,

HusbkoriaBkoi (384°C) compoBoi cymimi,
mo mictuth (mon. %) 4 KAIF, 60 KZrF, i
36 (0,5 NaF + 0,5 ZrF)), abo y nepepaxyHKy
B KOOpAMHATax TeTpaegpa ckaapy: 32 KE
18 NaFE, 2 AlF,, 48 ZrF, (mon. %) Excriepumen-
TA/IbHO MiATBEPIKEHO YTBOPEHH: HellepepB-
HUX PAMiB TBepauX posumHiB mMix NaAlF, i
KAIF, [17].

Hiarpamy mnmaBkocti nepetuny KAIF, -
NaAlIF,-Na,ZrF -K ZrF, 6yno mocnimkeno 3

Tabnungd. 4.

MEeTOI0 BU3HaYeHHs y4acTi ¢pa3 Terpadyopo-
aJIIOMiHATIB KaJtiio i HaTpito Ta rekcadmyopo-
LMPKOHATIB KaJIil0 1 HATPil0 Y MOHOBapiaHTHIN
piBHOBa3i B HaO/MVDKEHHI /10 YeTBEPHOI eBTeK-
TUKN. EKcnepuMeHTanbHiI [aHi TepMiYHOrO
¢dasoBoro ananisy HaBegeHo B Tabmuui 4. [To-
BEpPXH:A JKBIIyC CK/IAJA€TbCA 3 TPbOX IIOJIIB
NEPBUMHHOI KpucTamsauii: cnonyk K ZrF,
Na ZrF_ i mons HemepepBHUX TBEPAUX PO3UM-
HiB Ha ocHoBi NaAlF i KAIF, (puc. 3).

Mani repmiunoro ¢pasosoro ananisy mis nepernny KAIF -NaAlF -NaZrF -K ZrF

Pospis KAIF,-Na ZrF,

Pospis Na,ZrF -K, ZrF

Pospiz KAIF -NaAlF,

Cxa1. Temmepatypa °C Cxo1. Temmepatypa °C Cxo. Temmneparypa °C
(mom. %) (moi. %) (mom. %)

Na,ZrF, TKBIAYC  COMiIyC Na,ZrF, nikBigye comiagyc — KAIF . JKBIAYC  COMIITYC
- 525 - - 726 - - 734 -

10 623 - 10 594 376 10 688 -

20 677 - 20 498 376 20 650 577

30 746 - 30 512 378 30 631 581

40 676 478 40 525 380 40 596 578

50 580 480 50 540 392 50 590 580

60 486 486 60 570 400 60 586 562

70 541 488 70 596 406 70 576 538

80 604 490 80 625 408 80 576 524

90 650 500 90 666 412 90 576 521
100 700 - 100 700 - 100 575 -
Pospis KAIF,-K ZrF, Po3spis NaAlF -K ZrF, Po3spis NaAlF -Na,ZrF,

K ZrF,  nikeigyc comimyc  NaAlF,  miksimyc comigyc NaAlF,  miksimyc comimyc
- 375 - - 725 - - 700 -

10 566 453 10 565 - 10 665 488

20 551 453 20 523 490 20 641 530

30 535 452 30 503 486 30 603 548

40 563 453 40 492 480 40 630 550

50 452 452 50 525 490 50 645 547

60 504 453 60 548 562 60 652 550

70 541 453 70 576 - 70 662 549

80 579 453 80 603 - 80 666 549

90 629 454 90 650 - 90 679 552
100 726 - 100 734 - 100 734 -
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Na,ZrF (700°C) 603

N

Ns30

NaAlF, (734°C)

498 575

L, 550

KAIF, (575°C\)
Puc. 3. [liarpama ITaBKOCTi epeTnHy (TeTpaenpa
cknany) K ZrF -Na,ZrF -KAIF,-NaAIF,

KZZrF6 (726°C) 452

Ilonsa xpucranisanii cXogATbCA y MOTPiii-
Hill Touli 3 TeMmnepaTypor 450°C, AKa € pe-
3yIbTaTOM IIEpETMHAHHA MOHOBapiaHTHOI
7TiHii, o 6epe y4acTb B yTBOPEHHI YeTBEPHOI
€BTEeKTUKM, CKJIaJ, i TeMIleparypa L€l TOYKK
BMKOPUCTaHI HaMM /Il PO3PaXyHKY CKIafy
YETBEPHOI €BTEKTUMKM fAK OMH i3 YOTMPbHOX
BUXIOJHUX TaHUX HiCUCTEM.

3TifHO METOIMKI PO3PAXYHKY €BTEKTUKI B
YeTBEPHIll CUCTeMi BBE,EMO HACTYIIHI IIO3Ha-
yeHH4 [5]:

AlF -1, KF-2, NaF-3, ZrF -4;
X, X, X,, X, — KOHLIEHTpPaIii BiIOBiTHNX CO-
7Iell y 4YeTBEPHIiil €BTEKTHUILI;

L1 (e"+ ¢+ ¢"+ ¢,") — Temmepatypa i
CKJIaJj €BTEKTUKY, YTBOPEHOI AlFs, KE ZrF .
KOMITOHEHTaMM, Y TIOTPIliHil MifcucTeMi;

T, i(c,""+c""+c,""+c,"") - Temmeparypa
i cK/maj moTpiitHOI eBTeKTUKM, yTBOpeHoi KE
NaF, ZrF, komnonenramu;

T, i(c'+ ¢+ ¢+ ¢) - Temmeparypa i
CKJIaJi TOYKM Ha MOHOBapiaHTHI niHii (mepe-
tuH Na,ZrF -NaAlF -KAIF -K ZrF . TeTpae-
ipa) B KOOPAMHATAX TeTpaefpa CKIaAy y Ha-
O/MVDKeHHi 10 YeTBepHOi eBTeKTVIK;

https://ucj.org.ua

T, i(c"+ c,"+ c,"+ c,") - Temnepary-
pa i cK/Iai TOYKM B KOOpAMHATax TeTpaefipa
CK/IAZly Ha MOHOBApiaHTHIN miHil (mepeTnH
(0,5 NaF+0,5 ZrF,)-NaAlF -KAIF -KZrF, Tet-
paezipa) y Hab/VDKeHHi 10 YeTBEPHOI eBTEKTUKIL.

Oco6nMBicTIO 3a3HAUYEHOTO PO3PAXYHKY
CK/IaZly 4eTBEPHOI €BTEKTMKM € 3aMiHa eB-
TEKTUKU €, TIOTPIHOI TOYKOKW IEePETUHY
K,ZrF -Na ZrF -NaAlF -KAIF, i eBTextuxn
e,,, — MOTpiitHOoI0 TouKOMW nepeTnty — (0,5 NaF
+0,5 ZrF,)-NaAlF -KAIF -KZrF..

Te - Temmeparypa IIaBJIeHHs 4eTBEPHOI
eBTeKTUKM y mKaji KenbBina

Temmeparypy u4eTBepHOI €BTEKTUKMU IIpU-
nMaemMo =376°C 3TimHO eKCIIOHEHI[iaAbHOI
3aJI©KHOCT] 3HIDKEHHS TeMIlepaTypy IIIaB-
JIEHHA 31 3pOCTaHHAM KiJIbKOCTI KOMIIOHEH-
TiB i BpaxoBylouy, 1[0 aOCOMIOTHE 3HVDKEHHS
TeMIIepaTypy Bijl MOABITHOI eBTEKTUKM [0 I10-
TpiitHoi ckmagae 10 °C (puB. giarpamy mias-
xocri cucremu KF-NaF-ZrF))

TemmepatypHi koedinieHTn - 1e Bem4IM-
HI, 3BOPOTHI BiJHOCHUM 3HVDKEHHAM TeMIle-
paTypy IUIaB/IeHHA Y€TBEPHOI €BTEKTUKU I10-
PIBHAHO 3 MOTPiTHUMMA:

L T123 Te (1)
K, T,
SLEPL T o)
Koy T,
ENE Y .
K5, T,
T T, (4)
Ky T,
K=K,,; tK 5, K3, tK,;,=328,2 (5)

BuxigHi gaHi 111 po3paxyHKy CKIaJy 4eT-
BEPHOI €BTEKTUKM Y YOTUPbOXKOMIIOHEHTHIA
cucremi AlF -KF-NaF-ZrF, naBeneno y ra6-
Jmii 5.
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Tabmuusg 5.
TemmepaTypa i cknag BUXifHMX cyMilleli A/Is pO3paxyHKY CKIafy YeTBePHOI eBTeKTUKI

BNACTMBOCTI PO3MJIABIB YETBEPHOI COJIbOBOI CUCTEMMU AIF -KF-NaF-ZrF,

Mosua- |T Buxin- Koedinient |MHOXHUK, 06epHe-
YeHHs Ha | His HOTH i Ck1afi BUXiIHMX CONIbOBUX CyMillieit BITHOCHOTO |HUII BeIMYMHI Bif-
e, 4 X Toqu (mom %) 3HIDKEHHS | HOCHOTO 3HVDKEHHs
puc. K TeMIepaTypu
1 Te 'T1234 l
K AlF, KF NaF ZrF, T K
723 -649 1
e, 723 14,9 (¢) 44,4 (c)) 17,2(c)) 23,5(c)) 3 as(izgz)
653 -649 1
e, 653 7€) 53 0 40 1633(i€;:)
657 —-649 1
e, 657 20" 32(e) 18(e)) 48(e)) o 82’1(i5;:)
658 — 649 1
e 658 0(c™) 48(c) 10(c"™) 42(c") ———— 73,1(z—)
234 1 2 3 4 658 K234
Buict AIF, (X,) 3HaX0/[MMO 32 PiBHAHHAM:
1 oo
X = (Cl'-K123+ C1"'K124+ Clm'K134+C1""'K234)' —> :ii;gggé
K NaF €154=384°C
X, = (14,9-9,8 +7-163,3+2-82,1+0)-1/328,2= Ca385°C
= 4,4 mon. %. =
Amnanoriyno pospaxosyemo BMicT KE NaF,

ZrF LY YeTBEPHINl eBTEeKTUILII: X, = moi.% KEF;
x,= Mor. % NaF; x, = mor. % ZrF4.

X,= (sz'K123+ CZ"-K124+ Cz"'-K134+C2""-K234). .
1
- — = 46,4; (5)
K
X,= (C3'-K123+ C3"-K124+ c3"'-K134+c3””~K234). »
1
g (6)
K ZrF 390
x=('"K_+c"K_ +c"K._ +c"K.) TFa KzrFs KzrF. KF
4 i 1237 3 DT S 134743 234 Puc. 4. Terpaengp ckmamy cucrtemMu A1F3-KF—
g ok (7) NaF-ZtF,
K :

TakuM 4MHOM, CK/IaJ] 4YeTBEpHOI eBTeKTU- Y Terpaenpi ckirajy 4eTBepHa eBTEKTMKA

ku AlF,-KF-NaF-ZrF, e nactynanm: (Mo %)
4.4 A1F3, 46,4 KE 8,1 NaF, 41,1 ZrF4.
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ExcnepumenTanbHa IIepeBipka TemIepa-
Typy IUIaBJIEHHA OTPUMMAHOIO CKIafly 4YeT-
BEPHOI €BTEKTMKM IIOKasajia TaKi pesy/ibra-
TU: NOYATOK Kpucranisauii — 391°C, kiHenp
KpucTanisanii — 376°C, 10 cBifunTh PO He-
3Ha4yHe BiIXWIEHHA po3paxyHKy. IIpaktuune
IPUTOTYBAaHHA CO/MbOBOI CyMillli 4YeTBEPHOI
€BTEKTMKI BUKOHYBa/lIM CIUIAB/IAHHAM HU3b-
KOITABKMX KOMIUIEKCHMX CIONYK, ajie y Bif-
MOBiTHMX MOJIPHUX CIIiBBiTHOIIIEHHSAX BUXif-
HuXx (GIyopupiB aaroMiHilo, Kaslilo, HaTpilo i
LMPKOHIIO.

BVMCHOBKI.'Y poboTi HaBeieHO IpUKIIa
PO3PaxyHKy CKIaZy €BTEKTMKM 4YeTBEPHOI
CONbOBOI CUCTEMM 3 YCKJ/IaJJHEHOIO XiMIYHOIO
B3AaEMOJIEI0 BUXIJJHUX PEYOBUH 3a [JaHUMU
mificucTeM (TeMIIepaTypolo i CKIazoM HOoTpili-
HUX TOYOK). Bmepmie meromamm TepmiuHO-
ro ¢asoBOro aHajisy JOCIKEHO Aiarpamu
n1aBKOCTi noTpifinoi cucremn AlF,-NaF-ZrF,
i mepetuny Terpaenpa cknagy cucremu AlF,-
KF-NaF-ZrF,, a came K, ZrF -Na ZrF G-KAIF -
NaAlIF,.

-
CBOVMCTBA PACN/ABOB YETBEPHOM

COJIEBOI CUCTEMBbI AIF,-KF-NaF-ZrF,

B. B. Byzaenxo, B. M. Uynpuina,
O. B. /Tvicenxo

Cymckoil eocydapcmeerHblli neddzoeutec-
kuil ynusepcumem umenu A. C. Makaperxko,
yn. Pomenckas 87, Cymul, 40002, Yxpauna

*e-mail: buhaenkosspu@gmail.com

ViccnegoBaHa IJIaBKOCTb COJIEBBIX CMeCeit
B GespopiHOi yerBepHON cucteme AlF -KF-
NaF-ZrF,. BbisAcHEHO HampaBlIeHUA CHMXKe-
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HIs TEMIIEPATYPhI IIJIAB/IEHNSA BEIIEeCTB B Te-
Tpasfipe COCTaBa YETBEPHOI CUCTEMbI, BJIM-
AHMEe KOMIUIEKCOOOpa3oBaHMsA Ha CHIDKEHNe
TeMIIepaTypbl IUIABIIEHNUA COJIEBBIX CMECEIL.
MeTtopaMu Tepmudeckoro ¢a3oBoro aHamusa
U pacyeTa IO CBOJICTBAM IIOCUCTEM OIIpefe-
JIeHa 06/1aCTh COCTAaBOB B YeTBEPHBIX CMECSAX C
HalVIMEHbIIEN TEMIIEPATYPOl IIABIEHNUA.

KnroueBbie cmoBa: AuarpaMma IJIaBKOCTH,

9BTEKTMKA, TBEPABII pacTBOP, (a3oBbIil aHa-
U3, KOMIUIEKCHOE COeJIIHEHME.

MELT PROPERTIES OF THE FOUR SALT

SYSTEM AIF -KF-NaF-ZrF,

V.V. Buhaenko, V. M. Chuprina, O.V. Lysenko

Sumy State Pedagogical University named
after A. S. Makarenko, 87, Romenska street,
Sumy, 40002, Ukraine.

*e-mail: buhaenkosspu@gmail.com

The fusibility of salt mixtures in the anhy-
drous Quadruple AIF,-KF-NaF-ZrF, system
was investigated. The directions of decrease of
melting point of substances in tetrahedron of
composition of quaternary system, influence
of complex formation on decrease of melting
point of salt mixtures were investigated. Me-
thods of thermal phase analysis and calcula-
tion of properties of subsystems determined
the area of compositions in quadruple mix-
tures with the lowest melting point.

Keywords: fusibility diagram, eutectic, solid
solution, phase analysis, complex compound.
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