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LANTHANIDE-PORPHYRINS AND LANTHANIDE-PHTHALOCYANINES:
DEVELOPMENT OF STABLE AND EFFECTIVE INFRARED

4F-EMITTIVE COMPOUNDS.
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A.V. Bogatsky Physico-Chemical Institute, National Academy of Sciences of Ukraine,

86 Lustdorfs’ka doroga, 65080 Odesa, Ukraine
Email: ssmbikola@yahoo.com

This review is devoted to different synthetic approaches for obtaining lanthanide complex-
es with porphyrins and phthalocyanines, studying their structure and emission features. Lan-
thanide-tetrapyrroles can be core-coordinated or/and coordinated by additional binding sites
in polytopic derivatives. It is noteworthy that the polytopic tetrapyrroles allow obtaining poly-
heteronuclear compounds, which is quite interesting in terms of their particular 4f-sensitiza-
tion mechanism. A general structural difference between core-coordinated lanthanide-por-
phyrins and lanthanide-phthalocyanines is the ability of the latter to easily form poly-decker
compounds, which leads to interesting changes in photochemical processes including 4f-sen-
sitization. The review also shows the main directions for the solution of the stability issue as
well as different approaches for increasing the 4f-luminescence effectiveness.

Keywords: lanthanides; porphyrins; phthalocyanines; 4f-luminescence; sensitization.

INTRODUCTION. Extensive research on
tetrapyrrole macroheterocycles (hereinafter
just “tetrapyrroles”) and their lanthanide com-
plexes is driven by their high demand in vari-
ous fields such as medicine [1-5], catalysis [6],
luminescence spectroscopy [7] and solar ener-
gy conversion technologies [8]. It is notewor-
thy that a remarkable range of structures has
been synthesized within a relatively short time.
These structures range from basic alkyl- and
arylporphyrins to derivatives that incorporate
fragments capable of molecular recognition,
polarity regulation, control of redox potentials,

solubility, and other properties crucial for the
practical application of nitrogen-containing
macrocycles [9].

Among all lanthanides, only Nd(III), Er(III),
and Yb(III) demonstrate 4f-emission in the
near-infrared (NIR) (Fig. 1) range when co-
ordinated with macrocyclic tetrapyrroles. This
limitation arises from the relatively low ener-
gy levels of the triplet states of tetrapyrroles in
the phosphorescence region (approximately
800 nm), and only the mentioned lanthanide
ions possess resonance levels that match the
excitation energy transfer requirements.
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The addition of organic molecule fragments
capable of coordinating extra metal ions en-
hances the potential for self-organization in
modified tetrapyrroles and it opens oppor-
tunities to form stable peripheral complexes.
Tetrapyrroles that have been modified with
flexible crown- and/or azacrown ether substi-
tuents, cyclic and acyclic aminopolycarbonic
acids possess two distinct types of polydentate
fragments. These modified tetrapyrroles serve
as convenient building blocks for the construc-
tion of polynuclear metal complexes with ex-
ceptional spectral-luminescent properties. The
stacking interaction between aromatic rings

allows tetrapyrrole molecules to self-organize,
while their unique spectroscopic, electrochemi-
cal, semiconductor, and catalytic properties, in
combination with the distinctive spectral-lu-
minescence properties of lanthanide ions,
promote the exploration of new applications
for polynuclear tetrapyrroles. The design of
multicomponent systems holds great promise
for achieving effective 4f-luminescence in lan-
thanide ions (Ln(III)) due to the availability of
multiple sources of excitation energy, exclud-
ing of quenching components from the inner
coordination sphere, etc.
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Fig. 1. Profiles of 4f-luminescence spectra of Nd(III), Er (III), and Yb (III) ions and the corresponding

electron transitions.

PORPHYRINS. Synthetic procedures for
Ln-porphyrinates are generally based on the
interaction of the corresponding porphyrin
with an excess of lanthanide salt under the re-
fluxing of a high-boiling solvent. In general,
e.g. 5,10,15,20-tetraphenyl-21H,23H-porphy-
rin (H,tpp) and several equivalents of lantha-
nide -diketonate are refluxed in 1,2,4-trichlo-
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robenzene (or imidazole) for 3-4 hours and
the crude product is then chromatographed to
yield the desired complex. This method is still
most commonly used nowadays [10].

It should be noted that all core-coordinated
porphyrinates of lanthanides are relatively la-
bile systems due to several factors. Firstly, lan-
thanides cannot undergo d’sp’ hybridization,
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making it impossible to form strong covalent
bonds with the ligand due to the shielding of
d-orbitals. Secondly, the shielding of f-elect-
rons by external electronic layers leads to the
formation of m-bonds. Additionally, the large
covalent radii of lanthanide ions strongly dis-
place them from the plane of nitrogen atoms
in the macrocycle. Lastly, the coordination
with extra-ligands facilitates the dissociation
of Ln-N bonds.

As a rule, the main reason of relatively low
4f-quantum yields is a quenching effect of C-H
and O-H bonds in coordination environment.
For example energy dissipation in the Nd(III)
ion occurs due to the overlapping of the
‘F, "1, , transition (5400 cm™') with the O-H
bond vibrational quanta v =2 (6900 cm™) and
such an excitation of vibration state leads to
the effective quenching of the *F, -state [11].

Up to date, there were a lot of different tech-
niques for improving the effectiveness of 4f-lu-
minescence in the IR range. Such approaches
are based on the elimination of C-H and O-H
bonds from the inner or outer coordination
sphere of the lanthanide ion. Most effective
methods are substitution of hydrogen by deu-
terium or fluorine [12] or using bulky groups
[10]. Recently it was proposed to combine both
mentioned approaches for one molecule [13].
The authors synthesized a molecule with both
a bulky axial ligand and the totally deuterat-
ed (fluorinated) organic part of the molecule
(Fig. 2). They achieved the unprecedented 69%
quantum yield of Yb(III) ion luminescence in a
deuterated solvent. This value should allow the
use of such compounds as strong IR-emitters
for different purposes, but three main prob-
lems hinder it. First of all it is model systems
and the use of deuterated solvents in real prac-
tice (for example in medicine) is almost im-

https://ucj.org.ua

possible. The second is the above-mentioned
lability of these complexes [2], which severely
limits their use. The third is a huge price for
such kind of modification (S-fluorines, deute-
rium in any positions).

R= C03 s 0205
H Ar = C6F5
Co
(ROYP— | —P(OR),

1 Il
3 QOR): 4

Fig. 2. Structure of fluorinated/deuterated
Yb-porphyrins. Taken from [13].

So, there was proposed a simple approach
to obtain stable Ln-porphyrins by the modi-
fication of starting porphyrin with aminopo-
lycarboxylic (APC) acids, since their stability
constants (IgB) with lanthanides are >20 for
H.dtpa and >15 for H edta. Obtained poly-
topic porphyrins react with the ionic form of
lanthanide at normal conditions (even at room
temperature) by its APC site to form periphe-
ral complexes (Fig. 3). Such modified porphy-
rins (particularly dtpa-derivatives) allow keep-
ing the lanthanide ion saturated enough, hence
preventing its interaction with the C-H or O-H
bond containing components of the medium.

The coincidence between the absorption
and excitation spectra of these complexes
clearly shows that a ligand-to-lanthanide ion
energy transfer from the triplet levels of por-
phyrins to the resonance levels of Ln(III) takes
place [14]. It has been found that the values
of 4f-luminescence quantum yield for the
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dtpa-complexes are higher than for the same

edta-complexes [15], and that homobinuclear O

complexes (M=Ln, Fig. 3) have more effective

4f-luminescence than mononuclear complex- 0

es [16]. The former can be explained by the @ Q NHOHO% o
greater saturation of the lanthanide ion in dtpa N/ —N—\_N/—lLo
derivatives in comparison to edta ones, which oﬁ) \\ 0
results in the appearance of water (or other @ o—""n 0
solvent) molecules in the inner coordination

sphere of edta-derivatives (it was demonstrat- Fig. 3. Structure of peripheral Yb-porphyrins.
ed for similar edta-compounds [17]). Taken from [16].

Fig. 4. GA(III) complexes with synthetic porphyrins and Zn-porphyrins
modified with dtpa and dota-fragments. Taken from [3, 18].
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APC-based polytopic porphyrins allow ob-
taining homopolynuclear complexes. As a re-
sult it is possible to obtain modified Ln-por-
phyrins, which can act as MRI agents and
photodynamic agents at the same time. Fig. 4
presents examples of polynuclear f-f and f-d
complexes involving Gd(III) ions and porphy-
rins and Zn-porphyrins containing diethy-
lenetriaminepentaacetate (dtpa) and tetraaza-
cyclododecanetetraacetate (dota) fragments.
These compounds have shown promising
properties as contrast agents for the diagnosis
of neoplasms [3, 18-19].

The synthesis of polynuclear complexes
based on functionalized porphyrins typical-
ly occurs in a single step. Depending on the
synthesis conditions, complexation can take
place either at the peripheral substituents
(Fig. 4, a), involve all ligand fragments inclu-
ding the porphyrin center (Fig. 4, b), or it is
possible to obtain heteronuclear compounds
by sequential synthesis (Fig. 4, c¢) based on
different conditions of APC and porphyrin
coordination with different metal ions. As a
rule, in contrast to homonuclear complexes,
the formation of heteronuclear complexes is
more challenging as it requires step-by-step
complexation of metals with polytopic ligands

‘F,

o2

') l, a.u.

700

650

550
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to avoid producing a mixture of products.

d-f-Heteropolynuclear ~complexes with
erbium (III) ions were synthesized using a
zinc-containing porphyrin block modified
with fragments of 1,10-phenanthroline or
2,2'-dipyridyl [20]. Aromatic substituents were
chosen for two reasons. Firstly, they offer the
possibility of forming stable d-metal com-
plexes. Secondly, the influence of the nature
of aromatic spacers on the mutual arrange-
ment of porphyrinate units was studied. The
use of non-planar 2,2'-dipyridyl as a spacer led
to a more flexible arrangement compared to
the rigid binding provided by the condensed
1,10-phenanthroline linker (shown in Fig. 5).

The resulting compound exhibits sensi-
tized 4f-luminescence from the Er(III) ion in
the NIR region at 1530 nm (transition I, , -
‘1., ,,)- This luminescence arises from resonant
energy transfer from Pt(II) porphyrinate to
the emitting levels of the Er(III) ion. This ener-
gy transfer mechanism is supported by the
overlap of the luminescence spectra of d-metal
porphyrinate and the f-f absorption spectra of
erbium ions. Specifically, transitions from the
ground level “,,  of the Er(III) ion occur to the
levels ‘F, ,and ‘I, ,, with absorption maxima at
652 nm and 801 nm, respectively.

Fig. 5. The overlapping area (shad-
ed) where the luminescence spectra of
Pt-porphyrinate (1) and the absorption
spectra of the Er(III) ion intersect (tran-
sitions *I . = *F,  (2)and ‘I, , — ‘I, , (3).

Taken from [20].
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In a heteronuclear complex depicted in
Fig. 6, the 4f-luminescence of Nd(III) and
Yb(IIT) ions was detected. The complex is
based on a Pd(II) f-mono-aminotetraphenyl-
porphyrinate, which has been modified with
a dota derivative. Notably, in this study [21],
the preparation of the d-metal porphyrinate
occurs prior to the introduction of the lantha-
nide ion into the peripheral binding site.

’<Ph 3+
Me Ph \
NH Me=(
R R o=§ NH
Q_
N X
( N_: N
O-{--¥8--}-0 Me
NN X
R hor a4
HN——O H

Fig. 6. Heteronuclear Yb-Pd complex with dota-
functionalized porphyrin. Taken from [21].

Palladium complexes of porphyrins are
known to possess long-lived triplet levels,
which can be effectively quenched in the pres-
ence of oxygen in polar solvents. However,
it has been demonstrated that modification
with a dota fragment helps suppress oxygen
quenching and significantly enhances the
phosphorescence of palladium complexes by
nearly an order of magnitude. The lumines-
cence spectra of Nd(III) and Yb(III) ions were
obtained in solutions of methanol (both deu-
terated and non-deuterated) under aerated
and degassed conditions. It was found that the
4f-luminescent signal in a deuterated solvent
was increased by 4 times for Yb(III) and 2.5
times for Nd(III), indicating the sensitivity of
the excited ion levels to quenching by OH vi-
brations. The excitation spectra of the samples
in degassed solutions closely resembled the
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absorption spectra of the individual porphyrin
complexes. This suggests a competitive energy
transfer rate from the triplet levels of the por-
phyrin component to the levels of lanthanide
ions, according to the authors. In neodymium-
containing systems, energy transfer is more
efficient compared to Yb(III)-Pd(II) complex-
es. This can be attributed to the larger over-
lap integrals between the absorption spectra
of Nd(III) ions (with absorption maxima at
740 nm, 794 nm, and 865 nm corresponding
to transitions from the ground level ‘I, to
‘F,,+1S,,,"F,,+'H,, and 'F, , respectively)
and the emission bands of porphyrinates.

Numerous heteronuclear complexes have
been synthesized using bridging ligands [22-
24]. However, the formation of d-d-hetero-
nuclear complexes through this method is
deemed impossible, likely due to the lower
coordination numbers exhibited by d-metals
compared to lanthanides. In contrast to pre-
vious studies, f-d-compounds are synthesized
using lanthanide porphyrinates as the primary
"building block" in the systems (as illustrated
in Fig. 7).

La(IN=Nd,Er,Yb,Gd

Fig. 7. Structure of lanthanide-cobalt hetero-
nuclear compounds with bulky axial ligand Taken
from [22].
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Ln-Co complexes were successfully syn-
thesized through the addition of (cyclopen-
tadienyl)-tris-(diethylphosphinite)-cobaltate.
These complexes feature effective shielding of
the lanthanide ion by the cobalt-containing
bulky fragment, resulting in the generation
of relatively strong 4f-luminescence signals
from Yb(III), Nd(III), and Er(III) ions. One of
the most significant and intriguing aspects of
these compounds is their potential application
as components in electroluminescent devices
that emit in the NIR region. The desire to ob-
tain homogeneous thin films for luminescent
layers has prompted significant interest in the
development of hybrid materials based on lan-
thanide porphyrinates [25-26].

Lanthanide-porphyrin  complexes have
emerged as highly promising materials for the
development of emission layers for various
applications [27-28]. The efficiency of elec-
troluminescent devices has been significantly
enhanced by carefully selecting appropriate ex-
traligands in complexes and matrix materials.
Kango and colleagues proposed the replace-
ment of acetylacetonate with a cobalt complex
(as illustrated in Fig. 7). A device employing
a similar structure exhibited distinct lumi-
nescence even at a low voltage of 4 V, with a
radiation power ranging from approximately
0.2 yW cm™ to 0.6 uW cm™ at 10-15 V. Sub-
stituting polystyrene with poly(vinylcarbazole)
did not noticeably affect the device characte-
ristics, suggesting that charge carrier transport
is primarily governed by the properties of the
Yb(III) complexes. Interestingly, by substitut-
ing the cobalt complex with a pyrazolyl borate
ligand, the power output of the device was in-
creased by nearly an order of magnitude.

The formation of polynuclear porphyrin
complexes is possible not only when additio-

https://ucj.org.ua

nal complexing fragments are present in the li-
gand's structure, but also when multiple tetra-
pyrrole macrocycle rings are linked by spacer
groups. While most studies focus on porphy-
rin complexes with d-metals, where the mac-
rocycles are linked using various fragments to
vary the distances between porphyrinates, the
nature of the metal remains unchanged.

The dimerization of metalloporphyrins can
also occur due to the presence of bridging extra
ligands such as hydroxo groups, carboxylates
and ethers [29]. However, these systems readi-
ly undergo substitution reactions. Porphyrins
themselves can act as bridging ligands [30],
resulting in equilibrium between mono- and
bimolecular forms and changes in the absorp-
tion spectra of the resulting compounds. Ho-
mopolynuclear f-f complexes of porphyrins,
in which the lanthanide ion is coordinated
by four nitrogen atoms of the macrocycle and
several extra ligands, exemplify this behavior.
Particularly labile compounds are those with
water, methanol, ethanol, dimethylformamide,
halogen and hydroxide anions as extra ligands
[31-32]. Such complexes have been isolated
for the late-series lanthanides (Er, Yb, Lu), as
the larger ionic radii of the early-series ions
make effective binding to porphyrin difficult.
These systems are highly labile, as the extra li-
gands can be substituted with molecules such
as acetate, 8-hydroxyquinoline, diethoxyetha-
ne, tetrahydrofuran and 7-azabenzotriazole,
etc. [33-34]. Moreover, they are prone to di-
merization through the bridging function of
the extra ligands. The structure shown in Fig.
8b was obtained through a two-phase synthe-
sis involving the interaction of mono-com-
plexes in dichloromethane at room temper-
ature. A structural analysis revealed that the
dimer possesses C, symmetry and consists of
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two six-coordinate Yb(III) ions, with a dis-
tance of 3.581 A between them, connected by
two asymmetric bridging oxygen atoms from
hydroxo- and 8-hydroxooxyquinoline extra li-
gands [22-24, 35].

The systems depicted in Fig. 8 exhibited a
4f-luminescent signal, with a maximum wave-
length (A ) ranging from 978 to 982 nm in the
NIR region. This wavelength corresponds to
the characteristic °F,, — °F,  transition of the
Yb(IIT) ion. Among these systems, the com-
plex with water molecules as bridging ligands
(complex 1) displayed the shortest lifetime
of 1.02 us, which is approximately 1.5 times
shorter than the lifetime of the mononuclear

Yb(1) ...Yb(2) 35394 1
Yb(1) ...Yb(2) 42224 2

b Yh(1)...Yb(2) 35814 3

7\,
S0 —rvee

S=THF

counterpart. In contrast, complexes 2 and
3 showed an increase in T,, with lifetimes of
3.17 ps and 2.27 ps, respectively. These life-
times were considerably longer than the flu-
orescence lifetime, which was not entirely
quenched in these systems, ranging from 4.3
to 4.8 ns. The authors attributed the decrease
in IR luminescence intensity to an increase in
the number of O-H oscillators in the complex
molecules. More stable systems were obtained
when B-diketones and tridentate ligands like
hydridotris(pyrazol-1-yl)borate and cyclopen-
tadienyl-tris-(dialkoxyphosphite)-cobaltate (I)
were employed as extra ligands.

Fig. 8. Complexes of tetra(p-methoxyphenyl)-porphyrin (TMPP) (a) and the structure
of the complex [Yb(TMFP)(u-OH)],(THF)-2H,O (b). Taken from [32].

PHTHALOCYANINES. Three main appro-
aches for the synthesis of lanthanide-phthalo-
cyanines can be described: template synthesis
on phthalonitriles, metallation of free phtha-
locyanine, and axial substitution of the metal
ion.

80

The template synthesis based on phthalonit-
riles is the simplest method for obtaining
monophthalocyaninates of lanthanides [36].
Unsubstituted phthalocyaninates of Sm(III),
Gd(III), Yb(III), Lu(IIl), as well as tetra-
chloro-, tetrabromo-, tetranitro-, and tetra-

ISSN 2708-129X. YKp. xim. XypH., 2023



N.N. Semenishyn, S.S. Smola, N.V. Rusakova

UCJ N2 04 / Vol. 89

crown-substituted complexes of lutetium have
been synthesized using this method [37]. The
compounds were obtained by melting the cor-
responding phthalonitriles with lanthanide
salts in the temperature range of 200-300°C,
followed by extraction with organic solvents.
The synthesis conducted in alcohols in the
presence of bases allows reduction at tempe-
ratures of 130-160°C. Both unsubstituted and
cyclopropyl-substituted complexes of luteti-
um, as well as isopropylenedioxyphthalocy-
aninates of Sm(IIT), Eu(IIT), Tb(IIT), Dy(III),
Yb(III), Lu(III), have been obtained using this
method [38].

In contrast to monophthalocyaninates, the
synthesis of sandwich complexes requires hi-
gher temperatures and increased synthesis du-
ration. Double-decker phthalocyanines can be
obtained with varying yields by heating a mix-
ture of phthalonitrile and lanthanide acetate in
molar ratios ranging from 1:4 to 1:8 at tempera-
tures of 280-290°C. Conducting the synthesis at
temperatures of 300-310°C, followed by vacuum
sublimation of the products, allows the produc-
tion of diphthalocyaninates with yields of up to
60%, depending on the nature of the central ion.
As the lanthanide series progresses, the yields of
diphthalocyaninates increase, while the yields
of side products such as free phthalocyanines
decrease. Diphthalocyaninates of practically the
entire lanthanide series have been obtained us-
ing this method [38].

Triple-decker complexes are obtained by
the interaction of phthalonitrile melts and lan-
thanide acetates at temperatures of 230-290°C
for 1 hour. Thus, phthalocyanine complexes
of lanthanide and yttrium ions have been ob-
tained using this method [39].

A disadvantage of template synthesis is the
low selectivity of the method, resulting in re-
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latively low product yields, which necessitates
additional purification of the products using
chromatographic methods.

More advanced methods for the synthesis of
phthalocyaninates are based on the interaction
of the free ligand or its dianion with lanthanide
salts. Planar complexes can be synthesized by
reacting lanthanide chlorides or acetates with
dianions obtained by the action of dibutyl
lithium on the corresponding ligands. When
using DBU or 1,10-phenanthroline as bases,
tetra-crown-substituted and octa-alkyl-substi-
tuted monophthalocyaninates of lanthanides
have been obtained with high yields.

The second variation of this reaction in-
volves the interaction of alkaline metal phtha-
locyaninate (typically lithium) with various
lanthanide derivatives. Unlike free ligands,
lithium phthalocyaninate is highly soluble in
methanol, tetrahydrofuran, acetone, and other
organic solvents, allowing the reactions to be
carried out under homogeneous conditions
at relatively low temperatures. A series of mo-
nophthalocyaninate complexes with f-dike-
tonates as external anions have been obtained
using this approach [40-41]

Triple-decker phthalocyaninates of lantha-
nides are obtained by the interaction of lantha-
nide acetates or acetylacetonates with phtha-
locyanine. The reaction takes place in the
presence of DBU at a temperature of 260°C.
In the absence of a base and at a molar ratio
of lanthanide to ligand of 3:1, complexes of
La(III), Nd(III), and Tb(III) were synthesized
under milder conditions (THE 210°C) with
yields exceeding 60%. The formed diphthalo-
cyaninates, as side products, are separated by
column chromatography on silica gel (eluent:
CHCI,) or on basic aluminum oxide (eluent:
CH,CI, or CHCI,-MeOH) [42].
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Thus, the metallation of free ligands or their
dianions with rare earth metal ions represents
an efficient and selective method for synthe-
sizing various mono-, di-, and triphthalocya-
ninate complexes of lanthanides and their ana-
logues, exhibiting high yields and purity of the
target products.

Axial substitution reactions in the metal
ion are typically employed for obtaining mo-
nophthalocyaninate compounds. Currently,
there are known methods for synthesizing mo-
nophthalocyaninates of indium, zirconium,
hafnium, as well as lutetium. The use of this
method is promising both for modifying the
composition of metal complexes and for inves-
tigating their stability [43].

The composition of sandwich-type phtha-
locyanine complexes is characterized by the
general formulas [M(Pc),H], [MPc ] (the dot
represents the Pc, group with a charge <4 due
to the oxidation of one ligand to the Pc- state),
[M,Pc ], and [MPc,]. The necessary condi-
tions for the formation of sandwich phthalo-
cyaninates are, firstly, that the covalent radius
of the metal complexing agent should exceed
1.35 A (the radius of the coordination cavity of
phthalocyanine ) and secondly, the oxidation
state of the metal ion should be at least +3. The
radii of lanthanide cations exceed the size of
the cavities of phthalocyanine ligands, which
is why, upon interaction, sandwich-type dou-
ble- and triple-decker structures are predomi-
nantly formed. Depending on the synthesis
conditions, different colored compounds are
obtained - "green" or "blue" forms.

The question of the structure of the "blue"
and "green" forms of lanthanide phthalocy-
aninates remained controversial for a long
time until data from X-ray structural analy-
sis of compounds were obtained. In particu-
lar, complexes of La(III), GA(III), and Lu(III)

82

with crown-substituted phthalocyanines in the
"blue" form showed that lanthanide phthalo-
cyaninates are neutral compounds [44].

For colored diphthalocyaninates, the ab-
sorption spectra are determined by the state of
the chromophores of the two ligands and the
presence or absence of interaction between
them. Complexes in which the ligands are in
an equivalent state, for example, [Pc*M?**Pc*],
exhibit a Q-band in the absorption spectrum,
which is split into two components: Q' and
less intense Q". This splitting is caused by the
resonant dipole-dipole interaction between
the chromophores of equivalent ligands and
is manifested as a blue coloration of the com-
pounds. The magnitude of the splitting and the
relative positions of the Q" and Q" bands de-
pend on the nature of the complexing ion.

In the case of non-equivalence of chromo-
phores resulting from ion association with a
proton ([MPc H]), localization of the unpaired
electron on one of the ligands ([MPc ]), or
dimerization, a single intense Q-band is ob-
served in the absorption spectrum. Its origin
is attributed to the absence of resonant in-
teraction between the ligands and leads to a
green coloration of the compound. A charac-
teristic feature of sandwich-like compounds is
the presence of a weak absorption band in the
range of 450-480 nm in the absorption spect-
rum, which corresponds to the ligand absorp-
tion with a non-equivalent chromophoric sys-
tem of the phthalocyanine macrocycle.

Unlike porphyrins, free phthalocyanine li-
gands exhibit only fluorescence in the range of
680-720 nm, and the intensity can exceed that
of porphyrins by up to 10 times [45]. These
values allow for the estimation of the energy
of the singlet levels of phthalocyanines, which
falls within the range of 13800-14500 cm™.
Therefore, only a limited number of Ln(III)

ISSN 2708-129X. YKp. xim. XypH., 2023



N.N. Semenishyn, S.S. Smola, N.V. Rusakova

UCJ N2 04 / Vol. 89

ions, such as Nd(III), Er(III), and Yb(III),
whose excited levels lie below the ligand levels
and whose spectra exhibit narrow bands in the
infrared (IR) region, can exhibit 4f-lumines-
cence in complexes with phthalocyanines.

The practical use of phthalocyanine com-
pounds is often hindered by their low solubi-
lity in organic solvents and water. To address
this issue, various substituted derivatives of
phthalocyanines have been synthesized. For
example, the introduction of bulky substi-
tuents like naphthyl or crown ethers into the
benzene rings of the phthalocyanine molecule
can enhance its solubility in organic solvents
[46-48]. Moreover, binding crown ether frag-
ments as substituents to the benzene ring of
the isoindole fragment allows the formation
of heteronuclear supramolecular compounds
with alkali and alkaline earth metal salts. These
supramolecular crown-substituted phthalo-
cyanines exhibit unique electrophysical and
optical properties due to the presence of chan-
nels with ionic conductivity (crown ether frag-
ments) and semiconductivity (phthalocyanine
macrocycle). This has led to the development
of supramolecular functional materials for ap-
plications in ionic and molecular electronics.

In the context of lanthanide complex-
es, semi-sandwich complexes of Er(III) with
tert-butyl and pentyloxy-substituted phtha-
locyanines showed 4f-luminescence under
indirect excitation in the solid state and in
DMSO-d,. In contrast, bisphthalocyaninates
did not exhibit intrinsic emission from
Er(III) [46].

Binuclear lanthanide complexes based on
hexa-tert-butyl-substituted = phthalocyanines
were also synthesized, where the macrocycles
share one benzene ring as a linker. These com-
plexes, involving Dy(III), Yb(III), and Lu(III)
ions, display intense absorption in the NIR

https://ucj.org.ua

region, with the nature of lanthanide having
minimal effect on the electronic spectrum and
position of the Q-bands [47].

A series of lanthanide complexes with
tetra(15-crown-5)phthalocyanine (H,R Pc) of
various types luminescent in the IR region
were reported [49-51]. These include unsub-
stituted phthalocyaninates, monophthalocya-
ninates with different axial ligands, and di- and
triphthalocyaninates (Fig. 9).

In all these complexes, the Ln(III) lan-
thanide ion is coordinated to four nitrogen
atoms of the tetrapyrrole macroring. In the
case of monophthalocyaninates, coordination
also occurs to donor atoms of acetate ions,
1,10-phenanthroline or DBU. It was observed
that the presence of a second ligand with re-
spect to the tetrapyrrole ring influences the
4f-luminescence of monophthalocyaninate
complexes, with a nearly two-fold increase in
luminescence observed in the presence of phe-
nanthroline (or DBU). Yb(III) complexes of all
types exhibit near-infrared 4f-luminescence
at 980 nm. The mechanism behind this lumi-
nescence is proposed to involve Dexter energy
transfer or photoinduced electron transfer re-
sulting in the reduction of Yb(III) to Yb(II) in
the excited state of the complex.

Di- and triphthalocyaninates exhibit intense
fluorescence in the range of 690-770 nm when
excited in the UV region. The magnitude of the
short-wavelength shift for the double- and tri-
ple-decker compounds depends on the nature
of the complexing agent and decreases from
Nd(III) to Lu(III). In sandwich-type phthalo-
cyaninates, the 4f-luminescence of Yb(III) is
absent in the double -decker complex and is
observed in the triple-decker complex. This is
likely due to the resonance interaction between
the complexing agents and a greater number of
closely spaced macrocyclic chromophores.
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Fig. 9. Mono- (a), double- (b) and triple-decker Ln-phthalocyanines.

It was shown for the first time that 4f-lumi-
nescence in the solid state can only be exhibi-
ted by Er(III) and Yb(III) ions in complexes
with tetra(15-crown-5)phthalocyanine. More-
over, for erbium compounds, their intrinsic lu-
minescence is also observed in solutions due
to the low-lying resonance ‘I ,  level of Er(I-
IT). The parameters of Er-centered emission at
1540 nm were found to be similar to those of
known inorganic phosphors. This holds great
promise for the development of new infrared
emitters for telecommunication technologies,
as well as applications in biology and medicine.
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Analyzing the mentioned works on Ln(III)
phthalocyaninates, two significant drawbacks
cannot be overlooked. Firstly, the low solubi-
lity of phthalocyanine compounds in organic
solvents and water complicates their prac-
tical use. Secondly, only a limited number of
phthalocyanines with known composition and
structure have been studied in complexes with
lanthanide ions, and they do not exhibit high
luminescence characteristics. This led to a lit-
tle published research on the 4f- luminescence
of Ln(III) complexes with phthalocyanines.
These limitations highlight the need for fur-
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ther studies to overcome these drawbacks and
explore new phthalocyanine complexes with
lanthanide ions that possess improved solubi-
lity and enhanced fluorescence properties.

CONCLUSIONS. To conclude, the analysis
of the mentioned works on Ln-tetrapyrroles
suggests that the functionalization of macro-
cyclic ligands with chelating fragments holds
promise for achieving high stability and good
luminescence characteristics. Porphyrins and
phthalocyanines are considered convenient
molecular platforms for creating heteronuclear
IR-luminescent complexes. However, there are
two significant shortcomings in the aforemen-
tioned studies.

Firstly, the studies have focused on a limi-
ted number of tetrapyrroles, and their inherent
structures may not initially lend themselves to
high luminescent characteristics. This limita-
tion particularly applies to natural porphyrins,
which contain a significant number of C-H
bonds. The vibrations of these bonds can lead
to a reduction in the luminescence of Ln(III)
ions. Exploring alternative or modified tetra-
pyrroles with improved structural features
could be a fruitful direction for future research.

Secondly, the spectral-luminescent studies
of Ln-tetrapyrroles have not been thorough-
ly analyzed in terms of the structural aspects
of these compounds. Understanding the re-
lationship between the structural features of
tetrapyrroles and their luminescent properties
is crucial for designing and optimizing highly
luminescent complexes. Further investigations
should involve comprehensive structural ana-
lysis alongside spectral and luminescent cha-
racterization to elucidate the structure-proper-
ty relationships and develop guidelines for the
design of efficient Ln-tetrapyrrole complexes.

https://ucj.org.ua
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Lent ornan npuCBAYEHO PISHUM CUHTETUY-
HVM IIiIXO/IaM LIO0 OTPMMAaHHA KOMIIIEKCIB
MaHTaHifiB i3 mopdipuHamu ta ¢ranoniaHi-
HaMM, BUBYEHHIO IXHBOI CTPYKTYpM Ta OCO-
6nmMBoCTell BUIIpOMiHIOBaHHA. JlaHTaHiz-Te-
TPAIipoIM MOXYTb OyTU KOOPAMHOBaHVMMU
ATPOM MaKpOIMKITY Ta/abo JOaTKOBUMM Mic-
IAMM 3B A3YBaHHA B IOJMITOIHMX IOXiJHMX.
Crig 3a3HauMTH, 1O MOJTOIHI TeTpamiponn
DO3BOJIAIOTb OTPUMYBATU IIOJIIreTeposAfepHi
CIIOTYKM, IO € JOCUTD I[iIKaBUM 3 TOYKU 30Dy
iXHPOTO 0COONMMBOrO MexaHisMy 4f-ceHcn6imi-
3allii. 3arajbHa CTPYKTYPHA BiIMiHHICTb MK
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KOOPAVHOBAaHMMIY JIaHTaHiflaMu-1opdipuHa-
MU Ta TaHTaHiflaMy-PTasoliaHiHaMy TIO/IATaE
B 3/IaTHOCTI OCTaHHIX JIETKO YTBOPIOBATH I1OJTi-
naxy6Hi CoNMyKy, 110 IPU3BOAUTD 0 I[iKaBUX
3MiH y poTOXIMIYHMX Ipolecax, BKIOYA04U
4f-cencmbinmisaniro. B ormrami TakoX Iokasa-
HO OCHOBHIi HaIpsAMKM BUPpIllleHHs IPoOieMu
cTabiIpHOCTI, @ TaKOX Pi3Hi mifxoau mo mif-
BUIeHHS epeKTUBHOCTI 4f-Tr0MiHecIeHILii.

KnrouoBi cnoBa: nmantanigy, nopgipnsn,
¢ranonianiny, 4f-momiHecueHis, ceHCnOimi-
3aIris.
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Cunre3oBaHo Ta mpoBeneHo [Y- Ta POA-ananis 3paskis mpupopHoro 6eHTOHITY, 6eHTO-
HIiTY 3 MarHeTMTOM Ta OEHTOHITY 3 MaTHEeTUTOM Ta €H3VIMHUM IIperapaToM pefibK/ YOPHOI 3
pi3HUM YacoM KOHTAKTy Ipyu MoaudikysanHi. [Y-gocmimpkeHHAMY BCTAHOB/ICHO HAABHICTD
ayicop6uii Monekynmu ¢pepMeHTy 3 HOCiEM, sIKa He3HaYHO BIUIMBAE Ha 3MiHY 1i CTPYKTYpH.
Byno BusBIeHO XapaKTepHi CMyry KOMMBaHb aMigHMX Ipyn OinkiB Ha 1637 cm™ - v-Komu-
BaHHA 3B’A3KiB C=0 (amip I), 713 cm™ - §-xommBanHa O=C-N y mwromuHi (amig IV), axi
MOXYTb 6paTy y4acTb y cop6uiitHoMy 3B'a3yBanHi pepmenTy 3 6enTOHiTOM Ta SiO,-rpymu,
AKi XapaKTepu3yeTbCs CIAOKUM 3B’SI3KOM 30BHILIHBOI YacCTMHMU OIKY 3 YTBOPEHHSAM IIO-
BEPXHEBOI CTPYKTYPH i sKa 3 YacOM 3HMKAE 3aBISAKM AUQY3ii MONEKyIM y HOpU MiHepaty.
P®A-ananizom 3a¢ikcoBaHO 3MiHY iIHTEHCMBHOCTI MaKCMMYMiB MOHTMOPI/IOHITY y Aiamaso-
Hi 20 = 5-10° y 3paskax micisa MoavudikyBaHHA 3a/1i30M NPUPOZHOrO OEHTOHITY Ta 3a/IeX-
HicTh 6a3a/IpHOI BiiICTaHi BiJf CK/Ia/ly 3pas3Ka Ta 4acy KOHTAKTY 3 GepMEHTHMM IIperapaToM.
3a pesynbTraTaMu JOCTIKeHb 3allPOIIOHOBAHO CXeMy B3aeMOZil ¢pepMeHTy 3 MoaudikoBa-
HIM 3aJ1i30M HIapyBaTUM aJIIOMOCH/IIKaTOM.

KnrouoBi cmoBa: 6eHTOHIT, MarHeTnT, Mofudikarnisa, Raphanus Sativus L., [Y-crextpo-
ckomis, POA-ananis.

BCTVYII. IlpupopHi i mopndikosani rm-
HICTI MiHepanay IMPOKO BUKOPUCTOBYIOTDH Y
IPOMMCIIOBOCTI Ta [ 3aXMCTY HaBKOJIMII-
HBOTO CepemOBUINA, 0COOMNBO SIK afcopOeH-
T, MOJIEKY/IAPHI CHTa, ioHoOOMiHHI MaTepia-
mu Ta Kartanmizaropu [1]. Taki miHepanu € e
JI BUXITHMM MaTepiajioM Il CUHTE3Y CTOBII-
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yactux mmH (PILC) i mopmcTux mmMHMUCTUX
rerepocTpykryp (PCH), AKi BUKOpMCTOBYIOTH
K edekTuBHI HOCIl KaTaliTMYHO aKTUBHUX
¢a3 pepokc-neperBopenb [2, 3]. Came Taky
aKTUBHICTb MAIOTh €H3MMU KJIacy OKCHUOpe-
IyKTa3, AKi 3/1aTHi KaTajlisyBaTu AK OKMC/IEH-
HA, TaK 1 BITHOBJIEHHA PI3HOMaHITHMX CIIOJIYK
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3a PaxXyHOK HAasABHOCTI B HUX II€POKCHJIA3, AKi
€ TeMOBUMIU 61/TKaMy 3 MOJIEKY/ISIPHOI0 MACOI0
B miamasosi Bixg 30 go 150 xino Janbron (KD)
Ta crenyQivHO0 IMPOCTETUYHO0 TPYIOI0 de-
punpotonopdipuu IX, Takox Bimommit sK
zaniso (III) mporomopdipun IX [4]. Haitgac-
Tillle OpTaHiyHi Ta HEOPraHiuYHi peYOBMHM HA
IIOBEPXHI MiHEpaJliB Ta Y MDKIIAPOBOMY IIPO-
CTOPi YTBOPIOIOTDH II€BHI IPOCTOPOBi CTPYKTY-
pu, sKi MaloTh HOBi (isuKo-XimiuHi BaacTu-
BOCTI Ta BifJpi3HAITHCA BIACTUBOCTAMU Bif
BUXIi/IHMX p€areHTiB, ajie yCIaJIKOBYIOTh II€BHi
B/IaCTUBOCTI Ta PyHKIIT BUXiTHUX KOMIIOHEH-
TiB. YTBOpPEHHA TaKUX CTPYKTYP BifOYBa€Th-
cs1 abo Tif 4ac reneyTBOPEHHs TifpO30JIiB,
110 BMHMKAE BHACTIIOK acolliallii YaCTUMHOK
y BOAHIiN cycreHsii (Hampukiaj, 4epes3 BOf-
HeBi 3B'I3KM MDXK Tpynamy, IO HajeXarb /[0
pisHUX YaCTMHOK), ab0 BHACTIZOK Tifgporti-
TUYHOI MOIIKOHAEHCAlil BUXITHUX CIIONYK Y
BOJIHO-OpTaHiuHMX cepenoBumax [2-4]. [Ipu
BUKOPVCTaHHI TiPOMITUYHNX METOLIB B aJI0-
MOCWIIKAaTaX Ha IEepIIOMY eTami — Tifgpoisi
META/IOKCUJHUX KOMIIOHEHTIB — YTBOPIOETHCSA
3B's130k M-OH, sikmit € HecTilikuM i pearye 3
opraHiyuHuMMM KoMmmoHeHTamu. Ha ppyromy
etami nabinpHa rpyna M-OH koHjeHCcyeThCs
3 iHmmMu M-OH a6o M-OR (komm Buxis-
HUM IIPOLYKTOM 30JIb-Te/Ib-IIpoLecy Oymu
opraniuHi conyku 3 OH-rpynamn) rpyn s
yrBopeHHA M-O-M-3B'A3KiB 1 BuBefeHHA
BOIM a00 criMpTiB. TaKVM 4MHOM yTBOPIOETD-
cA TpuBMMIipHa Iparka. Sk mpasuno, orpu-
MaHUI TPOMDKHUI TIPOAYKT HE IIOBHICTIO
KOHJICHCYETbCA Ha IOBepXHi [5-7] it fo 7ioro
CK/Iafy BXopATh Boja abo OH-rpymu. Otxe,
OTpUMaHi NMPOAYKTM MOXKHa KracudikyBaTu
AK rigparoBaHi oxcupu. IIpu Bukopmcran-
Hi IIapyBaTMX aTIOMOCWIIKATiB 3B’sA3yBaH-
HA OpraHiYHOI KOMIIOHEHTMU 3[Ii/ICHIOETHCA

https://ucj.org.ua

Yy MDKIIAPOBOMY IIPOCTOpi 3 NpUENHAHHAM
METOKCWJIbBHMX I'PYII IO OKTaepUYHOrO 1Iapy.
3MmiHa XiMiYHOI IPMUPOAM OpraHiuHOI CKia-
[OBOI BIUIMBA€E Ha MapaMeTpy MiKIIApOBOTO
IPOCTOPY BMXimHOI cTpyKTypu [8]. Ane mo-
CIIIJPKEHb BIUIMBY HEOPIraHiYHOI CK/IaJI0BOI,
AKy 6Y/I0 IIOIIepeHbO IHTepPKaTbOBAHO Y MiX-
LIapOBUII IIPOCTIp aOMOCUIIIKATy, Ha yTBO-
PEHHA TaKMX CTPYKTYP MaVbKe He IIPOBOAVIIN,
0cOOIMBO OKCHAIB 3as1i3a, AKi IPUCYTHI y BCix
3pas3Kax IPUPOJHUX amoMocuikatis [9-10].
Tomy MmeTtor 1i€i po6otyu 6yn0 BCTaHOBIIECH-
Hs BBy cymimi FeO Ta Fe O, Ha 3MiHy 110-
BEPXHEBOI CTPYKTypH, (pa30BOro CKIafy Ta
MDKIIAPOBOIO IIPOCTOPY OpraHO-MiHepasib-
HOI TriOpuMpHOI CTPYKTypM Ha OCHOBi MOAM-
¢dikoBaHOTO 3ai30M MPUPORHOTO OEHTOHI-
Ty Ta POCIMHHOTO (pepMEHTHOIO Ipernapary
3 Raphanus Sativus L.

EKCIIEPUMEHT TA OBI'OBOPEHHA
PE3YJIPTATIB. fx Hocii mnsg iMmMo6imisarii
(depMEeHTHOrO Ipenapary BUKOPUCTOBYBAIN
NpUPORHMIT OEHTOHIT, MOAV(IKOBaHMII Mar-
HeTnToM (popmoBuie [lamrykiBka, Ykpaina).
OniHKy IMTOMOI IIOBEpXHi OEHTOHITY IIPOBO-
mvnu metogoM BET na npunani « COPBI-M»
IIUIIXOM IOPiBHAHHA 00CATIB rasy-agcopba-
Ta, COpOYIOYOTO MOCTI/KYBaHUM 3Pa3KoM i
cTaHfapTHUM 3paskoM Marepiany (ALO,) 3 Bi-
IOMOI0 IIMTOMOK IIOBEPXHEK. BuMiproBaHHA
IIATOMOI TIOBEPXHI IIPOBOAVIN 32 4-X-TOYKO-
BuM MetopoM BET. fIk raz-agcop6ar y wiit Mo-
mudikanii BMKOPMCTOBYBaIM TIa30MORiOHNI
asor (Tabm.1). Momudikauio TpUPOTHOTO
OEHTOHITY IPOBOAMIN HACTYIHUM LUIIXOM:
1o 10 mn Bosrroro posunny FeCl, 3 koHeHTpa-
niero 1M/nM® nofaBany HaBaXKy OEHTOHITY
Macoo 10 r. OTpuMaHy CyCleHsilo mepeminny-
Bamy IpoTAroM 30 XB [i/14 OTPUMaHHS CTiIKOI
cycnensii. [lani 1o Hei gogaBamm 25% BOgHMIA
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posunn NH, o kpamnam go pH 9. Orpuma-
HUl MopudikaT BifMUBaIU JUCTUIHOBAHOKO
BOJIOI0 10 3HaYeHHA pH 8 Ta Bucymysanmm 3a

KIMHAaTHOI TeMIlepaTypy YIpPOZOBX 7 Ai6 ;o
JOCATHEHHA IPUPOIHOI BOJIOrOCTi Mopmpiko-
BaHOTO OEHTOHITY.

Tabmuis 1

Ckmap, mpupogHa BONOTiCTh, CTPYKTYpa, IUIOIA IMUTOMOI IOBEPXHi Ta 3HaYeHH:A pH

BOJIHOI CyCIIeH3il MPpPOTHOTro 6€HTOHITY

Table 1.

Composition, natural humidity, structure, specific surface area and pH value of an aqueous

suspension of natural bentonite.

Ckrag, mac. % pH cycnensnit Crpykrypa Sy M/t
SiO, - 58.3;
A1,0, - 12.8; MMapysara
Fe O, - 6.8; Posmip ogmHn4HOI
CaO - 1.45; 8 pon
. CTPYKTYpU 37+
MgO - 1.6; 50-110 Hwm
Na,O+K,O - 0.5;
BonoricTp - 9.3

QepMeHTHUII @penapaT OTPUMYBaIN
LIIAXOM 3MilllyBaHHA 3 T POCAMHHOL Macu 3
25 r ckAHMX rpanyn (posmip 0,25 Mm), 7 M
docdarroro 6ydepa pH 6,86 i posrupanHaAM
npotAroM 5 xB. 3HadeHHs pH 11a BupgineHHA
(dbepMeHTHOrO IpemapaTry BMOMpanu Bifmo-
BiflHO f0 pH MakcuMasnbHOI aKTMBHOCTI Ile-
poxcupasu xpony pH 5-8 [4]. Buginenus npe-
napary nposogumm B neHTpudysi «CM-50»
Ha mBuAKocTi 7 000 06 / xB mpoTsarom 10 xB.
ITposopy HajlocaoBy pifiiHy BUKOPUCTOBY-
Ba/IM AK JPKepeno pepMEeHTHOIO Ipenapary.
IMMmo6ini3alito mMpoBOAMIN METOOM TIOT/IN-
HaHH:A (pepMeHTHOro mpenapary 3 20% pos-
yyHy y Pocdarnomy 6ydepi npu pH 6,86.
MopudikoBannit 3anizoM OGEHTOHIT Macow
10 r 3ajMBanu po34NHOM PepMEHTHOI CyMi-
mi 06'emom 100 M 3a Temneparypu 25 °C i
BUTPUMYBA/IM MPOTATOM 2 TOJ Ha IOBIiTpi.
Jna BUBYEHHA BIUIMBY 4Yacy KOHTAKTy IIpe-
napary 3 HocieM Oy10 BUTOTOBJEHO iHII
3pasKy, AKi BUTpUMYyBaau 48 rof Ha MOBITPI.
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Orpumannit Matepian (HeopraHiYHUII HO-
ciit — ¢epMeHTHUII Iperapar) BiOKpeMIIIo-
BaJIV Bifi BUXi/JHOTO PO34YMHY Qi/IbTPYBaHHAM
3 IIO/IA/IbIIOI0 CYIIKOIO Ha MOBITPi IPOTATOM
48 rop. 3paskm Marepiany 36epiramm 6e3
INOCTYIy IOBITPA B IOJIi€TUIEHOBUX KOHTEI]-
Hepax.

[Y9-cniekTpu oTpuMyBanu 3i 3paskis, 3 AKUX
Oy/10 BUAa/NeHO BOJIOTY IIPOTATOM TPUBAIOTO
BUCYIIYBaHHA (eKinbKa J1i0) 3a TeMIiepaTypu
60 °C. Yci ciekTpu 3anmcyBay 3a JOIOMOTOI0
criekTpomeTpa Nicolet Nexus 470. [Y-ciextpn
HOPYIIEHOTO TOBHOTO BHYTPIllIHBOTO BiOUT-
T4 (attenuated total reflection, ATR) 3amu-
CyBa/M IS NepeTepTUX ITOPOUIKOMOAIOHMX
3paskiB 3a jponomorow mnpucrasku IIIIBB
Smart Orbit (Bupo6bunurso ¢ipmmu Thermo
Scientific), onTMYHMIT eIEMEHT — [liaMaHT, KyT
najaoJdoro npoMens 0=45°. Jlianason — 4000-
400 cm™, KinbKicTh ckaHiB — 128, posginbpHa
37aTHICTD — 4 cM™'. DOH 3amuCyBay BifHOCHO
OITMYHOTO e/leMeHTa 6e3 3pasKa.
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QasoBuil CKIaJ, 3pasKiB BCTAHOBJIIOBA/IN
pentrenodasosum ananizom (POA) Ha mud-
pakromerpi «IPOH-4-07» i3 CuKa-Bumpo-
MiHeHHAM B iHTepBani 20 = 5-60° i3 KpokoM
sHimagHA 0,05° Ta excriosuuiero 3c. I[Toxubka
BuUMipoBaHHA — 10 1 %. [Ina posumdpysan-
HA ($asoBOro CKIay BUKOPUCTOBYBamu 6asy
BaHux MiKHapOHOrO KOMITeTY ITOPOIIKOBUX
nudpakuinaux ganux (ICDD) ta koM oTep-
Hy nporpamy Match, po3po6neny Dr. K. Bran-
denburg & Dr. H. Putz GbR (Germany). ba-
3a/IbHI BificTaHi 3paskiB GEHTOHITY po3paxo-
ByBasu 3a popmysnomwo bperra - Bynbda:

2dsinf = n); sBincu:

__nA
d= 2sinf

\ -1, 54178 (mamna BunpominwoBanus Cu Kq);
n - 1 (xipKicTh 3pasKiB migyac OTHOTO 3HATTS);
0 - OperriBcbki KyTy BifOMBaHHS.

Y cnekTpi OeHTOHIT 3ami3o - ¢epMeHT
(Puc. 14,6, Tabmn. 2) 6yno inenTndikoBaHo Haii-

— epm. BenT.
xeneso OeHT.

140 -
1204

100

80

60 <

40+

204

T 1
3500 3000

om’

Puc. la. IK-cnektpu npupopHoro 6eHTOHITY 3
dbepMeHTOM Ta IPUPORHOTrO OEHTOHITY i3 3ami30M
(Fe) y piamasoni ( 3700-3000 cm ')

Fig. 1a IR-spectrum of the natural bentonite
with enzyms  preparation and natural bentonite
with iron oxides.

https://ucj.org.ua

OinbII XapaKTepHi JyIsi 6EHTOHITY CMYIHM IO-
IIMHAHHSA, AKi 3yMOBJIeHi KonuBaHHAMH Si-O-
3B’A3KiB (Makcumymu Ha 441 ta 1118 cm'),
514 - xomuBanHA Si-O-Al-3B’43kiB; KoMu-
BaHHa OH-rpyn MaoTh MakcumMymm CMyT
IornMHaHHA B Mexax 3750-3400 Ta mpwm
987 cm!. Takoxx Oyno BUABIEHO XapaKTep-
Hi CMyr¥ KOJMBaHb aMigHMX TPy OilkiB Ha
1637 cm! - v-konuBanus 3B s13KiB C=0 (amip 1),
713 cm! - d-xommBanHA O=C-N y mromusi
(amig IV) MoxyTph OpaTu y4acTb y copOiii-
HOMY 3B'fI3yBaHHI (epMEHTy 3 OEHTOHIiTOM.
Takoxx SiO2-rpymu yacrime 6epyTh y4acTb y
npolecax ancopOIii 3 yTBOpeHHsAM CTabKux
3B’A3KiB i3 30BHIITHBOIO YaCTMHOK OijKa, sAKa
3 JacoM 3HUKA€ 3aBHAKM IMQysil MOIeKymn
6inka y nopu. 111 agcopOuiist BUKIMKAE TIIBKY
3MiHM y BTOPVMHHIN CTPYKTYpU MOJIEKymu 6in-
Ka Ta JIOTO TePMidyHy crabinphicTp [11]. Takox
y LIbOMY BMIIAJKy iCHy€ BelIMKa JMOBIPHICTDH
YTBOPEHHS KpOC-/TiIHKEPHOTO 3ILMBAaHHA MOJIe-
Ky/IJ €H3UMY 3 IIOBEPXHEI0, 1[0 € XapaKTePHOIO
VIS aicCOpOLITHMX IIOBEPXHEBUX CTPYKTYP [12].

&)epm, GeHT.
xeneso GeHT.

140
120

T.% \

80 \

60 \ [ f ‘

40

\ / /
20 \ ved Vo

1500

Puc. 16. IK-criekTpy npupopHOro GeHTOHITY 3
(dbepMeHTOM Ta IPUPORHOTO OEHTOHITY i3 3ami3oM
(Fe) y niamasoni (1500-430 cm ™)

Fig. 16 IR-spectrum of the natural bentonit
with enzyms’ preparation and natural bentonit
with iron oxides.
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Tabnunsg 2

XapakTepucTinyHi JoBX1HM XBIIb IY-cnexTpiB iMMo6inizoBanoro ¢pepmeHTy Ha 6eHTO-

HIT-3a/1i30BMiCHMIT HOCINT

Table 2.

Characteristic wavelengths of IR spectra of immobilized enzyme on bentonite-iron

carrier.
Yacrora konmmBaub (cmt) Twun xonuBaHb AromHi rpynn [55]
3700 3621 v -OH (cTpyxTypH.)
3400 3396 v H,O (anc.)
1627-1683 1637 ) C=0
1100 1118 v Si-O-Si
987 ) -OH
970 912 v pP-O
850-1100 877 v MOJIEKY/IM T€TPAEeMpiB, 1110
CK/TaflatoThcs 3 atomiB O,
3 aToMamn Si BcepeniuHi
730-760 796 v SiO, rpynu
613-700 713 ) O=C-N y momuHi (amig IV)
525 514 S 3mimasni Si-O-Al i Mg-O
470 430 0 Fe(III)-O B oKT. mo3uiii

[TopiBHAHHA ganux POA-3paskiB npupop-
HOTO GEHTOHITY, 6eHTOHITY, MOAM(iKOBaHOTO
3aj1i30M Ta 3pas3KiB MOAMQIKOBAHOTO 3asIi30M
OeHTOHITY 3 OpraHiyHow0 Cck1afoBoio (dep-
MEHTHOTO POCIMHHOTO Tpemapary) (Puc. 2)
BCTAHOBIIO 30i/IbLIEHHS IHTEHCMBHOCTI OK-
peMux a3 MarHeTUTy Ta 3MEHIIEHHA MakK-
CUMYMIB iHTEHCUBHOCTI MOHTMOPI/JIOHITY B
MaJIOKyTOBOMYy piamasoHi (© - 7,11+7,45)
BifIHOCHO 4MCTOrO OGEHTOHITYy /IS BCiX 3pas-
KiB, ajie MaKCMMaJIbHe 3MEHIIEHHSA CIIOCTepi-
ramm B MOAM(piKOBaHOMY 3ai3oM OEHTOHITI
(3 6500 mo 900), moganbira Mogudikaris 1bo-
ro 6EHTOHITY PepMEeHTHMM IIpenapaToM Ipu-
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3Be/a [0 30i/pLIEHHS IHTEHCHMBHOCTI LIbOTO
HiKy y pas3i BUTpMMKM 2 TOAVIHM — 361TbIIeHHA
iHTeHcuBHOCTI 3 900 go 2000, 3a 48 rog — 3 900
1o 1600. Ile cBigunTp, 0 OKCUAM 3aai3a MO-
JKYTb YTBOPIOBATY KOHIJIOMEPATH i3 3a/IMIIKa-
MI IEHaTypOBAHOTO IIiJ| Ji€l0 Tifipomisy 6inka,
1110 Y3TOXKY€EThCA 3 TAHUMU poOiT [2-4].
[Topanbura igentndikarnis ganux POA Ta
po3paxyHKM 6asanbHMX BificTaHeil y MiXIa-
poBoMy npocTopi (Tabmuus 3-6) migTBepau-
JIV BIUIMB HaJJIMIIKIB OKCHUJIIB 3ajIi3a Ha BXO-
IDKeHHs (PepMEHTHOTO IIpelapary y MiXIa-
POBMII IIPOCTIp IAPYBATOrO aaOMOCHUIIKATYy
(MoHTMOpiNnOHITY) (p1c. 3, Tabm. 3-6).
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Puc. 2. POA Genroniry y gmiamasoni 20 = 5-60° 1 — OeHTOHITY 3 MarHeTMToM 6e3 OpraHiqHOI
CKJIaJioBOl; 2 — GEHTOHITY 3 MarHeTUTOM Ta OPraHiYHOKI CK/IA[JOBOIO MiC/si BUTOTOBJIEHHS (2 TOX. );
3 — 6EHTOHITY 3 MArHETUTOM Ta OPIaHIYHOIO CK/Ia/{OBOIO MiC/Isl BUTOTOB/IEHHS (48 rof.); 4 — IPUPOFHOro
GeHTOHiTy. YMOBHi nosHadeHHsa: M — monTmopunonit; Q - SiO, (kapn); C - SiO, (xpucrobanit);

F- Fe O, (marnetnT)

Fig. 2. XRD of bentonite in the range 20 = 5-60°: 1 - bentonite with magnetite without an organic
component; 2 — bentonite with magnetite and an organic component after production (2 hours); 3 -
bentonite with magnetite and an organic component after production (48 hours); 4 - natural bentonite.
Conventional designations: M -~ montmorillonite; Q - SiO, (quartz); C - SiO, (cristobalite); F - Fe,O,

(magnetite).

[TopiBHsAHHSA 6asanbHUX BifcTaHell y 3pas-
KaxX BCTAHOBM/IO HACTYTIHY 3a/IEXHICTh 12,43 A
6entoniT+ Fe,O,+enz (48 rom) > 12,38 A
npupogEit 6enToHiT > 12,31 A GenTomiT+
Fe,O,+enz (2 roguun) > 11,91 A Gentonir+
Fe O,, 0 CBIIYUTH PO BENNKY IMOBIPHICTh
BXOJPKEHHA CIONYK 3ajli3a y MDKIIapOBuUil
IIPOCTIp 3a PaxyHOK TifIpO/i3y MarHeTuTry 3
yTBOpeHHAM 3B’ a3KiB Fe-(OH) Ta Hecriiikux
CIIONYK, AKi 37aTHI KOHJIEHCYBaTUCA Y HaHO-
vactunku Fe O, y TpuBumipny rparky [6, 7,
13]. HaaBHicTDb Takoi CTPYKTYpy NPU3BOAUTD
10 3MeHIIeHHs 6a3a/IbHOI BiicTaHi Ta MiXIa-
POBOIO IPOCTOPY aTOMOCUIIIKATy. BBeennsa
€H3UMY 36inbmye o BimcTanp Ha 3 % (110

https://ucj.org.ua

TepeBuIlye MOXMOKy BUMipioBanHsa) 12,31 A,
ajZie A BiCTaHb 3HAYHO MEHINA 33 PO3Mipu
MOJIEKY/IM TIEPOKCHJIa3M, KA MOXE MaTy Mi-
HiManbHMIt posmip 28,45 A. To6To, B MixIma-
POBUII IPOCTip MOXYTb BXOAMUTH ab0O Ipo-
LYKTU feHatypalil dpepMeHTy, ab0 IPORyKTH
rigpomisy 3amiza. 3 ypaxyBaHHAM 3[aTHOCTI
NPUPOSHMUX ATIOMOCWUIIIKATIB 10 PO3IIMPEH-
Hf I'paTKM 3a NIPUCYTHOCTI Bomgu (HaOyxaH-
Hs), He3HayHa 3MiHa 0Oas3anbHOI BifCcTaHi €
MOXX/IMBOIO CaMé 33 PaXyHOK HaKOIMYEHH:
IIEBHOI Ki/JIbBKOCTI MOJIEKY/ BOAM, AKi YTBO-
PIOIOTBCSI B pe3y/bTaTi B3aEMOfil pepMeHTy 3
IIOBEPXHEIO a/IIOMOCHIIKATY, [ie 3a IPUCYTHO-
CTi BOJY MOX/IMBUI Ti[IpO/Ii3 METaTOKCUIHUX
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W -

26, (")

Puc. 3. POA-pedekcu MOHTMOPUIOHITY Y MaJIOKyTOBOMY fiiania3oHi: 1 — GEHTOHITY 3 MarHeTUTOM
0e3 opraHiuHOI CK/1a[j0BO{; 2 — 0EHTOHITY 3 MAaTHETUTOM Ta OPTAHIYHOIO CK/IA/{0BOIO ITiC/IsI BUTOTOB/IEHHS
(2 rom. ); 3 — OEHTOHITY 3 MarHeTUTOM Ta OPTaHiUYHOIO CKIA/OBOIO IiC/IA BUTOTOBIEHH: (48 rop.);

4 — IpUPOAHOro GEHTOHITY

Fig. 3. XRD-reflections of montmorillonite in the small-angle range: 1 - bentonite with magnetite
without an organic component; 2 — bentonite with magnetite and an organic component after production
(2 hours); 3 - bentonite with magnetite and an organic component after production (48 hours); 4 - na-

tural bentonite.

KOMIIOHEHTIB 3 yTBOpeHH:AM 3B's3Ky -Fe-OH,
AKUI € HECTIIKMM 1 pearye 3 OpraHiYHUMU
KOMIIOHEHTaMI. 3a JaHVMU aBTopiB [14], dpep-
MEHTH, AK i 61/IKU, BUABIAIOTD CUJIbHY CIIOPif-
HEHICTh 3 MTOBEPXHEIO0 LIApyBaTUX MiHepasiB.
[Tporiec 3B’s13yBaHHs (GepMEHTY 3 IIOBEPXHEIO
Ma€ JieKillbKa eTamiB: 1 — TpaHCIIOPTYBaH-
HA (epMeHTy 10 NMOBepxHi (Mexi posnopiny
¢as); 2 — ocajpKeHH: Ha IIOBEPXHI, 3 — po3rop-
TaHHA (QepMeHTY, 4 — BifipuB QepMeHTY Bif
IIOBEPXHI, 5 — TPAHCIIOPTYBAHHA BiJ] IOBEPXHi
6 - mepebynoBa aficopbOBaHOrO (epMEHTY.
Ane sxio MiHepan Ta 6110k MalOTh OfHAKOBi
IIeHTPaIbHi AaTOMU Y afcOPOLiITHNX KOMITTEK-
cax (3anizo B remi ¢epMeHTy Ta 3a7i30 y Mixk-
IIapOBOMY IIPOCTOPi y popmi rifpokcokomIi-
JIEKCY), TO MOXK/IMBA CTiliKa arperanis Oinka
Ha TIOBEPXHi 3 IIOfa/bIIMM PO3TOPTAHHAM
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depMeHTY Ha TOBEPXHI LIAPy aTIOMOCHTIKATY.
[IpunyiieHHA PO po3ropTaHHsA GepMeHTY Ta
YTBOPEHHS arperaris i3 MarHETUTOM KOPEIoe
3 9acOM KOHTAaKTYy 3 6inkom [13, 15, 16].
TaxuM 4mHOM, iMMOOGinisauis ¢epmeHTy
y pasi GeHTOHIiTY, MOfM(biKOBaHOTO 3ayTi30M,
Oyme MaTy HacTyIHi eTam: 1 — TpaHCIIOpTy-
BaHH: (PepMEHTY 10 IIOBepXHi (Mexi posmnopi-
ny ¢as); 2 - gedopmarnisa pepMeHTY mif| Hiero
IIOBEPXHi B pe3y/nbTaTi peakiil moaiKoHjeca-
11 3 yTBOPEHHAM JIOAATKOBUX MOJIEKY/I BOI;
3 — BXO/PKEHHA MOJIEKY/I BOIM y MDKIIapOBMUIA
IIpOCTip; 4 — TipoJi3 YaCTMHOK MarHeTUry;
5 — BUIy4eHHA TaJpOKCHUJY 3ajli3a 3 MiXKIIa-
POBOTO IPOCTOPY 3a PaxyHOK YTBOPEHHHA
arperaTiB 3 MO/IEKy/I0I0 (epMEHTY, KWL Ma€e
CrIOpifiHeHMIt affcopOLiitHMit HeHTp (puc. 4).
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@D Fe-0-FeoH \
H0 \ H0 H,0
11,91 A H20 12,31 A HZO //
_ge_oﬂ. -Fe-OH A'OHQ
VrBopenns mapis Bomn  H,0 @’ -Fe-O -Fe-Ok
H0 | O H,0 H0
1243 A 1,0 | H0 -Fe-O -Fe-OH
- H,0 Monexkyna dpepMeHTY
2~ |-Fe-O -Fe-OH -Fe- Arperaru (pepMeHTy 3

HaHOYaCTHHKaMHU
Mar"eTuTy

Puc. 4. Cxema B3aemonii ¢pepMeHTY 3 MOfMiKOBaHNM 3a/Ti30M HIAPYBATUM a/TIOMOCUTIKaTOM
Fig. 4. Scheme of the interaction of the enzyme with the modified iron layered aluminosilicate.

Tabmunsa 3
daszoBuil CKIaj CyMillli IPUPOFHOTO 6EHTOHITY
Table 3.
Phase composition of natural bentonite mixture.

Da3oBuil CKIag | Ne xaptku ICDD 20 d(A)
Montmorillonite 00-012-0232 7,14 12,38021
Montmorillonite 00-012-0232 19,9 4,461461

SiO,(Quartz) 087-2096 20,76 4,278543
SiO,(Cristobalite) 082-1403 22,03 4,03468

§iO,(Quartz) 087-2096 26,7 3,338647
SiOZ(Cristobalite) 082-1403 28,57 3,124234
Fe3O4(Magnetite) 076-0958 30,16 2,963053
Montmorillonite 00-012-0232 35,35 2,539018
Fe304(Magnetite) 076-0958 35,48 2,530013
SiO,(Cristobalite) 082-1403 36,16 2,483981

SiO,(Quartz) 087-2096 36,69 2,449307
Montmorillonite 00-012-0232 40,59 2,222521
Fe,O,(Magnetite) 076-0958 43,06 2,100584

SiO,(Quartz) 087-2096 50,02 1,823399
Montmorillonite 00-012-0232 54,25 1,690796

https://ucj.org.ua 97
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Tabmuus. 4

daszoBuii cKIaf cyMilni 6eHTOHITY 3 MarHETTOM 6e3 OpPraHiYHOI CK/IagOBO1 Table 4

able 4.

Phase composition of a mixture of bentonite with magnetite without an organic component.

Da3oBuUii CKIaf | Ne xaptku ICDD 20 d(A)

Montmorillonite 00-012-0232 7,42 11,91365
Montmorillonite 00-012-0232 19,86 4,470356
SiOz(QuartZ) 087-2096 20,87 4,25624
SiOz(CriStObalite) 082-1403 21,99 4,041928
SiOz(QuartZ) 087-2096 26,66 3,343566
SiOz(CristObalite) 082-1403 28,41 3,141464
Fe3O4(Magnetite) 076-0958 30,1 2,968822
Montmorillonite 00-012-0232 34,98 2,565022
Fe3O4(Magnetite) 076-0958 35,45 2,532085
SiOz(Cristobalite) 082-1403 36,19 2,48199
SiOZ(QuartZ) 087-2096 36,53 2,459666
Montmorillonite 00-012-0232 40,38 2,233594
Fe,O 4(Magnetite) 076-0958 43,01 2,10291
SiOZ(QuartZ) 087-2096 50,06 1,822035
Montmorillonite 00-012-0232 54,55 1,682204

Tabnuug 5

®a30Buii CKIaj cyMilri 6eHTOHITY 3 MAarHETUTOM Ta OPTaHiYHOIO CK/IA/OBOI0
miciga BUrorosineHus (2 rop. )

Table 5.
Phase composition of the mixture of bentonite with magnetite and an organic
component after production (2 hours).
Da3oBuUii CKIaf | Ne xaptxu ICDD 20 d(A)

Montmorillonite 00-012-0232 7,18 12,31133
Montmorillonite 00-012-0232 19,87 4,468129

SiOZ(QuartZ) 087-2096 20,75 4,280583
SiOZ(Cristobalite) 082-1403 22,04 4,032872

SiOZ(QuartZ) 087-2096 26,72 3,336194
SiOZ(Cristobalite) 082-1403 28,6 3,121025
Fe3O 4(Magnetite) 076-0958 30,15 2,964013
Montmorillonite 00-012-0232 34,84 2,575008
Fe3O4(Magnetite) 076-0958 35,47 2,530703
SiOz(Cristobalite) 082-1403 36,14 2,485309

$iO,(Quartz) 087-2096 36,67 2,450597
Montmorillonite 00-012-0232 40,37 2,234124
Fe3O4(Magnetite) 076-0958 43,05 2,101049

SiOz(QuartZ) 087-2096 50,13 1,819655
Montmorillonite 00-012-0232 54,24 1,691084
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Tabnuusa 6

da3oBuii CKIaf CyMilli 6eHTOHITY 3 MATHETUTOM Ta OPTAHIYHOIO CKIA/IOBOIO

Iic/Ia BUroToBneHus (48 rojx.)

Table 6.
Phase composition of the mixture of bentonite with magnetite and an organic
component after production (48 hours).

Das3oBuUIl CKIa[I | Ne xaptku ICDD 20 d(A)
MOHTMOpPUIOHIT 00-012-0232 7,11 12,43238
MoHTMOpUIOHIT 00-012-0232 19,78 4,488255

SiOZ(KBapL[) 087-2096 20,72 4,286713
SiOZ(KpI/ICTO6aHiT) 082-1403 21,91 4,056505
SiO,(Ksapm) 087-2096 26,59 3,352209
SiOZ(KpI/ICTO6aHiT) 082-1403 28,6 3,121025
Fe,O,(MarneTur) 076-0958 30,15 2,964013
MOHTMOPUJIOHIT 00-012-0232 34,83 2,575724
Fe304(MaFHeTI/IT) 076-0958 35,47 2,530703
SiO,(Kpucrobarnir) 082-1403 36,14 2,485309
SiO,(Ksapm) 087-2096 36,67 2,450597
MoHTMOpUTIOHIT 00-012-0232 40,37 2,234124
Fe,O,(MarneTur) 076-0958 43,04 2,101514
SiO,(KBapm) 087-2096 50,13 1,819655
MOHTMOPUIOHIT 00-012-0232 54 1,698031

BMCHOBKI. T4- ta P®A-anani3 6eHTo-
HiTy, MOin(}iKOBaHOrO MarHeTUTOM Ta e€H-
3IMOM, BCTAHOBMB 3aJIOKHICTb iMMOOinmi3a-
il ¢pepMeHTy Bij HasBHOCTI OKCUJIB 3ai3a.
[Y-mocmimpKkeHHAMN JOBENIeHO, 110 3B I3yBaH-
HA (QepMeHTy 3 HOCieM Mae ancopOuitHMIA
xapakTep 0e3 yTBOpeHHs CTilIKuMX XiMiYHMX
B3aeMopiit. Takuil Buj 3B’s3yBaHHsI He3Had-
HO BIUIMBA€E Ha 3MiHY CTPYKTYPM MOJIEKYIN
¢depmenTy. Byno BusABIeHO XapaKkTepHi cMyru
KO/IVMBAHb aMifHNX Ipym 6ikiB Ha 1637 cm™! -
v-konmuBaHH:A 3B 13KiB C=0 (amigI), 713 cm™! -
§-xomuBanHsA O=C-N y mnomuni (amig IV),
AKi MOXYTb OpaTy y4acTb y COpOLiiTHOMY 3B'sI-
syBaHHi dpepMeHTy 3 6eHTOHiITOM, Ta SiO -Tpy-
Y1, SIKi XapaKTepU3YIThCS CITaOKUM 3B I3KOM
30BHIIIHBOI 4YacCTMHU OiNKy 3 YTBOPEHHAM

https://ucj.org.ua

IIOBEPXHEBOI CTPYKTYPH, KA 3 YACOM 3HUKAE
3aBaAKM Audysil MoeKynIu y mopu MiHepary.
[TopiBHAHHA 6a3a/lbHUX BifcTaHell y 3paskax
BCTAHOBUIO HACTYNHY 3alexHicTb: 12,43 A
6entoniT+ Fe,O,+enz (48 rom) > 12,38; A
npupopEuit 6enToHiT> 12,31; A GeHToHiT+
Fe,O,+enz (2 rogmunm) > 11,915 A 6enroniT+
Fe O,, 0 CBif4nTh NPO BENMKY MMOBIPHICTD
BXOJPKEHHA CIONYK 3aji3a y MDKIIapOBUIA
IIPOCTip 3a PaxyHOK TifipO/i3y MarHeTury 3
yTBOpeHHAM 3B sskiB Fe-(OH) Ta Hecriit-
KMX CHOMYK. 3a pe3yabTaTaMy [OCTiIPKEHb
3aIlPOIIOHOBAHO CXeMY B3a€EMOJii pepMeHTy 3
Mozn(iKoBaHNM 3a/Ti30M HIAPYBATVM AJTFOMO-
cwrkaToM: 1 — TpaHCIOPTYBaHHA (epMEHTY
Io moBepxHi (Mexi posmopiny ¢as); 2 - fe-
dopmania ¢depMeHTy mij Hi€l0 NOBEpXHi B
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pesynbTari peakuil IOMKOHJecallil 3 yTBO-
PEHHAM MOJIEKYN BOAY; 3 — BXOJKEHHA MOJIe-
KY/I BOIM Y MDKIIApOBUil IPOCTip; 4 — Tifpo-
i3 YaCTMHOK MarHeTUTY; 5 — BUIY4YeHHS Iif-
POKCUJY 3ajli3a 3 MDKIIAPOBOIO IPOCTOPY 3a
PaxyHOK yTBOPEHHS arperariB i3 MOJIEKY/IOI0
depMeHTy, KMl Ma€ CHOpiTHEHWIT afcopo-
LIVIHAN LEeHTP.
S::i Po6oTy BHKOHaHO B paMKax Haijio-
4 HansHoro npoekty 316HT «Po3po6-
JIeHHA MaTepialiB i MpoueciB 111 BU-
TYyYE€HHA IiHHUX i TOKCMYHUX KOMIIO-
HEeHTIB i3 piguH 6ioreHHOro Ta TEXHO-
T€HHOIO IOXO/KEHHA».

CHARACTERISTICS OF THE BINDING BETWEEN
THE ENZYME PREPARATION RAPHANUS SATI-

VUS L. AND NATURAL LAYERED ALUMOSILICA
IN THE PRESENCE OF IRON OXIDES

O.V. Boychuk’, Ye.S. Pletynets’,
K.D. Pershina®?, E.O. Kolomiets'

'V.1.Vernadsky Institute of General and Inor-
ganic Chemistry NAS of Ukraine,

32/34 Acao. Palladin Ave., 03142 Kyiv, Ukraine
Joint Department of Electrochemical Energy
Systems NAS of Ukraine,

38-A Acao. Vernadsky Ave., 03142 Kyiv, Ukraine
e-mail: Pershina@ionc.kiev.ua

IR and X-ray analyses of bentonite modi-
fied with magnetite and enzyme established
the dependence of enzyme immobilization on
the presence of iron oxides. IR studies have
proven that the binding of the enzyme to the
carrier is adsorption in nature without stable

100

chemical interactions. This type of binding
does not significantly affect the change in the
structure of the enzyme module. Characte-
ristic bands of vibrations of amide groups of
proteins were detected at 1637 cm™ ( v-vibra-
tions of C=0 bonds (amide I)), 713 cm™ (6 -
vibrations of O=C-N in the plane (amide IV)),
which can participate in the sorption binding
of the enzyme to bentonite and the SiO, group,
which is characterized by a weak connection
of the outer part of protein with the forma-
tion of a surface structure, which disappears
over time due to the diffusion of molecules
into the pores of the mineral. Comparison of
the basal distances in the samples established
the following dependence: 12.43 A bentonite+
Fe,O,+enz (48 h) > 12.38; A natural bentoni-
te> 12.31; A bentonite+ Fe,O,+enz (2 hours)
> 11.91; A bentonite+ Fe,O, , which indicates
a high probability of iron compounds enter-
ing the interlayer space due to the hydrolysis
of magnetite with the formation of Fe-(OH)_
bonds and unstable compounds. According to
the research results, a scheme of the interac-
tion of the enzyme with modified layered iron
aluminosilicate is proposed: 1 - transport of
the enzyme to the surface (phase distribution
boundaries); 2 — deformation of the enzyme
under the action of the surface as a result of a
polycondensation reaction with the formation
of water molecules; 3 — entry of water mole-
cules into the interlayer space; 4 — hydrolysis
of magnetite particles; 5 — extraction of iron
hydroxide from the interlayer space due to the
formation of aggregates with an enzyme mole-
cule that has a related adsorption center.

Keywords: bentonite, magnetite, modifi-

cation, Raphanus Sativus L., IR-spectroscopy,
XRD-analysis.

ISSN 2708-129X. YKp. xim. XypH., 2023



YXX Ne 04 / TOM 89

0. B. boituyk, €. C.Mnetuneup, K. [1. Mepwwuna, €. 0. Konomieub

REFERENCES
Matusik J., & Klapyta Z. Characterization of
kaolinite intercalation compounds with ben-

enriched with ferric ions for the rapid removal
of anionic dyes in aqueous media. Clay Mine-
rals. 2020. 55(1): 12-23.

zylalkylammonium chlorides using XRD, 10. Srodon J., Drits V.A., McCarty D.K., Hsieh
TGA/DTA and CHNS elemental analysis. Ap- J.C., & Eberl D.D. Quantitative X-ray diffrac-
plied Clay Science. 2013. 83: 433-440. tion analysis of clay-bearing rocks from ran-
Chmielarz L., Kustrowski P, Piwowarska Z., dom preparations. Clays and Clay Minerals.
Dudek B., Gil B., Michalik M. Montmoril- 2001. 49(6): 514-528.

lonite, vermiculite and saponite based porous 11. Pota G., Gallucci N., Cavasso D., Krauss I. R.,
clay heterostructures modified with transition Vitiello G. Controlling the Adsorption of
metals as catalysts for the DeNOx process. Ap- B-Glucosidase onto Wrinkled SiO2 Nanopar-
plied Catalysis B. 2009. 88: 331-340. ticles To Boost the Yield of Immobilization of
Galarneau A., Barodawalla A., Pinnavaia T.J. an Efficient Biocatalyst. Langmuir. 2023
Porous clay heterostructures formed by gallery  12. Sun H., Jin X,, Jiang E, & Zhang R. Immobi-
templated synthesis. Nature. 1995. 374: 529. lization of horseradish peroxidase on ZnO
Akbar H., Sedzro D. M., Khan M., Bellah S. F,, nanowires/macroporous SiO, composites for
& Billah S.S. Structure, function and applica- the complete decolorization of anthraquinone
tions of a classic enzyme: Horseradish peroxi- dyes. Biotechnology and applied biochemistry.
dase. J. Chem. Environ. Biol. Eng. 2018. 2(2): 2018. 65(2): 220-229.

52-59. 13. Iype T, Thomas J., Mohan S., Johnson K. K.,
Rouster P.,, Dondelinger M., Galleni M., Nys- George L. E., Ambattu L. A., ... & Ramchand
ten B., Jonas A.M., & Glinel K. Layer-by-layer C. N. A novel method for immobilization of
assembly of enzyme-loaded halloysite nano- proteins via entrapment of magnetic nanopar-
tubes for the fabrication of highly active coat- ticles through epoxy cross-linking. Analytical
ings. Colloids and Surfaces B: Biointerfaces. biochmemistry. 2017. 519: 42-50.

2019. 178: 508-514. 14. Datta R., Anand S., Moulick A., Baraniya D.,
Campos G.P, Albuquerque E.M., Fraga M.A,, Imran Pathan S., Rejsek K., & Kelkar A. How
& Pastore H.O. Continuous Cellobiose Hy- enzymes are adsorbed on soil solid phase and
drolysis over Lamellar Aluminosilicates-Un- factors limiting its activity: A Review. Interna-
veiling [Al]-magadiite Water-Tolerant Acid tional agrophysics. 2017. 31(2).

Sites. Industrial ¢ Engineering Chemistry Re- 15. Jiang D., Ni D., Rosenkrans Z. T., Huang P,
search. 2021. 60(13): 4794-4805. Yan X., & Cai W. Nanozyme: new horizons for
Thomas A., Tripathi R.K., & Yadu L.K. A labo- responsive biomedical applications. Chemical
ratory investigation of soil stabilization using Society Reviews. 2019. 48(14): 3683-3704
enzyme and alkali-activated ground granula- 16. Nazir M.S., Mohamad Kassim M.H., Moha-

ted blast-furnace slag. Arabian Journal for Sci-
ence and Engineering. 2018. 43: 5193-5202.

Diaz U, & Corma A. Organic-Inorganic Hy-
brid Materials: Multi-Functional Solids for
Multi-Step Reaction Processes. Chemistry—
A European Journal. 2018. 24(16): 3944-3958.
Rodrigues I.A., Villalba J.C., Santos M.,
Melquiades EL., & Anaissi EJ. Smectitic clays

https://ucj.org.ua

patra L., Gilani M.A., Raza M.R., & Majeed K.
Characteristic properties of nanoclays and
characterization of nanoparticulates and na-
nocomposites. Nanoclay reinforced polymer
composites: Naonocomposites and bionanocom-
posites. 2016. 35-55.

Crartsa Hapgiia 12.03.2023.

101




VIK: 620.178.152.341 + 546.57+ 546.18+ 661.693+ 546.221+ 661.472  doi: 10.33609/2708-129X.89.04.2023.102-114

MIKPOTBEPLICTb KEPAMIYHUX MATEPIAJIB HA OCHOBI

APTIPOLIUTY Ag,PS.|, IETOBAHOIO Ge
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Y niit po6oTi IpescTaBIeHO [OCTiKEHHA KepaMidYHMX MaTepialiB Ha OCHOBI TBEpAVX
posunuiB Ag. P GeS.I (x =0, 0.25, 0.5, 0.75), BUTOTOB/IEHUX i3 MIKPOKPUCTATIYHUX TIO-
pomwkis. Teepai posunnn Ag P, Ge S.Iy dopmi kepamik ofep>kaHO METOIOM XOOHOTO
NpeCyBaHHs 3 TOAAAbIINM Bifmanom. Mikponopomku tBepaux posuunis Ag. P, Ge S.1
JOCTiIKyBa/Ii METOOM PEHTTeHIBCHKOrO (Pa30BOro aHasIi3y, a KepaMiky — BUMipIOBaHHAM
MiKpOTBepAOCTi. [I/nA BCIX MOCHKYyBaHMX Ke€paMiK CIIOCTEPIraEMO 3MEHIIEHHS 3Ha4YeHb
MikpoTBeppocTi H npu spoctanni HaBaHTa)XeHHA P, 110 BKasye Ha NPUCYTHICTb IPAMOTO
po3MipHoro edekry. 3a ofep>kaHUMU 3HaYeHHAMM iHflekca Meiiepa (n = 1.78 + 1.81) Bcra-
HOBJIEHO, IO JOC/Ii/KYBaHi MaTepiaay Ha/le>XXaThb IO M AKX MaTepiaslib.

Knro4oBi cmoBa: apripoguti, KepaMiku, MiKpOTBEPHiCTb.

BCTYII. Kepamivyni Marepianyu MmMpOKO
BUKOPMCTOBYIOTb 3aBJAKM IXHIM YHiKaJb-
HUM CTPYKTYPHUM, MEXaHIYHUM, XiMiYHUM
Ta (QYHKIIOHa/JIbHMM BJIACTUBOCTAM, SKi
3HAYHO PO3LINPITb MOX/IMBOCTI IXHBOTO
3acrocyBaHHA [1, 2]. Hapasi kepamivuni ma-
Tepiasy BUKOPUCTOBYIOTb y Pi3HUX TEXHOJIO-
rivHnx ranysax [1-5]. Ha cboropni 3HauHO-
rO PO3BUTKY OTPUMaNN AOCTiP>KEHHA eJleK-
TPOXIMIYHUX KepaMiYHMX Marepiajlis, 10
CIPUYMHEHO NOIIMPEHHAM a/IbTePHATUBHUX
I>Kepest eHeprii, eeKTpoMoOiniB Ta 3pocTaH-
HAM KIZIBKOCTI IOPTAaTUBHUX €I€KTPOHHUX
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npuctpois [5, 6]. Sk enexTpoximiuni Hako-
14yBadi eHeprii BUKOPUCTOBYIOTD €l1eKTPO-
XiMiuHi KOHZeHcaTopu (CyIepKOHIEHCaTo-
pu), aKyMY/IATOPY Ta MaauBHI eneMeHTH [7].
Haii6inbmoro KoMepIiiiHOro IOMMpPEeHHs
HaOynmu Li-ioHHI akyMmynsaTopu, IO 3a3BU-
yajl MICTATb PigKMUIl OPraHiYHUIL €NeKTPo-
mT (Ha OCHOBI /erko3anMucToi pigman) [8],
KNI 3HIDKYEe Oe3mevHicTh mpuctporo [9].
OpHak BUKOPUCTaHHSA TBEPAOIO €IEKTPOTIITY
nifBuILye 6e3neKy aKyMy/IsATOpiB Ta CIIpo-
Ilye KOHCTPYKIIiI0 CaMOTo aKyMmynsTopa [6,
10, 11].
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Ockinpky  e(eKTUBHICTb aKyMY/IATOPIiB
3aJIOKNUTh 0e3I0CEePefHbO BijJj BIACTUBOCTEN
pobodoro marepianxy, TO HOIIYK Ta BJOCKO-
HajJIeHHS HOBMX MarTepiajliB € aKTya/JbHUM.
CynbdypBMicHi TBepAii eleKTpoiTu npusep-
TAIOTh 3HAYHY YBary 3aBIAKM BMUCOKIill iIOHHIiN
IIPOBiAHOCTI, 10 3a0€3eYyeThCsI 0COONMMBOC-
TAMU IXHbOI KPUCTAIYHOL CTPYKTYPH, Cepen
SAKUX BapTO Big3Haumty cknagHi docdop-
BMicHi cynpdinu [6,12]. BapTo 3asHaunTy, 1mo
MIKPOTBEPAICTb € BaXK/IMBOIO XapaKTe€pPUCTU-
KO0 (PYHKIIIOHQJIbHOTO MaTepiay, OCKilTbKI
BM3HAYAE JIOTO eKCIUIyaTaliliHi oOMe>XeHHs.
Ockinbky HaBiTb BMCOKi (PyHKI[iOHa/IbHI Ia-
pameTpu Marepiany (IpOBifHICTb, LIMpUHA
3a00pOHEHOI 30HU i T. I.) 3a He3aJOBITbHUX
MeXaH{YHUX IapaMeTpiB OOMEXYIOTb J1Oro
IpaKTU4He BUKOpUCTaHHA. OCKIZIbKM y TeX-
HOJIOTil TBEPAOTIIPHUX AKYMY/IATOPIB Kpu-
TUYHUM € MDK(a3HUI KOHTAKT 18epoominb-
HUil NPOBIOHUK — enleKmpoo, TO AJIA MaTepiasiB
3 BYICOKOIO TBEPHICTIO CK/IATHO JOCATTY HEOO-
XiZTHOTO CTyIeHsA KOHTaKTy [13].

IlepcrieKTMBHMMM CyNIEpiOHHMMM MaTepi-
aZlaMM € TaKOX CIIOJYKY POAVHM apripoguty
[14-16], 1110 BOMOAiIOTH BUCOKMMI 3HAYEHHSI-
MU iOHHOI IpOBigHOCTI. Tak, BeMuMHa iI0HHOI
NPOBifHOCTI MOHOKpucTaniynux Ag GeS,I Ta
Ag PS1 cranosutp 7.98 x 107> Cm/cm [17]
Ta 1.79x10° Cm/cm [18]. O6upasi crmomykn
Ag GeS.I ta Ag PS.I KpucTanisyoTbcs y Ky-
6iuniit cuurowii, I1I' F-43m i3 napamerpamun
rparku: a=10.711 A Ta a=10.474 A, BIZIIOBII-
Ho [17,18]. Cucrema Ag PS I-Ag GeS, I xapak-
TEPU3YETbCA YTBOPEHHAM HeENepEepBHUX Tpa-
HUYHVX po34mHiB [19].

Y 3a3HadveHiit poOOTi IpefcTaBIeHO Ofiep-
YKaHHA MIKPOKpUCTa/IiYHuX nopoukis Ag PSL,
TBepaux posumHiB Ag P GeS.I (x = 0.25,
0.5, 0.75) Ta kepaMiyHUX MaTepianiB Ha iX-
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Hill OCHOBI. 3[jilicCHEHO BUMipIOBaHHA MiKpo-
TBEPHAOCTI KepaMiYHMX 3pa3KiB Ta BCTAHOB-
JIEHO BIUIMB TeTE€POBA/JIEHTHOIO 3aMillleHH:A
P**—Ge*" Ha MexaHiYHI B/IACTUMBOCTI HOCIIi-
IPKYyBaHMX 3pasKiB.

EKCIIEPMMEHT I OBI'OBOPEHH/ PE-
3VJIPTATIB. Cuntes AgPS.I Ta HeobXifHOTO
mis neryBannsa Ag GeS.1 spiicHioBanu 3 Bu-
KOPUCTAaHHAM eJleMEeHTapHUX KOMIIOHEHTIB:
Ag (99.995%), P (99.9999%), Ge (99.9999%),
S (99.999%) Ta momeperHbO CMHTE30BAHOTO i
OYMIEHOTO METOJOM CIPSIMOBAHOI KpUCTa-
nizanii 6inapHoro Agl. CunTe3y mpoBopwIn
y BakyymoBanux (0.13 ITa) xkBaproBux ammy-
nax. CuHTes iHpuBinyanbuux cnomyk Ag PS.I
Ta Ag GeS_ I npoxonus cryninyacro. Crioyar-
Ky HarpiB 3i mBupkictio 100 °C/rop mo 450 °C
(BuTpMMKa 3a 11i€l Temneparypu — 48 ron) i mo-
Jajblile MifIBUIIEHHA JO MaKCUMAJIbHOI TeM-
IepaTypy CUHTe3Y, o cTaHoBuUIu o 825 °C
(Ag PS.I) Ta 1000 °C (Ag GeS,]) i3 mBupKicTio
50 °C/rop (BuTpMMKa 32 ILi€i TeMIeparypu —
24 ropm). MakcuMasibHi TeMIepaTypu CHUHTe-
3y Oymu Ha ~100-150 °C By TeMmmeparyp
KpucTasisanii BIJIOBIAHMX IHAMBiIyanbHUX
cnonyk Ag PS.I (714 °C) Ta Ag GeS_I (858 °C)
[19]. OxonomxeHHs 3[IICHIOBAIN B PeXUMI
BUK/IIOUEHOI medi. TeBepni posumHmM ckmaapy
Ag, P _GeS]I (x =0.25, 0.5, 0.75) cunTesy-
Ba/Ii 3 NONepefHbo cuHTesoBannx Ag PS I Ta
Ag7Ge85L B3ATUX Y CTEXIOMETPUYHMX Ki/IbKOC-
TAX NPAMMUM OJHOTEMIIEPATYPHUM METOMIOM.
CuHTe3 MpoXoayB 32 MaKCMMa/IbHOI TeMIlepa-
typu 1000 °C (BuTpmmMka 72 rog), mo Ha 150 °C
BUIIle TeMIIepaTypy HaiOi/lbII TyronmaBKoOro
KOMIIOHEHTa. TeMIlepaTypa rOMOI€eHi3yI04oro
Bipmany cranoBuia 460 °C (Butrpumka 120 ro-
nyH). OXONMomKeHHs 10 KIMHATHOI TeMIepa-
TypU 3[iICHIOBaIM B PEXUMI BUK/IIOYEHOI
neyi. Y pesynbrari ofjep>KaHo MOMiKpUCTaTivHi
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00’eMHi CIUIaBU TBepAMX PO3YMHIB CKIALy
Ag, P GeSI(x=0,0.25,0.50.75).

I3 cuHTe30BaHMX MOMIKPUCTATIYHNUX CILIA-
BiB Ag. P GeS.I nmsaxom MeXaHi4HOrO TO-
IpiObHeHHs B araToBii CTYILI Ofep>KyBanan
MiKpOKpMcTaniyHi nmopowmxku. Ilopomxkn npo-
ciroBanu 4epes cura 3 posmipom mnop 20 MKM
ta 10 MKM JyIs1 oTpuMaHHS Qpakuii po3mip
KpucranitiB 10-20 MxM. PasoBmii cKiaf
Oflep)KaHMX JOCHipKyBamyu Metogom POA 3
BUKOPUCTAaHHAM ITOPOIIKOBOTO AMQPaKTO-
merpa AXRD Benchtop (Proto Manufacturing
Limited) y piamasoni ckanyBaHHA KyTiB 10—
90° 20, A20=0.02°, CuKa-BunpomiHoBaHHs
(Ni-dinprp) Ta excrosui 1 c.

HMudpakrorpamu Ag PS I ta Ge-samimennx
TBepaux posumniB Ag P GeS.I (x = 0.25,
0.5, 0.75) poOiHAEKCOBAHO 3 BUKOPUCTAHHAM
nporpamu EXPO2014 [20]. BcranoBneHo, 110
nudpakTorpaMy HOCTIIKYBaHUX ITOPOLIKIB
XapaKTepU3yITbCA HAABHICTIO OfIHI€l cucTe-
Mu pedriekcis, 10 BiOBija€ rpaHeLeHTPO-
BaHil Ky6iuHiit komipui F-43m (Puc.la). [lns
3paskiB cknapy x = 0.25, 0.5, 0.75 cnocTrepira-
€MO He3Ha4YHe 3MillleHH: AndpakLiiiHuX MiKiB
(Puc.1b) BimHOCHO iHAMBiZyanbHOI CHOMYKM
Ag PS.1, w0 BKasye Ha YyTBOPEHHS TBEPHUX
PO34MHIB.

a) b) x=0.75
~__ x=0.75 x=05
/  \ x=0.25
N~ L x=0.5 2.0
288 29'.22e 296 300
, rpajn
\J\J x=025 | V:Al¢e .
A__L. — 1200+ ) ./
w x=0 1185f . /
_ o _ o Ag PSI[26] 70}
- l 8 :\ Sr ﬁ :rr o] 1155+ Ag6+xP1-xGexSSI
S N SRR S Vi i
0 20 30 40 _50 6 70 8 90 0 0 x04 06 08
20, rpan

Puc.1. Iudpakrorpamu (a), 3mina nonoxxeHHs gudpakuiitHoro niky (b) ta smina 06’eMy koMipku y

TBepaux posunnax Ag. P Ge S (c)

Fig. 1. Powder patterns (a), diffraction peak shift (b) and change in the cell volume (c) of Ag, P, Ge
S.I'solid solutions.

YTBOpeHHA TBepAMX pO3YMHIB TAKOX IIifI-
TBEPIYKYETHCA JIHIVHOI 3MiHOI0 ITapaMeTpiB
KOMipKy (06°€M KOMipKM), [0 XapaKTepusy-

€TbCS HEe3HAYHMH ITO3UTUBHUM BigXUIeHHAM
(Puc. 1c) BigHOCHO mpaBmia Berappa. Le mo-
3UTUBHE BiIXVMJIEHHA BiJl JIIHITHOCTI BKa3ye Ha
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3POCTaHHA PO3YNOPALKYBaHHA KPUCTATIYHOI
CTPYKTYpM IIpM YTBOPEHHI TBEPAIMX PO3UNHIB
Ag, (P, Ge)S]1. PosynopankyBaHHA TBep-
VX PO3YMHIB 3YMOBJIEHO IIPOXOM>KEHHAM
reTepOBaJICHTHOTO 3aMilleHHs PP—->Ge'* i
JIOTO MOXKHA OXapaKTepusayBaTy ABOMa (hak-
Topamu. [lepummit — y npoMy 3amimieHHi Ge-
PyTb y4acTh pisHi 3a posmipamu ioHu r(PT)=
0.17A ta r(Ge™) = 0.39 A [21]. Ipyruit — npu
3aMillleHHi Bi,[[6YBa€TbCH KOMIIEHCallid 3aps-
ny P+ 0O »Ge*™ + Ag' ([0 - Bakancis), Axe
CYNIPOBOIKYETHCA 3POCTAHHAM 3aIlIOBHEHOCTI
HO3MIIi}T aTOMiB cpibra.

OpepkaHi MIKpOIOpOLIKM 3allpecoBYBa-
m (P ~ 400 MIIa) y ¢popmi guckis giameTpom
10 MM Ta ToBIMHOIO 2-3 MM. [l crabimisa-
1[ii IIpecOBaHUX MMCKIB BUKOPUCTAHO TBEP-
nodasHe crikaHHA (Bifinam) 3a TeMIepaTypu
650 °C, mo craHOBUTD ~ 2/3 Bifi Temmepary-
pu mwiaBneHHs. Le 3abesnedye mpoxomKeHHA
IIpolLeCy peKpucTalisalil MiKpOIIOpOLIKiB Ta
YTBOPEHH:A CTIMKUX I OFHOPIIHMX KepaMidy-
HUX MarepianiB 6e3 IXHbOTO PO3IUIAB/ICHHS.
Bipman 3pificHIOBa/M y BaKyyMOBAaHUX KBap-
LIOBYUX aMITy/IaX YIIPOIOBX 36 rof.

Ha opepxaHuMX TakuMM 4YMHOM KepaMiKax
IIPOBOAV/IM  BUMIPIOBAaHHA MIiKPOTBEPAOCTI
MeTofloM Bikkepca 3 BUMKOPUCTaHHAM Mi-
kpotseppoMmipy IIMT3 (mpaBuibHa 4oTMpm-
KyTHa Iipamifa 3 KyToM Ipy BepiHi 136°).
IianmasoHn HaBaHTakeHb cTaHOBuUB (0.1-2 H.
Jlnsa BusHaYeHHA MiKpOTBepAoCTi H HaBaHTa-
JK€HHA Ha iH[IEHTOP BUTPUMYBA/IN IIPOTATOM
10 c. [I;1a K0>KHOTO HaBaHTa)KeHHS Ha KOXKHO-
MYy 3pa3Ky 0y/10 BUKOHAHO IIJOHAJIMEHIIIe IT ATh
BUMipIoBaHb. Ilic/iA 3HATTA HaBaHTAKEHHA
MOBXMHM JiaroHani sigcrymis d, i d, Bumi-
PIOIOTH 3a JOIIOMOTOX ONTMYHOIO MiKPOCKO-
na. [nbuHa BinOUTKIB iHZEeHTOpa CTaHOBUIIA
1-13 mxm. YnmcnoBi 3Ha4eHHA MiIKpOTBEPAOCTI
obuncmoBanu 3a popmyrnoro [22, 23]:

https://ucj.org.ua

2P sin% p
H= —F - 1.854? ,
Ie P - HaBaHTaXeHHs Ha iHfeHTOp, d — ce-
penus fiaronans Bin6utky d = (d, +d,)/2.

JI714 BCiX KepaMiK CIToCTepiraeMo 3MeHIlIeH-
H 3Ha4eHb MiKpoTseppocTi H npu spocTtanHi
HaBaHTaXeHHs P (Puc. 2). Taka 3anexHicTtb
f(H) = P Bkasye Ha Te, 10 A/ KepaMiK, BI-
TOTOBJIEHMX Ha OCHOBI TBepAUX PO3YNHIB
Ag. P GeS], cnocrepiraemo npsmuii pos-
mipamit edexr [24]. Ha minsaHii HM3bKUX Ha-
BaHTaXeHb P < 0.25 H cnocrepiraemo piske
sMeHIeHHA H npym 3pocTaHHI HaBaHTaXKeH-
Hd, IO 3YMOB/IEHO IUIACTMYHOIO fedopma-
L[i€I0 Ta PYXOM [MCIOKALiM IIiJj HE3HaYHUM
HaBaHTAXEHHAM Ha iHpeHTop [24]. [Tomans-
nie 3pOCTaHHA HaBaHTaXeHHA P > 0.25 H
NPU3BOAUTD O HE3HAYHOI 3MiHM 3HAYE€HHA
mikporBepgocti H, mo symosneno ¢opmy-
BaHHJAM BiIONTKAa, B OCHOBHOMY BHAC/IiJJOK
VIIIbHEHHA MaTepiany IIijJ iHZEHTOPOM,
OCKIZIBKYM 06'€eM KPMCTaMITiB MeHINMit 06'eMy
Bimbutka [25, 26]. Opep>xaHi 3HaYeHHs Mi-
KPOTBEPAOCTI Ipy HaBaHTa)XeHHi P> 1-1.5H
€ He3aJIOKHVMM Bifi HABaHTa)XeHH, 1110 BKa-
3ye Ha JOCATHEHHS BJIACHOI («CIIPaBXHbBOI»)
TBEPJOCTI.

Jnsa mopanplIoro aHasisy MiKpOTBEPHO-
CTi Ta po3MipHOTO eeKTy TBEpPAUX pPO3UNHIB
Ag, P GeS]1 Buxopucrano sakon Meiiepa
[27]:

P = Axdy,

ne P — mpukiazeHe HaBaHTOKEHHS Ha iHJIEH-
TOp, d — ycepeHeHHe 3HaYEeHHA TOBXWHMI Ji-
aroHasel BiouTKa iHgeHTopa, A — crasa, 1o
XapaKTepusye OIlip MaTepiany IOYaTKOBOMY
BIUIVBY iH/IEHTOPA Ta n — iHfieKc Meiiepa, mipa
BIUIMBY fedopManii Ha TBepHicTb Marepiamy
(23, 27].
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Puc. 2. 3anexxnicTh MiKpOTBepAIOCTi KepaMiK Bifi HABaHTa)KE€HHA
Fig. 2. Dependence of ceramics microhardness on load.

Inmekc Meiiepa 3a3Bud4alil BUKOPUCTOBY-
I0Tb JI/I51 OLIiHKM IIPSIMOTO PO3MipHOTO e(eKTYy.
Y Bumagxy n = 2 MiKpOTBEPZICTb He 3a/IEXKUTh
BiJl IPMK/IaZieHOTO Ha IHIEHTOp HaBaHTa)XkeH-
HA. 3Ha4eHHA N < 2 BKa3ye€ Ha iCHYBaHHA TeH-
[eHLii o0 IPAMOro po3MipHOro edexry,
TOOTO CIIOCTEpiraEMo 3MeHIIeHH MiKpOTBep-
IOCTi 31 30i/IbIIEHHAM HaBaHTaKeHHA [28, 29].

A BCTaHOB/IEHHA 3Hau€Hb N BKOPUCTA-
HO 7iHiitHy ¢opMy 3akoHy Meiiepa, B AKOMY
3HA4YEHHA N BU3HAYAIOTh 3 HAXM/TY OfjeP>KaHol
kpusoi (Puc. 3) [27, 30]:
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logP =1logA + nxlogd.

OpepxaHi 3HaueHHA iHJeKCy Meitepa
IJIA KepaMiK Ha OCHOBI TBEPAUX PO3YMHIB
Ag, P GeS]1 3HaxomATbCA B MeXax n =
1.78 + 1.81, 110 BKa3ye Ha peaisanilo y ux
3paskax IpsAMOro poaMipHoro edexty. Bin-
HOBigHO J0 Kracudikanii, mpeacraBnaeHoi y
[28, 29], marepianu 3i 3HaueHHAM n = 1 + 1.6
BiIHOCATD 1O TBepAUX MarepianiB, an > 1.6 -
1o M'AKMX MarepianiB. OfepxaHi pe3yabTaTn
BKa3YIOTh Ha IIPMHAIEXHICTb JOCTIKYBaHUX
KepaMiK JJo M'sKIX MaTepiais.
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Puc. 3. 3anexsictp norapucmy P Bix morapudmy moBxuHM AiaroHasui Bifoutka

ingenTopa d 3a 3akoHOM Meiiepa
Fig. 3. Dependence of the logarithm of P on the logarithm of the length of the diagonal
of the indenter imprint d according to Meyer's law.

Ina migTBepIpKeHHA OfepKaHUX [JaHUX
IIOJJ0 HAsABHOCTI IPAMOTro po3MipHoOro edek-
Ty Ta 3HaUeHb BJIACHOI («CIIPaBXHbOI») TBEP-
JIOCTi Y paMKax 3alpoIOHOBaHOI y [27, 29]
PSR-moperni (proportional specimen resistance
model). 3rigHo 3 Mmogemno PSR HaBaHTa)KeH-
HA Ha iHgeHTOp P Ta po3smip ofepkaHOro Bifi-
6utka d mop'A3aHi MDK CO00I0 HACTYIHUM
CIIiBBiJHOIIIEHHSIM:

https://ucj.org.ua

const X dZ

P=a xd+axd=a xd+ —=_
1.8544

Jie, a Ta a, — CTaJli, [0 BPAXOBYIOTh MPYXXHIO

Ta IVIACTUYHY AedopMaliilo JOCIiKyBaHOTO

marepiany, d — po3Mip BigbuTka iHZeHTOpa Ta

P_ .~ IPUK/Ia/ieHe HA iHIEHTOP HAaBaHTAXKEH-

Hs, TIPU AKOMY MiKPOTBEP/IICTb CTa€ He3amexX-
HOIO BiJ HaBaHTa>XeHHH.
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Puc. 4. Tpadik sanexxnocti P/d sin d ps xepamiunnx marepianis Ag, (P, Ge )S.I
Fig. 4. Graph of P/d versus d for ceramic materials Ag,_ (P, Ge )S.I.

I BCTaHOBJIEHHS BigNOBIgHMUX 3Ha4YeHb
BJIaCHOI («CIPaBXXHbOI») TBEPAOCTI MOOY/O-
BaHO Trpagiky 3a/eXHOCTI Y KOOpPAMHATAX
P/d - d (Puc. 4). Bci 3aneXHOCTi € MiHITHIMMY,
110 BKa3ye Ha iCHyBaHHA IPSAMOIO PO3Mip-
HOTro epeKTy y VX KepaMiqYHMX 3pa3Kax.

3HavyeHH: HaxMTy ofiepkaHoi kpusoi (P/d?),
IIOMHOXXEHII Ha Koe(il[ieHT NepeTBOpeHH:A
Bikkepca (1.8544), nae nudposi 3HaYeHHS Mi-
KpOTBEPHOCTi, HE3a/IeXKHOI BiJi HaBaHTaXKEH-
HA. OpepkaHi 3HaueHHs BJIACHOI TBEPHOCTi

108

H, nna tBepaux posunnie Ag, P Ge S.1 (x =
0, 0.25, 0.5, 0.75) cranosnaTh 735.3 H/MM?,
651.5 H/mMm?, 703.6 H/Mmm? Ta 616.4 H/Mmm? Bif-
nosigHo (Puc. 5).

MiKpoTBepAicTh YCiX JOCTIKYBaHNUX TBEP-
mux posunHiB Ag, P GeSI (x = 0.25, 0.5,
0.75) € HIDKYOIO 3a BIJIIOBigHE 3HAYEHHs iH-
muBigyanbHoi Ag PS.I. Takox cmocrepiraemo
He3HayHe 3pOCTaHHs 3HadyeHb H st TBepno-
ro posunny Ag P .Ge S.I(Puc.5). Onepxani
pe3y/IbTaTy BIaCHOI MIKpOTBEPAOCTI Kepamiy-
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HIUX 3pa3KiB TBepaux posumnis Ag. (P, Ge)
S.I 0y/10 TOPIBHAHO 3 BIiANIOBIZHMMY 3HaYeH-
HSIMU MOHOKPUCTa/IiuHuX 3paskis [31]. Bcra-
HOBJIEHO, IO KepaMiuHi 3pasKu BOJIOJIIOTH
HIDKYMMM 3HAYeHHAMM MikpoTBeppocti H
MOPiBHAHO 3 AHAJIOTIYHMMI MOHOKPUCTAJIIY-
HuMU 3paskamu [31], a pisHuI MiKpoTBep-
JOCTeN 3HaXOAUThCA y MexXax ~ 25-30%. Ogp-
HaK 3Ha4YeHHA iOHHOI INPOBITHOCTI TBEpAUX
posunnis Ag, P GeS.l y dopmi kepamik
(4.8x10?% Cm/cM) € ciiBpO3MipHMMY 3 TIPOBIifI-
HICTI0O MOHOKPMCTATiYHNUX 3paskKiB (2.88x107
Cm/cm) [32].

Ockinbky BIACTMBOCTI KepaMik 0e3ro-
CEpeNHbO 3aJIeXKATh Bifl IPOLECY PEKpUCTa-
misanii, TO A OLIHKM JIOrO IPOXOJ KEHHS

3[IiICHEHO BM3HAYE€HHsA Ta aHa/i3 IOPUCTOCTI
omepxaHux Kepamik. I[Topucricts (P) kepamik
Ag, P _GeS.I 6yno pospaxoBaHO fK CIIiB-
BiIHOLIEHHA €KCIIepVUMEHTAIbHOI (pem) Ta
peHTreHiBepKoi (p, . ) TYCTMHM BiAMOBIHNX
CKJIaJiiB TBEPAMX pOo3uMHiB. ExcriepuMeHTab-
Hy TYCTMHY OJi€p)KaHMX KepaMiK BU3Had4a-
Y METO[IOM Ti[pOCTaTUYHOIO 3BAXKYBAHHA.
BcranoBeHo, 1110 ofiepKaHa KOHLIEHTpaLliliHa
3aJIeXHICTD € HenmiHilHOMW0. [Ipn nepexopi Bix
inguBigyanbHoi ciomyku Ag PS.I (P = 8.7 %)
no TBepaux posunuis Ag. P, Ge S.I(x=0.25,
0.5, 0.75) criocTepiraeMo 3MeHIIIeHHs 3HaUYeHb
IIOPUCTOCTI KepaMiK TBEpPAMUX PO3YMHIB [0
piBHA 6.3% (x = 0.25), 6.9% (x = 0.5) Ta 6.0%
(x=0.75) (Puc. 5).

20 750
P, % Ag,, P, Ge,S H,, H/mM®
i | \ / 4700
10 - 650
[ J
\./.\:
5L : : : : . : ' 600
0.0 0.2 0.4 0.6 0.8
X

Puc. 5. KonuenrpaniitHa 3anexxHictb mopucrocti P ta BracHoi tBeppocti Hj kepamik
Ha OCHOBI TBepaux posunHiB Ag. P Ge S.1
Fig. 5. Compositional dependence of porosity P and microhardness H,
of Ag. P, Ge S.Isolid solution-based ceramics.

J/Is1 KOHLIEHTPpALiiHOI 3a/IEKHOCTI MiKpO-
TBEPHOCTi Ta IOPUCTOCTI KepaMiK Ha OCHOBI
TBepaux posumuiB Ag P GeS.I cmocre-

https://ucj.org.ua

piraemMo TopibHYy TeH[eHIil0 3MiHM 3HaueHb
(Puc. 5). TakuM 4YMHOM BCTAaHOBJIEHO, IO
36inpuienHA BMmicTy [epmaHilo y KepaMidHuX
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MaTepiajax TBEpAUX PO3UMHIB AgMPl?(GeXSsI
IPU3BOJUTD O 3pOCTaHHA MOPUCTOCTI MaTe-
piaziB, pe3y/lbTaTOM 4YOIO € 3MEHIIEHHA Bifi-
MIOBIJHMX 3HAa4€Hb MiKpPOTBEPOCTI.

BIMCHOBK/I. MeTopoM XONOJHOTO Mpecy-
BaHHs (P ~ 400 MIIa) mikpormopoikis i3 mo-
manbpinM BigmanoM (650 °C) ofgep>kaHo Kepa-
Mi4YHi MaTepiasy Ha OCHOBI TBEpAMX pPO34YMHIB
Ag. P _GeS.I (x =0, 0.25, 0.5, 0.75). Jlocmi-
IPKEHHA MIKPOTBEPHOCTI OfIEP>)KaHMX KepaMiK
Ha OCHOBI TBEPAMX pO34MHiB AngHEGeXSSI
BKa3y€ Ha NPUCYTHICTb NMPAMOTO pO3MipHOTO
edeKTy, 110 IPOABIAETHCA Y 3MEHIICHH] 3Ha-
4yeHb MikpoTrBeppocti H npm spocranHi Ha-
BaHTaXeHHA P Ha iHfleHTOp. 32 offep>KaHUMU
3HauYeHHsAMU iHJekca Meitepa (n = 1.78 + 1.81)
BCTAHOBJIEHO, 110 JOCII/DKYBaHI Marepiann
HajieXaTh [0 M'AKux MarepianiB. KoHIeH-
TpallifiHa 3a/Ie)KHICTh MIKpOTBEpHOCTI BKa-
3ye Ha Te, 10 30inblIeHHs BMicTy [epmanito
y KepaMiYyHIX MarepiajlaX TBEPAUX PO3YMHIB
Ag, P GeS.I mpusBoguth [0 3pOCTaHHA
IOPUCTOCTI MaTepialiB, pe3y/lbTaToOM 4OIo €
3MEHIIEHHA BiINIOBiHNX 3HaY€Hb MIKpOTBEP-
IIOCTI.

=, HocmigKkeHHa 3[iliCHEHO B paMKax

= HAyKOBO-JOCTiHOTO HPOEKTY, SAKMII
¢dinancyrorp y Mexxax Qonay pgep-
»asHoro 61omkery «Hosi cynepionni
NPOBiJHNKNM HAa OCHOBi apripopuris
WA BHUCOKOe(EKTUBHUX TBEPHO-
eIeKTPOITMYHUX [ Kepeln eHeprii»,
Aep>)KaBHMII PeeECTpaliiiHnii HoMep:
0121U109484 ta «HoBi Bucokoedek-
TUBHi Ag" mpoBifHi MaTepianu Ha oc-
HOBI CIIOTYK CTPYKTYPHM apripogury»,
Aep>KaBHUI PpeeCTpaLiiHNiI HOMep:
0121U107680.
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MICROHARDNESS OF CERAMIC MATERIALS

BASED ON Ge-DOPED ARGYRODITE Ag,PS.|.

M.]. Filep**, A.I. Pogodin’, 1.0. Shender’,
T.0. Malakhovska', V.S. Bilanych’,
O.P. Kokhan!

'Uzhhorod National University,

46 Pidgirna Street, 88000 Uzhhorod, Ukraine;
’Ferenc Rakéczi 1I Transcarpathian Hungarian
College of Higher Education,

6 Kossuth Sq., 90200 Beregovo, Ukraine,
e-mail: mfilep23@gmail.com

This paper presents the preparation of mic-
rocrystalline powders of AgPS.I, solid solu-
tions of Ag, P, Ge S.I(x=0.25,0.5,0.75) and
ceramic materials based on them. The micro-
hardness of the ceramic samples was measured
and the effect of heterovalent substitution of
P>*Ge** on the mechanical properties of the
studied samples was determined.

The synthesis of initial Ag PS.I and neces-
sary for doping Ag GeS,I was performed from
the high purity elemental components (Ag, P,
Ge, S) and previously synthesized binary Agl.
Solid solutions of the Ag_ P, Ge S.I (x =0.25,
0.5, 0.75) composition were synthesized from
previously synthesised Ag PS.I and Ag GeS.I
taken in stoichiometric amounts by a direct
one-temperature method. As a result, poly-
crystalline bulk alloys of Ag P, Ge S.I solid
were obtained.

Microcrystalline Ag, P, _GeS.I powders
were obtained from the synthesized polycrys-
talline alloys by mechanical grinding (agate
mortar). The powders were sieved through
sieves with a pore size of 20 um and 10 pm
to obtain a fraction of crystallites with a size
of 10-20 um. The phase composition of the
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obtained powders was studied by means of
XRD method. It has been found that the pow-
der patterns of the studied samples are cha-
racterized by the presence only of one system
of reflexes corresponding to the face-centred
cubic cell with SG F-43m.

The resulting micropowders were pressed
(P ~ 400 MPa) in the form of discs and an-
nealed at 650 °C in vacuum quartz ampoules.
The microhardness of the ceramics obtained in
this way was measured by the Vickers method.
For all ceramics, a decrease in the microhard-
ness H is observed with an increase in the
load P. This indicates that a direct size effect
is observed for ceramics made on the basis of
solid solutions of Ag_ P, Ge S.I. The obtained
values of microhardness ataload of P> 1-1.5N
are independent of the load, which indicates
the achievement of intrinsic hardness.

Meyer's law was used to further analyze the
microhardness and size effect of Ag_ P, Ge S.I
solid solutions. The obtained values of the
Meyer's index for Ag P, GeS.I based ce-
ramics are in the range n = 1.78 + 1.81, which
demonstrates the implementation of a direct
size effect in these samples and indicates that
the studied ceramics belong to soft materials.
The concentration dependence of the micro-
hardness indicates that an increase in the Ger-
manium content in ceramic materials of solid
solutions of Ag_ P, Ge S.Ileads to a decrease
in the microhardness of the materials.

Keywords: argyrodites, ceramics, micro-
hardness.
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Metofgamu e/1eKTPOHHOI MiKpOCKOIIii, peHTTeHiBCbKOI crieKTpoMeTpii, MetogoM BET Ta
rajIbBAHOCTATNYHO-IIOTEHIIIOCTaTUYHMM IUK/TYBAaHHAM JOCTIKEHO BIUINB IIPUPOJIN €/IEeKT-
pornposifHux rpadiToBux Ta rpadeHOBMX [OMIIIOK o mimineni LiMn, O, 3 pisnum cTynenem
IMCIIEPCHOCTI, CKIaZioM Ta MOPGOJIOTi€l0 Ha MOBEPXHEBMUIT PO3IIO/i/T €/IEMEHTIB Ta 34aTHO-
CTi 0 IMK/TyBaHHA KOMIIO3MLIIHMX KaTOGHMX MaTepiasliB Ha IXHill OCHOBi IIPU CTPYMOBUX
HaBaHTa)XeHHAX Y Aianas3oHi 0,5-8 C. BcTaHOBNIEHO BIUIMB CTYNEHA JUCIEPCHOCTI IITiHEN1
Ha MOPQOJIOTi0 OBEPXHI €IeKTPOAIB, BMICT KapOOHOBOJI CK/IaI0OBOI Ta PO3MOMII MAHTaHY i
KJCHIO, 5IKi 6epyTh y4acTb B e/IEKTPOAHUX OKVMCHO-BITHOB/IIOBAIbHUX PeaKI[isiX. 3a/lIe>XKHICTh
CTYIIEHS AVICIIEPCHOCTI Ta CTaHY OKVICHEHHA MaHTaHY HOOpe Y3TOIPKY€EThCs 3 pe3y/IbTaTaMu
3aJIEXKHOCTI MMTOMOI EMHOCTI BiJj TYCTUHM CTPYMY PO3PALRY /1A KOMIIO3UTHUX €IEKTPOJIB.

KniouoBi cnoBa: rpaden, rpadit, pinknit a3or, MmIIiHeIb, EMHICTD, TOPYBATICTh, IUTOMA

IIOBEPXHA.

BCTVYII. Cyu4acHi niTili-ioOHHI I)Kepena CTpy-
MY €, IEBHUM YMHOM, €KCK/II03VBHMM Jlifiepa-
MU Ha PMHKY XiMIYHUX JPKepeJl CTPyMY Ta IIpU-
CTpOIB 30epe>KeHH: eHeprii B 6araTbox raayssax
npomucnoBocti ta IT-texnonorisx [1]. Arme
He3Ba)kalouy Ha CTPIMKNUI PO3BUTOK IXHBOTO
BUKOPVICTaHHS, € BCe IIle 6arato HeBMPIillleHNX
NIUTaHb, sKi ITOB’s3aHi 3i 3BOPOTHOIO iHTepKa-
NALi€I0/AeiHTepKaALIEI0 JIiTiI0 B €N1eKTPof-
HUX MaTepiazax, sika 0OMeXXye IOTY>KHICTb Ta

eHeproeeKTUBHICTb 1MX cucteM. Po3pobiieH-
HA HOBMX KOMIIO3UIIiN JI/IA KaTOJHUX MaTepi-
a7liB € OIHVM 31 IIIAXIiB MiJBUILEHHA I'yCTUHA
€Hepril Ta IOTY>KHOCTI, a TaKO)X K/IOYOBUM
(dakTOpOM I BU3HAYEHHS HPOAYKTUBHOC-
Ti Ta 6e3meKn NiTii-ilOHHOTO [PKepena CTPyMy.
ToMy BUBY€HHA HOBUX KaTOJHNUX MaTepiasiB €
Ha CbOTOJHI aKTYa/IbHIM 3aBIAaHHAM (2, 3].
Haii6inpur mommpeHuM Cy4acCHMM KaTof-
HUM MaTepiajJloM € HaHOCTPYKTYpPOBaHMIA
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BB NPUPOAN ENEKTPOMPOBIAHOI AOMILLKW HA EMHICHI BNACTUBOCTI TA CTIAKICTb
[0 CTPYMOBUX HABAHTAXEHb KATO[HUX MATEPIAJIB HA OCHOBI LiVn,0,

LiMn O,, sxnii, mpoTe, Ma€ BEMUKY Bajy, [0
IIOB’s13aHa 3 HEKOHTPO/IbOBAaHNM HeOaXaHUM
PO3YMHEHHAM MaHTaHYy, 10 BXOAUTD O CK/Ia-
Iy LIIiHe Ta 3MIHIOE e/IeKTPOXiMidHi IIOKa3-
HUKM Karofa [4]. Bymm moBimomieHHA, 1o
nokputtss LiMn O, nanovactunkamm (NP)
AL O, nmonmomarae MOM SKIIMTU BUIIE3rajjaHi
npo6jemu, ajie py IIbOMY LIBUJKICTb iHTep-
Kasswii itito 6yze cniosinpHeHOMO [5]. 2D-Ha-
HOMAaTepiany Ha OCHOBI BYITIEIIIO BBa)KalOTh
Oi/IbII HAMIMHUMIY KOMIIOHEHTAMM KOMIIO3M-
LIi¥1 114 IOKPaLlleHHA B3a€EMOJii 3 YaCTUHKaMUI
nitito [6], sika cTabinizye po6oTy 1miHETBHOI
KOMIIOHEHTM 3aBIAKM IXHIN OiIbIIil CTiiIKO-
CTi B OKVMCHO-BiJHOB/IIOBA/IbHUX €7IEKTPOJHUX
npolecax. Takox 1i MaTepiaiu MalOTb BeIu-
Ky IUIOLLY TIOBEPXHi Ta J06pYy MexaHiuHy MiIl-
HICTb, 1IJ0 3HAYHO IOJIIIIYy€E KiHETUYHI IT0Ka3-
HUKM €/IEKTPOSHMX PeaKIliyl Ta IXHIO CTiMIKiCTh
0 BUCOKMX CTPYMOBMX HaBaHTa)KEHb.

Tomy MeTO!0 11bOTO fOCTIHKEHHA OYIIO0 T1O-
PIBHAHHA BIUIMBY €1€KTPONPOBIIHUX [OMi-
IIOK Ha OCHOBI rpadeH- Ta rpadiTBMiCHUX Ma-
TepianiB Ha (GOpMyBaHHS NUTOMOI IOBEPXHIi
€JIEKTPOJIB Ta €MHICHI MOKa3HMKM KaTOJHUX
MarepiasiB Ha ocHOBi LiMn, O,.

EKCHHEPVMMEHT I OBI'OBOPEHHA PE-
3YJIBTATIB. SIx rpaden- Tta rpadiTBmicHi
Marepiam 0y/10 BUKOPUCTAHO rpadeH, AKMit
Oyno cuHTe30BaHO B azoTHOMY (G-N) Ta Bozi-
Homy cepenouii (G-H,0O) sa meronnkorwo,
OIMCAaHOK y poboTi [7], Ta eneKTpOBYTiNb-
Huti rpagit EYZ-M ("3aBamtiBcbkuii rpagit’,
Ykpaina). Enexrpomu misa enekTpoxiMiuHMX
BuUIpoOyBaHb ckmagamicsa 3 80 % aKTUMBHO-
ro marepiany LiMn,O, (XIIM - orpumana 3
XiMiYHOTO JiOKCMAYy MaHraHy Ta KapOoHary
niTilo; KapbOHAaTHAa — OTpMMaHa 3 TiPOKCi-
KapOOHAaTy MaHTaHy Ta KapOoHaTy JIiTilo),
10 % enexrponpoBigHoi gomimkyu C-NERGY
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Super C65 (Imerys, ®panmnia) ta 10 % moi-
BiHinifeHndropuaHoro cnonyuHoro Solef 6020
(Solvay, benvbris). [papenn (G-N), (G-H,O) Ta
enekTpoByrinpHuil rpadir EYZ-M ("3aBan-
niBchKUI rpadit’, Ykpaina) BBOAMIN B eJeK-
TPOJ, LUIIXOM 3aMiHM 4acTuHM Super C65 Ha
Bi[IMIOBiIHY Ki/IbKIiCTh BUIeNepenidYeHux Jo-
MIIIOK. Y BCiX BMIIQJJKaX CyMilll €IEKTPOIIPO-
BimHUX mob6aBok ckmamana 1:1. Ik ocHOBHMUIT
€IEKTPOJIIT BUKOpUCTOBYBamm 1 M posumny
rekcadropdocdary mirito LiPF, (Gelon, Ku-
Talf) y CyMillli pO3YMHHMKIB eTMIeHKapOoHa-
Ty (EC, 98%, Aldrich) i pumeTrnnxap6onary
(DMC, 99%, Aldrich) 3a ixaboro 06’eMHOro
criBBigHOmIEeHH 1:1.

ITuToMy NMOBEpPXHIO Ta MOPUCTICTb CUHTE-
30BaHuX rpadeHiB BU3HAYa/IN 32 i30TepMaMu
ajicop6uii/mecopbuii asory 3a ZOIOMOro0
npunagy ASAP 2000 (Micromeritics, CIIIA).
ITepen BuMiprOBaHHAMM IIPOBOAWM/IN Jerasa-
1110 3pasKiB yrpoposx 20 roz 3a TeMIiepary-
pu 150 °C.

11 OTpUMaHHA JIOKa/lIi30BAHOIO XiMiy-
HOTO aHaJIi3y IOBepXHi OylI0 BUKOPUCTAHO
CIIEKTP PEHTIEeHIBCHKOIO BUIIPOMIHIOBaHHA
TBEpPAUM 3pa3KoM Iicist 6ombapayBaHHs ¢o-
KYCOBAaHMM IIy4KOM €/IEKTPOHIB Ha €JIeKT-
pornHoMy mikpockomni JEOL F-6301 i3 pentre-
HIBCBKUM cHeKTpoMeTpoM. KinbKicHMII aHa-
M3 (BM3HAUYEHHS KOHI[EHTpAIil NPUCYTHIX
€/IeMEHTIB) IPOBOAMIN HIIIXOM HNOPiBHAHHA
BUMIPIOBA/IbHUX JIiHI 1HTEHCUMBHOCTI [/
KO>KHOTO €7IEMEHTa B 3pasKy Ta I TUX ca-
MUX €/IEMEHTIB y CTaHfapTax KaaiOpyBaHH:A
3 BifomuM cknagoM. TouHicTh BUMipIOBaHHA
cknagana + 2%.

lampBaHOCTATVYHI BUIIPOOYBaHHA IIPOBO-
IVIA B MAaKeTHIX 3pa3Kax €/IEMEHTIB [JUICKOBOI
KOHCTPYKIii rabaputy 2016 Ha 3apsaf-pospss-
Hill YCTaHOBL J/IA XIMIYHUX JDKEPEN CTPyMy
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(Neware, Kuraii). lluknyBaHHS IpOBOAVIIN
B KOMOIHOBAaHOMY Ta/IbBaHOCTaTMYHO-IIOTEH-
L[IOCTaTUYHOMY PEXUMI 3apAAy 3 IMOTEHIIOC-
TaTUYHUM YTPUMaHHAM Ha IPAHNYHIN 3apaz-
Hiil HAIIPY3i 4O BCTAaHOBJIEHHA MiHIMa/lTbHOIO
3a/IMIIKOBOTO CTpyMy 50 MKA Ta B rajbBa-
HOCTaTMYHOMY pexXuMi pospapy. [ianason
Hallpyr¥ UMKIYyBaHHA CTaHOBUMB 3-4,5 B.
CTpymu UUK/TyBaHHS BUPaXKany B OSMHUIAX

C (1C =148 MA/r).

OTpuMaHi 3Ha4eHHSA NUTOMOI IIOBEpPXHi
VISl CUHTe30BaHUX IpadeHONoiOHNX CTPYK-
TYp CTaHOBIATH 231 27,7 M?2/T BifIIIOBiZHO /1A
G-N i G-H,0O (ra6m.1). [lna Bcix 3paskis 110-
PYBaTiCTh € HEBMCOKOIO i 1 BU3HAYAIOTDH 37I€-
617pIIIOrO HASABHICTIO MIKPOIIOp pajiycoM Io-
Haz 100 HM, X0Ya IPUCYTHA i HEBEIMKA Ki/lb-
KICTb M€30IIOp Pi3HOTO pO3Mipy, OfHAK IXHIi
BHECOK Y 3arajibHy IIOPYBaTiCTb € HE3HAYHUM

(puc.1a, 6).

Ta6mms 1
IToBepxHeBi xapakTepucTuku rpadenis
Table 1.
Surface characteristics of grapheme.
3pas3ok S,,.o M1 Vmp, cm’/t o (BJH), am
G-N 23 0,241 2,1
G-H,0 27,7 0.271 4,2
200+
= G-N t
150 = G50 T
“g 1001 / e .
:
50 N4
- .'.'i.--"‘/::‘r
PP = =~ =
0
00 02 04 06 08 10 100
p/p, Mops HM
a 6

Puc. 1. Isorepmu aficop61uiii/mecop61iii a30Ty Ta KpuBi po3nofieHHs nop rpadeHis, 10 CMHTe30BaHi
I/Ia3MOBO-JyTOBMM METOJIOM i3 PiIKOT0 a30Ty Ta BOAU
Fig. 1. Nitrogen adsorption/desorption isotherms and pore distribution curves of graphene synthe-

sized by the plasma-arc method from liquid nitrogen and water.

https://ucj.org.ua
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BN/IUB NPUPOAN ENEKTPOMPOBIAHOT AOMILIKM HA EMHICHI BNACTUBOCTI TA CTIKICTb
[0 CTPYMOBUX HABAHTAXEHb KATO[HUX MATEPIAJIB HA OCHOBI LiVn,0,

Y BUITIAAI aKTUBHOI JOMIIIKM JIO eJIeKT-
POHOI KOMIIO3MIII BUKOPUCTOBYBA/IM [iBa
Buan wmnideni: XJIM - ue cdepnuni arpera-
U po3MipoM 10 40 MKM, AKi CK/Ia[JalOThCA 3

'4;;

..g

20.00kV

EYZ-M

WD=16.0mm x1.00k

:
20.00KV 3

G-N

Ho6pe KpUCTaai30BaHNX YaCTMHOK pO3MipoM
100-200 HM, Ta KapOOHATHOI 3 pO3MipOM Yac-
tuHOK 200-500 uM (Puc. 2).

20.00kV

G-H,0

X100k 50} ok

Puc. 2. CEM KOMIIO3UTHUX €/IeKTPOJiB i3 KPYIIHOAUCIIEPCHOO ILITiHEeTIO
Fig. 2. SEM of composite electrodes with coarsely dispersed spinel.

Ha xoxxHOMY 3 puCYyHKIB (puc. 2) 300paske-
HO BeJIMKi arperatu po3aMipom 0/m3bKo 35 MKM,
10 BiJIIOBIflA€ 3asABJIEHNM pO3MipaM IIITiHEi.
[ToBepxHs enekTpopiB i3 joMilkamy rpadeny

MaloTh nofibHy Mopdororito. 3 iHmoro 60Ky,
Ha 3pasKax i3 rpadeHaMu MOXKHa IIOOAYNTH Ha-
Oararo 6i/1bIle YaCTMHOK po3Mipamy 5-10 MKM
NOpiBHAHO 3i 3paskoM 3 EYZ-M.

20.00kV

EYZ-M

G-N

x1.00k

GHO

Puc. 3. CEM KOMIO3UTHUX €IEKTPOIB i3 ApiOHOANCIIEPCHOIO H.Il'IlHe}I}IIO
Fig. 3 - SEM of composite electrodes with finely dispersed spinel.

Y 3paskax i3 IpiOHOAUCIIEPCHOIO IITTiHEITIO
¢ixcyemo 3miny Mopdonorii noBepxHi enext-
poniB (Puc. 3). A came 3i 3MiHOI0 €IEKTPOIIPO-
BiIHOI JOMILIKY 3MiHIOETbCA 11 OJHOPiAHICTD
noBepxHi. Hait6inb11 ofHOPIAHOIO € TOBepXHs
3 oMimKamu rpadeny, Akuit 6yn1o CcMHTe30Ba-
HO 3 BOJHOIO CEpeNoBUIA, IO BiPi3HAETHCA

118

Bi[JICYTHICTIO BEIMKUX Me30IOp i3 piBHOMIp-
HJM POSIIOJI/IOM KOMIIOHEHTIB CyMilli 110 I10-
BepxHi. Haiibinbmi po3mipn Mesonop crocre-
piraemo y 3paskax i3 rpagitom, 10 3yMOBJIEHO
PO3MipOM 4aCTUHOK rpadiTy, KWL, CBOEI0 Yep-
rOX0, 3yMOBJ/IEHUII CTYIIEHEM JIOr0 MeXaHI4HO-
r0 po3poOIeHHs i 3HAXOUTHCS B MeXKax 50—
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250 MxM. 3rigHo gannx CEM-aHani3y, KiZIbKicTb
Me30II0p Ha IOBEPXHi KOMIIO3UIIIIHUX €/IeK-
TPOAiB 3pocTae HacTynHuM umHoM: EYZ-M<
G—NSG—HZO, MaHrany EYZ-M> G-N> G—HZO,
kucHio EYZ-M> G-H,0O > G-N (Ta6n. 2). Haii-
MEHIINI BMICT KJMCHIO CIIOCTEPIraeMo B 3pas-
Kax i3 rpadeHoM, AKmit OylI0 CHHTE30BaHO 3
cepefioBMIA pigKoro asory. PospaxyHkmu ma-
COBOrO cIiBBimHOIIeHHA Mn : O BCTaHOBUIH,

110 MiHIMaJIbHA KIZIbKICTh MOJIEKY/I KMCHIO Ha
1 MoJeKy/ly MaHTaHy IIpUIIAJIa€ HA 3Pa3KM 3
rpagiroMm, a MaKCMMa/lIbHa — Ha 3pa3Ki 3 rpa-
deHOoM, 10 CMHTe30BaHMUII 3 BOJHOTO Cepefio-
Buia. To6To, B 3paskax i3 rpadiromM MaHran
3HAXOAMTHCS B OiIBII BiJHOBIIOBa/IBHOMY CTa-
Hi, @ MaKCYMa/IbHO OKVMCHEHMII CTaH MaHIaHY
CIIoCTepiraeMo B 3pasKax i3 rpageHoM, 1o O6yB
CUHTE30BaHWI1 3 BOJFHOTO CepPEIOBUIIIA.

Tabmuia 2

KoMnoHeHTHNIT cKlaj NOBEepXHi KOMIO3UIIHUX e€1eKTPOAiB KPYHHOAVCIEPCHOL

HImiHesnri

Table 2.

Component composition of the surface of composite electrodes of coarse spinel.

3 fobaskoo EYZM, %

3 go6aBkoio G-N, %

3 106aBKOIO G-H,0, %

C 61,69

Mn 11,99

@) 26,33

Mn: O 1:8,2
N _

67,53 68,43
6,13 6,80
20,31 24,52
1:11,6 1:12,8

4,73 -

Y Bumagxy papibHopucrepcHoi mImiHeni
3aJIeKHICTh BMiCTy KapOOHY Ha IOBEpXHIi
Mae aHTMOATHUII XapaKTep BiJHOCHO 3pasKiB
i3 kpynHopucnepcHoro mmiHeno EYZ-M>
G-N>G-H,O rakopesnioe 3 KiIbKicTI0 Me30TI0p
Ha moepxHi (Ta6nm. 3, Puc. 3). A cryniup
Bif[HOBJIEHHA MaHTAaHy € HalOimpmum y
3pasKax i3 rpadeHamy, sAKi Oy/10 CMHTe30BaHO
3 BOJHOIO CEpeloBMIA, a MaKCUMAaJIbHUI
CTYIIiHb OKMCHEHHS CIIOCTEPIraeMo B 3pasKax
i3 rpagirom. Takum YMHOM CTyIiHb JuC-
HepCHOCTI mImiHesni € GaKTOpOM, IO PeTYIIIoE
KiZIBKiCTh KapOOHOBOI KOMIIOHEHTM Ha IIO-
BepXHi Ta CTYIiHb OKVCHEHHs MaHTaHy, TOOTO
3[JaTHICTb KOMIIO3MIIIIIHOTO Marepiany Jo
YTBOPEHHA €MHOCTI Ta CTI/IKOCTI B OKMCHO-
BiJIHOBJTIIOBaJIPHUX €/IEKTPOJHUX ITpoljecax [9].

IIpy pocmimKeHHI 3a/MeXHOCTI NMUTOMOI

https://ucj.org.ua

emuocti LiMn O, Bif HOMepa nmkny 3a pis-
HUX TYCTMH CTPyMY PO3pPAAY BCTAHOBJIEHO,
mo i mmideni XM (puc. 4, a) Bci 3pasknu
MAIOThb BifIHOCHO O/IM3bKY MMTOMY €MHICTD 32
ryctuHn cTpymy 8,5 C, AKa cKragae 01m3b-
ko 30-36 MArop/r. [lemo 6impily €MHICTb
Ma€ KOMIIO3WTHUII eleKTpof i3 rpadeHoM
G-H,O, mo Kopenwe 3 MakCMMaNbHUM CTY-
IIeHeM OKVCHEHHS MaHTaHy B 3pasKy. 3 Hif-
BUIIEHHAM CTPYMOBJX HaBaHTa)KeHb (IIOHAJ
4C) pisHuIA BTpaTy NMUTOMOI EMHOCTI IIbOTO
3pa3ka Ha 10 % moBinbHilIA BITHOCHO IHIINX
3paskiB. Ilicnsa mpoxomkeHHs BUIPOOyBaHb
pu noBepHeHHi o cTtpymy 0,5C y Bcix 3pas-
KaxX NMpKOIM3HO OJHAKOBA IMMTOMA €MHICTD —
6m3pKko 115-118 MAroOp/T, iIKa € MPaKTUYHO
IIEHTUYHOIO O OTPMMAHOI Ha ITOYATKy LIMK-
TyBaHHA.
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Tabmuusa 3

KomMmoHeHTHMIT CK/Ta[, TOBEPXHi KOMIO3UIHIHMX €IeKTPOHiB ApiOHOAMCIIEpCHOT
mmniHeni

Table 3.

Component composition of the surface of composite electrodes of finely dispersed spinel.

3 no6aBkow EYZM, %1 3 to6aBkor G-N, % 3 mo6askoro G-H, O, %

C 58,18 54,15 41,78
Mn 9,95 13,11 18, 32
O 31,87 31,53 39,90
Mn: O 1:11,1 1: 8,42 1:7,6
N - 1,21 -
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Puc. 4. 3anexxnocti muromoi eMHocTi LiMn O, Bif rycTuHm CTpyMy po3psafy /il KOMIO3UTHUX
eNIeKTPOIiB i3 pisHMMM goMitnkamu: a) mminens XIM; 6) mmiHenb kKap6oHaTHA
Fig. 4. Dependencies of the specific capacity of LiMn,O, on the discharge current density
for composite electrodes with various impurities:
a) spinel XDM: 1 - G-N; 2 - G-H,0; 3 - EYZ-M;
b) carbonate spinel: 1 - G-N; 2 - G-H,0; 3 - EYZ-M.

AHanmi3 OTpPUMMAaHMX XapaKTEPUCTUK I
KapOoHaTHOI mmiHem (puc. 4, 6) moxasye,
o 3a ryctuau crpymy 0,5 C nuroma eMHICTb
IPAaKTUYHO He 3a/IOKUTHh Bif Tuiy rpadeny
i Ha 1 mukm ckmagae 114-115 MmAron/r. 3i
3617IbLIIEHHAM TYCTMHU CTPYMy CIIOCTepira-
I0Tb 3MEHILEHHA IUTOMOI EMHOCTI, sIKe 3aje-

120

XUTDH Bif Tumy rpadeny. 3a ryCTMHN CTPyMy
8 C nHaliMeHIlIa BTpaTa MUTOMOI €MHOCTI Xa-
paKTepHa [Il KOMIIO3UTHOIO €NIeKTPOAY 3
rpadpeHom G-N i ckimagae 27 %. KommnosuTHumit
enextpoy i3 rpadenom G-H,O Brpayae 50 %,
a 3 rpaditom EY3M - 100 % Big HOMiHaNMBHOI
€MHOCTi. 3arajbHOI PHUCOI0 BCiX KOMIIO3M-
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TiB i3 IIi€I0 IIIMHEII0 € MOCTIiNHE, OPiBHA-
HO IIBUJIKE, 3HVDKEHHA IUTOMOI €MHOCTI IpK
LUMKIYBaHHI, 110 € BIACTUBICTIO CaMe LIbOTO
3paska LiMn O,. Takoxx y KOMIIO3UTaX i3 Tpa-
diTom, le MaHTaH 3HAXOAUTHCS B MAKCHMAJIb-
HO OKMCHEHOMY CTaHi, IIpM BUCOKUX CTPYyMO-
BIIX HaBaHTaXeHH:AX (moHay 4C) cnocrepirae-
MO IIBUJAKY BTPaTy €MHOCTI.

BVMCHOBKJ. JlocnimKeHO NUTOMY IIO-
BEpXHIO I'padeHOBMX CTPYKTYp, fAKa CKIala
23 M’/t pna G-N Ta 27,7 m*/r gna G-H)0, Ta
IIOPYBATIiCTh, 1O CKIajana 6mmspko 100 HM
LA BULIEeNepeiYeHnx 3paskiB. BcranosieHo,
110 CTYIiHb AUCIEPCHOCTI IIIiHEeN BIUIMBAE
He TiIbKM Ha MOPQOJIOTiI0 MOBEPXHi e/eKT-
poAiB, a /1 Ha PO3IOALN €/IeMEHTiB, HacaMIle-
Pel MaHTaHy Ta KJCHIO, sIKi OepyTh y4acTb B
€JIEKTPOJIHUX OKMCHO-BiJHOB/IIOBA/IbHUX pe-
aKIifAX, a TaKOXX Ha BMICT KapOOHOBOI CKIIa-
[OBOI. 3a JIOIIOMOTOI0 €/IeMEHTHOIO aHajli3y
KOMIIOHEHTHOTO CK/IaJly TOBEPXHi pO3paxo-
BAaHO CITIBBIJHOIIEHHA MaHTaHy O KUCHIO Ta
II0Ka3aHo, 10 B 3paskax i3 rpagitom MaHraH
3HAXOMUTBHCA B OinbII BiJHOB/IIOBA/IbHOMY
CTaHi, a MAKCMMAJ/IbHO OKVMCHEHUI CTaH MaH-
raHy CIIOCTepiraeMo B 3paskax i3 rpageHom,
AKUIT Oy/I0 CMHTE30BaHO 3 BOJHOTO Cepefio-
BUIIA. Y BUIAZKY ApiOHOAMCIIEPCHOI MIMiHe-
7Ti 3aJIeXHICTh BMICTY KapOOHY Ta CIiBBiffHO-
LIEHHA MaHTraHy [0 KMCHIO Ha IIOBEPXHI Mae
aHTMOATHMII XapaKTep BiTHOCHO 3pasKiB i3
KPYITHOAVCIIEPCHOIO LIITIHEJUII0 Ta KOPEIIOE 3
KiJIBKICTIO Me30IIOp Ha MOBEPXHi. 3a/IeXKHICTh
CTYTIEHA JIVMCIEPCHOCTI Ta CTaHy OKMCHEHHHA
MaHTaHy JoOpe Y3rOf)KY€eTbCs 3 pe3yIbTaTa-
MI 3a7IEXKHOCTI MMTOMOI EMHOCTI Bifi TyCTUHMA
CTPyMY pO3pAAY A KOMIIO3UTHUX €/IEKTPO-
niB. ¥ mmineni XM i3 rpadeHoM, AKMiT CUH-
T€30BaHO 3 BOJHOIO CEpPeNOBUIA, OTPUMAHO
€MHICHI XapaKTEepUCTUKH, AKi IepeBUIYIOTh

https://ucj.org.ua

iHmn XapakTepucTukyu Marepianis Ha 20%.
ExcrieprMeHTa/lIbHO [OBEEHO, 10 31 3MiHOIO
IPUPOAY NOMIIIKY Ta CTYIEeHA AUCIEPCHOCTI
LIIIiHE/Ti € MOXK/IMBUM PETy/TI0BaHHA EMHICHUX
BJIACTUBOCTEN Ta CTIIKOCTIi 0 CTPYMOBUX Ha-
BaHTa>XEHb KOMIIO3MTHUX €/IEKTPOJiB.
SEEVJ Po6oty BukoHaHO 3a ¢piHaHCOBOI mif-
=g TpuMku HamionanbpHoi akafemii Hayk
Vkpainum B paMKax HaliOHaIbHOTrO
npoekry 314E «®Disuko-HeopraHiyHa
ximia ¢yHKIiOHATBHO Opi€EHTOBaHMX
HAHOCHCTEM, IeTEPOCTPYKTYpP i KOM-
nosurie» HAH Ykpainn.

IMPACT OF THE NATURE OF ELECTRICALLY CON-
DUCTIVE IMPURITY ON CAPACITIVE PROPER-

TIES AND RESISTANCE TO CURRENT LOADS
OF CATHODE MATERIALS BASED ON LiMn,0, .

R.A. Panteleimonov®?, Yu.V. Shmatok?,
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'VI. Vernadskiy Institute of General and In-
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Ave., 03142 Kyiv, Ukraine;

*Joint Department of the Electrochemical Energy
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The impact of the nature of electrically con-
ductive graphite and graphene admixtures in
spinel LiMn,O, with different degrees of dis-
persion, composition and morphology on the
surface element distribution and the cycling
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ability under current loads from 0.5 to 8 C of
composite cathode materials based on such
spinels have been studied by the methods of
electron microscopy, X-ray spectrometry, the
BET method and galvanostatic-potentiostatic
cycling. The specific surface of graphene struc-
tures was studied, which was 23 m2/g for G-N
and 27.7 m2/g for G-H20, and the porosity
was about 100 nm for the above samples. It was
established that the degree of dispersion of spi-
nel affects not only the morphology of the sur-
face of the electrodes, but also the distribution
of elements, primarily manganese and oxygen,
which take part in electrode redox reactions, as
well as the content of the carbon component.
Using the elemental analysis of the component
composition of the surface, the ratio of man-
ganese to oxygen was calculated, and it was
shown that in samples with graphite, manga-
nese is in a more reduced state, and the maxi-
mum oxidized state of manganese is observed
in samples with graphene, which was synthe-
sized from an aqueous medium. In the case of
finely dispersed spinel, the dependence of the
carbon content and the ratio of manganese to
oxygen on the surface has an antibate charac-
ter relative to samples with coarsely dispersed
spinel and correlates with the number of meso-
pores on the surface. The dependence of the
degree of dispersion and the oxidation state of
manganese is in good agreement with the de-
pendence of specific capacity on the discharge
current density for composite electrodes. In
XDM spinel with graphene synthesized from
an aqueous medium, the obtained capacitive
characteristics exceed the other characteristics
of the materials by 20%. It has been experi-
mentally proven that by changing the nature
of the impurity and the degree of dispersion of
the spinel, it is possible to adjust the capacitive
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properties and resistance to current loads of
composite electrodes.

Key words: graphene, graphite, liquid nit-
rogen, spinel, capacity, porosity, specific sur-
face area.
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